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starches,

Only within the last few years bas our concept of the
chemical structure of starch resched s stage where &
scientific sxﬁlan&tian/ﬁar the existence of a straigatméhain
and 2 branched-gchain fraction could be made. The intro~
duction of the idea of branching in the aﬁar#h molecule, as
opposed to the ﬁanﬂ&ﬁgy.ta consider starch as a‘lim@aw-
molecule simlilar to ﬁallﬁlms$* as well as the idea of a
nelical and an extended~chain confliguration of ataﬁah, makes
it desirasble to reinvestigete sterch materials in the light
of these concepts.

As wlll be shown, the sterch lodline aﬁ%ylax is
extremely useful in the qualitstive and quantitative de-
terminstions of starch components. The present investi-
gation offers information gathered in s survey of the
fodine~complexes of various polysaccharide naterisle, chosen

to teat the more recent theories of tﬁa starch structures



I1. DEVELOFHERT OF THE CONCEFT OF TWO CUMPONENTS
AND A BELICAL COHFIGURATICH FOR STARCH

The best evidence thet starch exists in sn essentlally

brenched or sn essentially straight-chain configurstion is

derived from methylstion studies on the starch fractions
separated by physlco~chemicel methods. Meyer has suggested
the term gmylose to deslgnate the unbranched chelns, and
lopectin, the branched molecules (57). The litersture 1s

abundant with methods of separsting the two fractions.
Among the more satlsfactory techmlques are those of Pacsu and
¥ullen (70) using cotton to sdsorb the swylose, end Schoech
(83} using butanol to precipltate the amylose.
| Upon methylation and hydrolysis of the smylose fraction,
the sugar formed a@ﬁ@iats @f mostly 2,3,6~trimethyl glucose
from which 1t follows that the giucose residues are combined
/by lid-~gluecosidic }iﬁkag@s {42}. The molecular weight of the
ma%hyl&taﬁ amylose as ﬁat&rminaﬁ‘%y csmotle pressure
‘&9§?$$§Qﬁﬁ£ to 250 glucose unite (61). Since only 0.4% of
the glucose units {or one out of the 250 units consists of
£43,4,0~tetramethyl glucose). may be considered as an end
group, and since the molecule conbtains 250 units, it cannot
be branched. |

Purthermore, amyloze 18 nyéralyﬁaﬁ»eﬁ%@iately %y %eta~

amylase, 1s adsorbed readily on other straightechalin



materials such as cellulose, and its ethers and ssters form
strong extensible films.

In the esse of smylopectin, 1t has been shown that the
end group content {(determined from smounts of 2,3,4,6«tetra~
methyl gluccse) of 4 to 5% corresponds to one terminel unit
to 25 glucose residues (42). Heworth who mede the discovery
but believed that sterch consisted of sssocisted chslns of
25 gluecosge units, sccepted the concept of branching only
after such investigators ss Steudinger, Freudenberg, Hirst
and Young had §%iﬁ§$§ out that osmotic pressure determie
nations on soluble amylopectin derivatives gsve molecular
welghts almost 100 tiumes as large as a 25 gluccse unlt,
Further evidence for branchlng may be sammayizéé as followss
- The slight reduscing power of smylopeetin indicates only one
aldehyde group to 1500 to 3000 glucose unlits, Beta-amylase
breaks it down only to residual dextrins of high molecular
welght, and the ethers and esters form brittle inextensible
films.

In his viscoslty studies Staudinger attempted to explaln
gertalin dissimilarities bebtween sterch and cellulose by
suggesting & helical configuration for starch (89).

At sbout the same time Hanes (37) suggested 2 heliesl
sonfiguration fér starch in order to explain some of the
peculisrities of the dlgesticn of starch by alpha-amylase.
He also %ﬁ&ﬁ@ﬁ that such a configuration might well explein



the iodine resction with sterch and dextrins, the lodine
being enclosged within the spirsl and more than one complete
turn of the hellx required for the production of color.
Although his mechanism for enzyme actlon iz somewhat doubiful,
the coneept of a hellecsl configuration 1ls strongly indicated
by a study of the starche~lodine complex.

Freudenberg (32) made use of the theory te explain the
formation of th@~éyali@ Scherdinger dextrins producsd by
B. macerans amylsse. Upon the sxamiﬁatioﬁ of specs-filling
models of smylose which show 8 naturel tendency to form a
helix, Preudenberg suggested that starch was coliled into
spirals of periedielity approximstely equal to siz glucose
residues; within these spirsls the atom groups are chiefly
hydrocarbon end there is room for lodine molecules.
Preudenberg also suggested that since lodine produces a
color in stareh similar te thet produced in hydrocarbon
solvents, the lodine in starch~iodine was asimply "dissolved"
in the hydrocerbon phase of starch, gﬁd so. dissolved PYC-
duced & blue eolor. He gove g similsr explanstion fﬁr the
formetion of iodine sddition products with Bechardinger
dextring~~ an iodine molecule was held in the center of the
cyclic dextrine.

Ceeser and Cushing {(12) built space models of amylose
chains which indleated that hellcel chains were steriecally

necessery. Thelr models were similar toc & "stretched” coil



or an extended helix in contrast to the tightly packed
struecture of Freudenbergz. However, it should be stated that

evidence from space models ca

nnot be rigidly sccepted,
perticulariy in the caese of suger polymers whers the true
configuration of the pyrancse ving end the glucosidic bond
engles are still in doubt.

Heyer has objected to the helical configuration of
starch on the basls thet the evidence for extended chains
in stereh is inconbtrovertible (58}« Bear has poinbed out
that 1t needn't be 8 cuestion of an extended chein or a
helieal chain, but mey be both depending upon the treatment
of the starch (7). Inberpretetions of X-rgy diffraction
patterns of stareh in the "¥ c@mﬁig&r&ti&ﬁ sre not in

dissgreesent with 8 Irelicel configurstion.



III, CONCEPTS OF THE STARCH.IODINE COMPLEX

Sinee the first report of a colored produst produced by
the action of lodine on starch by Colin and ﬁaﬁiaﬁhry {15)
in 1814, the litersture on the subject has been controverslsal
in regard to the exact nature of the complex, These firs%
workers in the laboratory of Gay Ilussae studied the effect of
lodine on verious starches ss well as the effect of varlous
reagents, mostly electrolytes on the starch-lodine complex.

In bhis review of the starch-icdine resction, Samec (82)
has summerized the esrly concepts of the complex. With
regard to the formetion of the complex wlthin the gramule,
the reaction goes faster when lodine 1s dissolved in watér
than when dissolved In organile solvents or when lodine vapor
is used. In the same rﬁgg%n£* the higher the tempersture,
the less intense is the colorastlion of the complexs An lodinew
colored end waler«permeated grenule of sbtarch wiil change its
eolor from blue to red to yellow as the wsler is removed by
evaporation or eddition of slechols Hence the eolor s
dependent upon the water combent of the granule. In solution
other factors such as degree of dispersion and presence of

electrolytes have an effect on the lodine color.



Effect of Waber

In 1834, lLeroy found that water was necessary for the
formation of the complex (54). Although his finding was
confirmed by & number of investigations, there are now known
conditions under which the complex van be formed in the
sbsence of water. French (31) obtained a blue product by
treating dry smylose {(from a butanol precipltstion) with

lodine wapor.

Effect of Iodlide lons

Whether or not lodide ions are necessary for the for-
mation of the complex has been & subject of controversy ever
since they were firat found present in the analysis éf the
complex. Roberts (76), Hale (36), Btocks (90) and Mylius (64)
all c¢lsim that hydriodic seld or at least ilodide lons are |
essential to the complexs Thelr results are based on chemical
analyses of the complex in which lodide lons ere invarisbly
found present, or upon the fact that some native starches are
not colored by iodine sbsolutely Ifree of lodide lons. IHylius
compered the properties of starch-iodine wlth lodocholie seild

and came to the conclusion thet it was & definite compound

with fixed vretios of starch, lodine, and hydriodic acid.
Roberts also favored the formuls proposed by Hylius. From

'aaﬁdﬁati?iﬁy measurements on starch, lodide lons, and lodine,



Padoa and Savare goncluded that the complex was an additive
produet of all three, but at the same time could mot
establish a constent relation between lodine end hydriodie
acid (71). ZLottermoser {55) ecarried out an extensive
y@taﬂtismﬁtrie study of the starch-iodine complex. He first
measured the potential of the lodine-lodide system for
different concentrations of lodine in Qflvﬁ potassivwm lodide,
and debermined the concentration of lodine. Assuming the
iodide ion was not adsorbed, he made similar messurements in

the presence of starch and caleulated the amount of lodine

adsorbed. Prom thls datum he plobtted a typleal sdsorpbion
curve. To test the vaelldity of the assumption, he determined
- the distributlion ratlo of lodine between 0.1 N potessium
lodide and casrbon tetrachloride, and then 4id the seme in the
three phase system, starch, 0.1 ¥ potassium ilodlide end carbon
tetrachlorides. The two methods checlked nicely for cone
cenbrations of potessium lodlde equal to or greater then 0,1 H.
ﬁaﬁ@#ﬁr, with smaller e&ﬁmﬁﬁtratiaﬁé, more lodine was adsorbed
in the distribution experiment than in the potentiomeber exw
periment. In further potentiometric experiments in which the
iodine eéﬁﬂ&nﬁﬁéﬁiﬁﬁ wag held constant while the lodlde was
varied, the graa@aﬁ% of starch caused a changs in the
e.m.fomconeentration curve slthough 1t was smell compared to
the chenge in the ilodine curve. From these data 1t was

goneluded that lodide lons must pley an Integrasl part in the
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formation of the complex. Murray (62) alsc made an extensive
study of the complex using the lodine elecirode on aliguot
portions from distribution ezxperiments in the system, starch,
carbon tetrachloride, lodine, and potsssium lodlde, His
conclusions were much the seme s those of Lottermoser, but
& few points are worthy of mention. There was an sbsence of
& direct relationshipy between the lodine taken up by the
stareh and the aﬁnﬁaﬁ%ratién sither of free lodine or the
tri-lodide lons In dilute lodine solutions the guanbtity of
lodine taken up was spproximately double that of the come
bined lodide lon, suggesting the formation of the compound,
starch.? Io.I"., However, at higher iodide concentrations

the lodide ion was talken up in sxecess of the requirements

of this compound. Hearly all workers who have experimented
with the distribution of lodine between an organic solvent
and & starch solubion heve come Yo the conclusion that
iedide lons are necessary for the formstlon of & blue color
{28}, but 1t should be suphasized that they heve all used
paates of natlive sterches or aaiu@iliﬁe@ starches which
normally exizt in a straight chaln configuration.

Barger (3), who studied & great nuwber of blue ad~
sorption compounds of lodine, assumed the unscessity of lodlde
icns in the formation of e¢olored ilodine complexzes, and |
suggested this necesslty might result from these compounds
belng periodides. |



il

Investigetors who insist that iodide ions are not
necessary for the formation of the complex are just as
numerous. From chemicsl studles Toth found that potassium
icdlde was not absorbed in formlng the %iﬁg compound (91).

Studles of the adsorption of lodine by corn stareh using
potassium lodlide in various concentrations indicated that the

adsorption took place sccording to the exponentisl formuls

Co = KCP in which Cg is the iodine azdsorbed by 1 gram of
sbarch, 0 the concentrastion of lodine remaining in the
éﬁ%&tiﬁn after adsorption, and K end p are egonstants. Since
K and p are Independent of the concentration of potassium
lodide, the investigstors sssumed lodlde was not adsorbed by
stareh {2).

Berezeller (8) wse able to produce & blus color with
starch and lodine solutions under conditions in which no
potassium lodlde could possibly b%.Qwﬁﬁﬁﬁtm Hie daba ine
dicate an sdgorption compound consisting of starch and iodine
alone, He &éﬁﬁ@&éﬁ that addition of iodlide lons ceuses an
intensification of color of sterch~iodine, bul aseribesz this
to a chenge in the colleldal state of the starch produced by
the presence of the loms (9}

Hiore recently Heyer has carried out light sbsorption exe
perinents on the starch-lodine complex, messuring the conw
centration of the cowponents snd the blue compound colori-

metrically (859). He comes to the sonelusion thet fodide ilons



ig

are nelther necessery for the production of the blue color
por for the precipitetion of the iedine compounds

| Some investigelors have gome to the conclusion that
iodide lons play en inbtermediate role in forming the blue
somplex. When alechelie iodine, which gontained no lodide
lons, was added to sberch solutbion, the conductivity of the
substance formed was much greater than the sum of the cone-
ductivities of the individual substances, The complex bew
haved somobhing like en unstable lodides. It seemed probable
thai micellar lons weore given out in solutlion and that the
presence of oubtside ifodide ions was nobt necesssyry for the
complex formablions, Electrolytes had the generaul effest of
iatﬁﬁﬁifging the blue color by the coalescence of smaller
particles into bigger ions ceused by thelr goagulating effects
These are the eonclusions from the conductivity experiments
of Dhar (23).

Gorbatschell and ¥inogralowa (35) explain the funchion of
fodide ions as follows: The influence of slectrolytes,
especially lodlides, on the adsorptlon process is due to the
fac% that thelr anlions neubrslize the positive charge of the
hydrogen lons on the surface of the sterch snd thereby increase
its negstive field of force, leading to & consldersble increaps
- in 1%s sdsovbing power. The positive bemperature coelfflliclent
of the &@é&?ﬁiﬁg—@f icdine by sterch the suthors attribpie to

the great influence of temperature on the union of hydrogen



13

ione with the sdsorbing starch surfece, If the influence of
the hydrogen lons is suppressed, the temperature coefficlent
is negative as would be sxpected of a simple adsorption
Process.

It has also been proposed thet lodide lons are necessary
for the production of tri«ilocdide lons which are absorbed more

reedlly than lodine itself by starch (1).

Effect of Heat

One of the most difficult properties of atarch-lodine
to explain 1s the loss of coleor with incresse in temperature
and the return, or at least partial reburn, of color upon
cooling. The ?hﬁn@mﬁﬁgﬁuwas reported by Lasssligne in 1833
{53}? éﬁ% of the first explenations regerding the loss of
color upon heating was that hot water had & grester affinity
than starch for lodine whereas with cold water the reverse
was true (74). Personne sugpested the decolorstiom of starche
iodine wes due to volatilizstion of & portion of the iocdine,
to formation of &8 colorless compound of starch with lodine
and to conversion of & portion of the starch to sugsr (73).
Payen moted that sbarch gralns swell to 25«30 times thelr
originel wvolume when placed in a saburated solution of
potassium lodlide or potassium bromide, To him this iﬁﬁia&teﬁ

thet the dissppeasrance of the blue starchelodine resction
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upon heating was due to the expension of groups of particles,
and the reappesrance of the coloration upon cooling was due
to a contractlon of these partlcles {72). However,
B@ﬁ&fﬁm@ﬁtfﬁﬁ} showed that z dlue color could be obtained
whi1$~hﬁﬁ if epnough lodlne were present. His explanation

of the fect was that when hested, & certaln amount of iodine
formed a wvapor and left %h@yﬁtaraﬁ, Upon coolling the lodine
vagar rﬂﬁi&séi@@§¢ Stelger further showed that the addition
of hydrochloric secid bto starch-lodine permitted the blue
golor to be retained even at the boiling point (88). NHagail
attespted a more systemetlc study of the effect of heat on
the complex (65). The color reaction of starch-fodine
diseppeared on heating to 78%; on cooling the blue color was
restored, but not to its originel intensity, e §hanﬂmﬁnﬁn be»1
lieved anslogous to hysteresis,., BSince the complex was found
to be electiro-negetive {oriented toward the positive pole),
it was hested to 802, subjected to cataphoresis at 60° and
allowed Bo cools The starch did mot carry lodine with it.
Yet, Sonstadt (87) found thet with strongly dried starche
iodine, four-fifths of the fodine was driven-off by charring
at red heat, but one-fifth of the lodine remsined with the

ehareoal Tormed.
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Bffect of Uther Maberisls

4 great number of electrolytes have the effect of
chenging the sensitivity and the e@iar'§§ the stareh-lodine
complex; with increased concentratlon of salte the color
ehanges from blue through red to yellow (35). This ob-
servation has been mede by numerocus investigsators. It has
&lso been cbserved that the complex is prevented or destroyed
by such materiesl as phenollic compounds, gum arabic and
seversl proteins §5ﬁ3¢ The starch~lodine color is removed
by slkall, srsencus sclid, sulfurous scid, sodlum thilosulfate,
aleohol, ehloroform and chlorsl hydrate. A4 grest many of

these resgents Torm the basis of starcheliodine snalyses.

Sensitivity of the Reasction

Kolthoff has shown that the sensltivity of this resction
varies considersbly with pH, temperature and p@ﬁﬁaﬂﬁﬁ of
foreign materials, both electrolytes and non-electrolytes
{48)s HNevertheless rough limite of sensitivity may be de-
scribed, Chretien and Var

denberghe found that at 19°C

0618 milliliter of 0.01 ¥ iodine geve & dlstinct color to a
aﬁluﬁiaﬁ of one part of stereh %o 50,000 parts of distilled
water containing 50 parts of potasaium lodide {(14). Murray,
varying the starch and potassium iodide concentrations over

wide ranges, found the lodine threshold concenbretion was
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0415 x 10719 moles per liter (62). These sensltivity studles
were made with soclublions of netive starches or sclubllized
starches. As will be shown, pure amylose 1ls mueh wmore
sengitive to lodine coloration than gmylopectin. 2Since all
starches have a high awmylopsciin content and varied mmylose

content the term gensitivity in a rigld sense ls meaningless.

Analysis of the Complex

It would reguire several psges to tabulate the results
on the analyses of the sterch-lodine complex as reported in
the literature. Bawmec has mede a table of the results obtained
by the more cubtstanding workers in the fleld of sterch
ehemlstry (B82). A few of the mpnalyblesl results are tabulated
on the following §&gﬁ as an indicatlien of the wide range of
results recorded. With the exception of the last two
analyses in Table I, all results are from purely chemical

v&ﬁ&lyﬁ%ﬁw



Table I
Analyses of the Starch-~Iodine Complex

auakar | ﬁaﬁh@& @f ﬁnalyais | in ﬁamplax Earmula ?rapasaa

ﬁylias {63) &tay¢h~imﬁiﬁe praeiyitat&& 3aﬁina 17%i§.7 {ﬂ631§ﬂ5)16 E&.ﬁz
determined volumetrically . |

Rouvier (78)| Precipitation and combustion of 8.6-9.1 {Géﬁ;gag}lé Eﬁ
$tarekwiaéina o o

Rouvier (79)|Analyses of $ﬁparu&taﬂt 11@&1& “12;3 o {ﬁﬁﬁlgﬁg}lé 23
after starch~iodine precipitation T

Rouvier {89}'§itra%i§a of yxeaipi&ab@d”eﬁmpiax &?‘é {ﬁﬁﬁlg@g}lg 15

?@ﬁhkf 91}k Titration af precipitated aamyléx ﬁa*éwzz 8 | -

V. Buler & |Distribution @xparimantg in system; 7.k | (ﬁﬁﬁlﬁ@5g13 Iz

Myrback (25) eéﬁgges 18 Ib

Banzsnﬁ, 3@%, starehi Xg

13.5

%arxay‘(éil

1@&1&@ Elaa%rﬁﬁa

Field (26)

Rediomioronmetric titration

ba5-25.3

None
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Proposed Theorles

Nemes of some of tk§~1mvestigatarﬁ favoring the theory of
compound formation betwesn lodine and starch may be obtalned
from Teble I. Other theorlies and thelr supporters are lisbted
belows

A great many workers assumed the complex to be g simple
adsorption phenomenon because of the close analogy to other
blue adsorption compounds of lodine (1,3). Meyer pointed out
that not only starch but polyvinyl slcohol, cellulose swollen
with zine chioride and certain colloidal suspensions op
finely aivided precipitetes show color resctions with lodine.
Reyer does not commit himself as to whether the complex formed
is en adsorption compound or & chemleal ecompound, hut states
that such terms become meaningless In the light of our present
kﬁﬁwiaégg of foreces of sttrection and the formation of compounds.
He belleves thet secondary valences sre responsible for the
binding of lodine to micellar sggregates of starch (57).

Jackson and Hudson prepared, by tresting starch with
-periodiec acld, an oxldized derivative of starch whlch was
devoid of lodine coloratlion in splte of being highly colloldal
in nature {44), In this product the individusl pyranose rings
were opened as a resuld of the formation af,a&ﬁa&yﬁic groups

in peositions 2 and 3, but little fragmentstion of the chalns
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themselves appeared t&“hé%@ ococurred. These observatlons
suggested that the coloring resction depended upon resldual
affinities sssccleted with the pyrsnocse rings of the chain
structure. This view was supporited by the observation of
Bergman {l&}jthaﬁ certain eyclo~acetals formed blue-black
icdine compounds, suggesting the oxygen bridge as an integral
part of the coloring groups. The feect that fully methylated
starech derivatives retalned the property of lodine coloration
{1n&ig&ting thet the hydroxyl groups were not involved) also
supporbted this view. Berger (3] demonsirated, however, that
a bridge oxygen atom was not én@ugﬁ to insure adsorpticn of
iﬁﬁiﬂﬁ,vthﬁ?@ being & grest divergence of behavior smong
clogely slllied compounds.

Hanes summerized the avsilable data on the relationship
~of chaln length to lodine color (40). Fragments of c¢hain
Jeugth up to 6 uniis do not give color with iodine. From 7
to 12 ﬁniﬁa are requlred to give s brown to red color.e At
the time the paper was written there seemed to be 1little
correlation between molecular size and lodine color inasmuch
as waxy malze gave & red vicolet color with lodine, but hsd a
molecular welght comparsble with sterches which gave a blue
color with lodines. He then proposed two mechenisms for the
complex fmrmati@a: {a) The coloring groups might be cone-
sldered to be uniform in character, the absorpilion propertles

of the iodine compounds being alitered in some way by the
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organiszetion of the chains into moleculer associatlons; and
{b} two or more coloring groups might be present, of which
one type at lesat is peecullar to moleculsr asssoclations.
Either theory could explain & change in ilodine color as the
starch was degraded.

Frendenberg (32) belleves the blue color of the complex
dus to lodine molecules dlesclved in th$~h$ﬁraﬁarbcn interior
of starch in & helical confliguration, just as lodine in other
non-poler solvenbs produsces & somewhat blue color.

Other theories present in the literature sre emsily
proven untenable. The hypothesis that lodine forms =
colloidal solution protected by sterch is erroneous, because
in the presence of cholic scid, the color appesrs at the time
the scld sepsretes from solution ss & colloid, and the pro-
tective power should have rsached g mazimﬁm when the zcld
was in true solution. The colorstion of sbarch cannot be re-

garded as & protection phenomenon (1)«
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indicated a wide varlation in the smount of lodine which
wmﬁlﬁvs$mﬁina with native starch solutions, However, since
cold water-soluble fractions of ground corn and wheat
starches showed spyroximately the same combining capacity
with lodine, Fleld concluded that the starch-lodine reaction
was not specific for different types of starches.

Dhar, Hurrey snd others have mede electrical studles of
the starch-lodine complex, measuring the conductivity and
the iodine, ilodlde, tri-lodide concentrations by means of the
iodine electrode, Interpretation of thelr results hss been
doubtful becsuse of the heterogenelity of the starch samples
ugsed and variation of conditlons,

Recently Bates, French and Rundle have developed a
methed, using the iodine electrode, for determining the amount

of amylose 1n & sterch ssmple (4). The method indicetes

without a doubt that amylose 1s g distinet component, sharply
different frowm the amylopectin fraction of the starch. In
their method the starch wes thoroughly dispersed in dilute
gtandard elkall and then neutralized with hydriodic sclid,.

The stareh wes then titrated with dllute standard lodine in
potessium iodide of the same concenbration as the lodide in
the starch solution. The suthors found that the lodine-
iodide potential remasined constant as long as there was sny
free amylose in the solubtlione With amylopectin there was a

continual vrise in the lodine-iocdide potential. A great meny
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properties of both the starch and the sterch-~-lodine complex
can be debermined by this method, A few of these are listed:

{a) The puriiy of swmylose and amylopectin samples can
be determined,

{b) Amyloses from vericus starches take up ilodine at
different charscteristie potentlals. This fact has been
attributed to varlations in chein length.

{e} The percent amylose in native starches cen be
determined by the method. No amylose wes found in the waxy
starches; 17 to 24 percent in the commonly occurring starchesj
and the high value of 34 percent in 1lily bulb starch.

{d) The amount of iodine tsken up by amylose in the
complex formation can be determined. Amylose wes found to
take up 18,7 percent iocdine gt the end-point in 0.0 B
pobassium lodide solution.

The literature has very few papers containing informastion
regarding the spectral dlstribution of light sbsorption in-
volved in the starch-lodine complex; particularly sre lacking
sufficient data for precise definitlions of wwa terms Hlue,

viclet, red and brown, sc often used in describing iodine

.eolors,.
In 19398, Simerl and Browning confirmed by a spectro-
photometrie study of the stareh-icdine complex in the visible

region that different starches and stareh fractions geve
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’&bﬁvﬁytign spectra which differed consliderably frgmuoné to
‘&ﬁatﬁ&r {86). They recogniged twe components of starch
{cellsd alphe- and bete-emylose) and reported a difference in
thelir absorption spectra although sultable methods of
fractionstion st that time were not avallable. ?&ég”alsa
found thet oxldation and hydrolysis led to changes in the
absorption ﬁé@ﬁ%vam; the breakdown of stareh to dextring re-
sulted in slmost GQ@@Z%@%-&&E&??&&?&E&% to the characteristic
absorption ﬁa&& in the longer visible weve lengthse Hodifi-
cation of stareh by scld oxidizing asgents caoused the intensity
of the starch~lodine color to decrease. Uther cbservatlons
mede by Simerl and Browning sre significant., With en iodine
concentration of O«1 gne per liter and & potassium lodide
‘ratio of 1.5 to 1 by welght, the sterch concentration does
not affect the position of the maximum &hsmﬁgtian;vﬁéi%h@r
yﬁﬂﬁﬁ small echanges In the ywtaa&ium iodide concentration.
They alsc confirmed the fact that e deviastlon from Beer's

law exlsts st certain concentrations of lodlme, but at higher
| eéngaﬁtfa%iﬁng*aﬁé by the use of sultsble Tilters, the
logariths of the transmission becomes proportional %erths
stareh concentratlions Using different Yypes of sterches,
they found by varying the starch concenbtration that each
stareh has its own btrensmisslon curve having 8 slope which

is charascteristic of the starch types
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Das Gupte followed the asction of methyleslcohollc sul-
furle geid on starches by determining the colors given by
the products of the reactlion with lodine by means of the
Lovibond tintometer (22}« He found thet the bBlue component
©f the golor decressed, the yellow remalined unehanged and
the red firset increassed to & maximum and then decreased.
Except for this, little quentitative dats ere availeble with
regaerd bto the effects of modification by heat or by scilds
on the color or absorption spectrum of the starch-lodine come-
plex.

Lemplitt, Fuller and Geldenberg made an extenslve
spectrophotometrie study of the starveh-icdine complex with
speclal emphesls upon the effect of grinding the starch before
forming the iodine complex (62). In their interpretetion of
results they sssumed & laminsr structure of starch as sdvanced
by Hirst and co-workers (6,41,42). In this structure starch
consisted of units of 24 to 30 anhydroglucose units joined
together by "lateral linksges®, these "lateral linkages"
being rather easlily broken. Thelr investigstion showed thsat
& decrease In molecular weight of the sbtarch fractions was
accompanied by & decresse in absorption at the longer wave
lengths only.

By coupsrison of th§ absorption spectrum of the iodine
complex of ground whest starch with that produced by amylose

sction, they congluded thet the depolymerizetion of whesnt
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stareh during grinding in the ball mill occurred only by
breskagze of the "lateral linksges" Jjoining the repeating
units of 24 to 30 anhydroglucose units to ons another.
Lemplit slso mades a gomparetive study of the sbsorption
spectra of iodine solutlions in potassium lodide and in sterch
over the reglon from EOOO A o 8000 A, It is significent
that, with an excess of starch present, iodine in the starche
iodine complex 1s & much better light absorber than lodine

of the ssme ccncentration in pobassiwn lodlde slone.s The
extinetion coefficlent of the starchelodine complex st its
maximum absorption 4e from 4 to 5 times es great as the
@xﬁi&@ﬁiﬁn ﬁ&éﬁfi@i%ﬁt of the iodine in potassium iodide

solution at its meximums
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g shift in the mhﬂ@fptiam maximm towsrd the lower weve lengths,
sccompenied by a decrease in the extinetion coefficients over
the entlre weve lengths am the degredation proceeded, The
lodine complex of the degredatlon products from the asction

of beta-amylase on sterch showed o uniform deeresse in
extinetlon coefficienbs, but the sbesorptlon spectrum retained

& general similerity to that of the original sterch (40).

Synthesis of Stareh

Almost simultaneously, several investlgators found that

the resction
phogphorylase
dtarch + HgPly = > glucose~lw-phosphate

was reversibles Sehaffner and Specht {85) first reported the
reversibility of the reastion with phosphorylase from yeast.
Kieé&&iag,alam found phosphorylese In yeasat and, in & more
detailed study, showed the resction reversible {(47,48).
Cori and his co-workers cobtained an sgtive phosphorylase
first from muscle of well~fed rebbits and then obtalned a
3&3@&%&3 different type of phosphorylase-- spparently simileyr
to that obteined from yeast-~ from liver iﬁﬁ,%x}, Ostern also
isolated @h$$§h$?¥laae from liver, and with it y?@p&f@ﬁ a
' synthetic polysaccharide similar to glycogen (68,69).

Hanes found phosphorylase to be quite gbundant in several
types of plants, notably, pea seeds and pobatoes (38,39).



A

one of the essential differences In the neture of the
~$gnt%etig polysaccharides prepared from glucose-lephosphate
end §§$$§§§f31&§$ from these varicus sources is the way they
'?%aétyﬁiﬁhwiaéin@, ihe synthetlc gmly%a@@h&riﬁe prepared
from muscle, potato and pess stains a deep blus with lodine
while that prepsred from liver and yeast stain brown. Since
the lodine complex besrs g definite relation to the structure
and econfilgurebion of starch it would seem worth while to
siudy more quantitetlvely the complexz st verious stages of
the synthesis and degradation of stareh by phosphorylase,

From the changes produced in the starch~lodine sbsorption
spectrum during degradation of stareh by ensymes and the
simllarity of these changes bto those prodused by sacld hydrolysils
cf starch, 1% sppesrs guite evident tﬁ&t there is & definite
relationship ﬁsﬁ@%@m‘ahaiﬁ length of stareh and icdine color.
It is also evident thal polysaccharides with a high degree of
branghiﬁg §r$§m§ﬁ a brown to red-violet complex wilth lodine,
fMethylation studies on glycogen and waxy starches indicate
them to be highly branched; they sll form brown to red-violet
complexes with ilodine.

Hanes {39) observed Thab potato phosphorylase, during
& short induction pericd, produced some red-sisining
polyssccharide 1f considerable maltose was present in the

digest with glucose-l-phosphates Thus 1t becomes questlonable
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whether or not synthetlc sbarch contains branched chalne or
straight chaing or both. '

In the prepsretion of phosphorylase various other
enzymes are encountered and must be removed, The comnonly
ocecurring ones are here listed slong with thelr activities:

{a) Alpha-amylase: A dextrinocgenic enzyme which de~
gredes starch to dextrins of 6-7 glucose units, It rapidly
destroys the lodine coloration properties of stercha

{b) Betas-smylase: A saccharogenic enzyme which dew
grades netural stearches to meltose and a residual dextrin,

“ Puring the process the iodine color changes from s blue
to 8 red.

{e¢) FPhosphatase: An enzyme which splits phosphate from
organic phosphate esters. 1% intsrf@raa by removing phosphate
from glusose-l-phosphate,.

{d) Phosphoglucomutase: An enzyme which converts
glucose~l-phosphate to glucose-b-phosphate, The Ge-phosphate
will not synthesize sterch. »

{e) Dilastese: in enzyme which converts glycogen and
starch to dexbrins, non-fermentable reducing substances and
maltose.

{f} Isomerese: An enzyme which converts glucose-6-

@ﬁﬂ%@h&%é to fructosse-G-phosphate.
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The enzyme actions may be repregented as follows:

{imylases,

HzgPO4 E%&&%aaﬁs
-+

Glycogen . Dextrins

" {Pnosphorylase)

Sugers,

Y

Y
Glucovse-l-phosphate

(Phosphatase) A

%ﬁaaﬁe : { Phosphogluconutase)

{Pucsphatase) |

T~

‘ﬁln@saa»§»§&msgﬁat$~—————e» Lactic Aecld
l T (Isomerase)
Fructose-b-phosphate
alﬂhwagh the equilibria involved in these enzyme Tee
actions are somewhat effected by pH, their values in neutral
or near-neutral sclutions mey be represented by the félzawin&
equations: | |
Starch + Phosphate 77% == Glucose-l-phosphate 23%
Glucose-l-phosphate 6% — Glucose-~G-phosphate 94%
Glugoss-G~phosphate 85% == Fructose-6-phosphate 15%
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In the study of synthetic sitarches, Corl end his co~
workers found that e puriflied phosphorylase solution re-
- guired a small emount of sdenylic scid as s coenzyme (17,18,
19}3 on the other haend, Kiessling declered that sdenyllc acid
was not necessery inasmuch &s enzyme prepsrations freed of
sdenylic aeid by dislysis were sctive. Cori believed that
dlalysis was incomplete, This centroversy between Corl and
Klessling hes led certaln invesbtigators to belleve that the
engyns ﬁfﬁ%ﬁm might be wmore complex than originally pietured,
and that aﬁﬁym@% from different sources might vary in come-
position as well as in csialytie ﬁatiﬁn; On this sssumpbion
Heyer tested the actlivity of phosphorylases from various
sources on different sterch types. Although he earried outb
very few experiments, his results seem Bo indlcsts the
existence of at least two phosphoryleses, one capable of
breaking a lid~glucosidic linkeage and another tapsble of
bresking & l:6-glucosidic linksge (58,60).

Heyer first pointed out that the enzyme beta-amylaese
é%g@aﬁ&ﬁ starehr by splitting off melitose unlits unbtll & branch
point is reached. The enzyme sciion then ceuses, leaving a
limit dextrin with a high percentage of li-gluccsidie
linkeges, the linkages Ilnvolved in branching, and no branches
over zfar 3 glucose units in length. Heyer prepared the
limit dextrin from corn starch snd found that phosphorylese

from yeast would sbtteck such 2 1imit dexirin producing
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glucose-l-phosphates. Phosphorylase from potetoes hed no
effect on the limit dextrin. He slso showed that after yeast
phosphorylase had loosened the l:éeglucosidic linkages in the
1imit dextrin, beta-amylase would further degrade the dextrin,
rroducing wore maltose,

it is of pesrticulsr interest that yesst phosphorylase
when allowed to sct upon glucose~lephosphate produces a high
molecular weight polysaccharide which staing brown with
isdine, ‘Thus ledine eolor can bHe used gs an index of ehain
length {short-chaln dexirins produce a brown color) or degree
of branching, which ultimately involves the length of the

branches,.
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VI, EXPERISENTAL AND DISCUSSION

Freparation of Haterlals

For these experiments, phosphorylase was first prepared
either from rabbit muscle or fr@$~§@%atc$a in order bto
syntheslze a blue-staining polyssccharide, and second from
yeast to syntheslze & brown staining polysaccharide, With
zome modifications, the phosphorylase from rabbli muscle was
prepared asccording to the wmethods of Cori (18). The per-
fusion of the muscles, es suggested by Coril for the purpose
of getting rid of traces of dlastase, could be omltted.
Diestase, 1f present; would Iinterfere in the process by cone
verting any synthetie starch formed by phosphorylase to
dextrins, reducing sugars and maltose. Rabbit muscle, how-
ever, contalned so little dlestase that it dld not affect
the process of syntheslis to any extent. Huscles from the
hind limbs of a freshly~kllled rabbit were filrst chilled,
then passed through a mest grinder and triturated with an
equal volume of ice water, The extraction of phosphorylase
required two hours at sero degrees after which time the
residue was centrifuged snd sgaln extracted with cold water.
Dialysis of the ﬁﬁ%ﬁiﬁﬁﬁ extracts st this stage ceused & loss

of activity due to loss of adenylic secid, the coenzyme
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spparently necessary for activity of rabbit phosphorylase.
To the combined centrifugates from the ecold water extraction,
0.5 volume of Cy alumlnum hydroxide was added wlth stirring
and then ecentrifuged., The adsorbate was washed with wetser
in the centrifuge tube and the residue eluted with 0.5
volume of 0,25 molar sodium glycerophosphate, Addlition of
solid ammonium sulfate to the slutions to 0.5 saturation gave
& floceulent precipitate upon standing overnight in the ice
box. This precipitate, when separated ﬁg‘ﬁ@nt?ifugatién and
dissolved in 0.5 percent potassium ehloride, made an enzyme
asiutién sufficiently pure-- fres of phosphatase and
phosphoglucomitase-- to prepsre synthetic starch.
Fhosphorylase from potatoes was prepared according to
the method of Hanes (3¢). Although Hanes suggested the use
of small King Edwerd potatoes, almost eny variety of potatoes,
new or old, could be used for the preparation of an sctive
phosphorylase. 0ld potatoes seem to have slightly less
phosphorylase sctivity, and preparations made from them lose
their activisy mﬁré repidly. One kilogram of potatoes (best
results obtained using peeled potatoes) were passed through
a meat grinder with an equlvalent smount of ice. From this
stage on the materials must be kept at gero degrees and
saturated with toluens to prevent diseoloration, en indication
of loss of sctivity. The ground msss was pounded to a pulp

in & large morter and the julce pressed through canvas in a
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sCcrew press, Any sterceh present setiled éuﬁ rﬁgiéig and
could be separated by decantation., Addition of solid.
meoniwe sulfate (1n place of the ssturated solution used
by Henes) bo 0.5 saturation brought down a volunminous pre-
clpitate whlch was filtered off by grevity in sn ice box
and dissolved in an amount of les waber égmi?ﬁl%ﬁt to one~
Tourth of the volume of the originsl press juice, To this
sclubtlon, solid smwonium sulfate was sdded unbil 0.85
saturated. The precipliete which formed et this concentration
contained most of the Interfering enzymes and very little
phosphorylase; the liguid, separsted by filtrabtion, con-
tained most of the phosphorylase activity, Purther puri-
filcatlion was brought shout by repeated fractionations
with ammonium sulfate, discarding the proteln matserial which
precipitated at 0.85 ssbturstion and keeping the frsction
winich then precipltated by incressing the concentrelion to
0.5 ssburation. The engzyme solution best rebained 1its
sctivity In & 1 percont axmonium sulfabte solution.
Klessling determined suiiuble conditlons for the pre-
paration of phesphorylese from yeset {48}, 4 Lebedeff
macerabtion julee, prepared by a2dding 35 gramns of dried
brewer's yeast to 100 milllillters of water and allowing to
stend for three hours at 37 degrees, was adjusted to a pH
of 7.8 by the sddition of sbout 7 milliliters of 2 N sodium
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hydroxide. The preecipiteted protelins wevre removed %3 greavity
filtration in ap ice box {(the p?@%@aﬁ‘?ﬁﬁﬁirﬁé goveral hours).
The pH of the filtrate rust be sdjusted to 6.5 belore pre-
cipitation of the phosphorylese fraction by the sddition of
‘solid emmoniuwm sulfate {or a saturated solution of amconium
‘ﬁuif&§@§ to 0«5 saturetion. Purther purification was brought
sbout by fractional precipltatlons, retaining only the maberisl
which preciplisted In the concentration range of from 0.2 to |
Os4 saturetion with amsonium sulfstes The enzyme from yesst
was best preserved by suspending 1% ln & 0.3 saturated
“solution of amﬁﬂniamlﬁmif&aﬁg Because of the multitude of
enzymes present In yesst Julee, greast precauntlons must be

taken iﬂrﬁhﬁfﬁaﬁﬁrai of pH snd sald concentration in order to

prepare an sctive phosphorylase free of other enzymes,

The method devised by Cori for the prepaeration of
synthetic glucose-lephosphate was used to obtain thie material
in a pure stote (16}s The reactions involved are as follows:
Glucose —- Glucose gan@aa&atﬁ%a-j%%i,éeatahremagi&aoae%§§§§§+
iri-{tetrascetyl glugose-l)=phosphoriso aai§4§§§;&luaaﬁa~iw
phosphoric aeié-§§é§§%2>-ﬁarﬁam salt of glucose~l-phosphats.

The lephosphete has been prepared from the &%tiﬁﬁkﬁf
ﬁ%ﬂggﬁﬁﬁyiﬁﬁé an sbarch ﬁﬁﬁﬂ?@iﬁﬁkﬁﬁ the method of Henes (38),
but it was rather dilficult %o isolabte a pure product by this

procedure.
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The coenzyme adenyllc acid wae required in the synthesis.
of starch only when highly puriflied and dlalyzed enzyme

golutions from musele wore used.

Adenylic secld sultsble for this work wans prepsred from
rabbit mascle by & procedurs somewhet similar to Ostern's
{68); however, the geld was §r%ai§ita%aé~ﬁﬁly once as the
lead salt, decomposed with hydrogen sulfide, filtered and
the flltrste concentrated in 2 vacuum to remove excess
hydrogen sulfide.

Synthetic Starch.

The digests used in the preparation of synthetic starches
varied gsomewhat in acgordance with the purity of the enzyme
golution, The following was typleal of quantities used with
musele vhosphorylase:

| 5 ml, purified enzyme

100 mge glucose~l-phosvhate

£+5 mge adenyllie acid
5 mge glycogen or soluble starch
The synthetic Be-salt of gluccse-l-phosphete was always
sonverted to the Ha«salt by addition of sodium sulfste. In
using potato phesphorylsse, the adenylic ascld sould be
omitted, Digests of yeasst phosphorylase worked better upon
the addition of B milliliters of a2 buffer solution prepared
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as follows:
2 mle 0,185 ¥nS0,
4 ml, 5% NaHCOg
20 mle water ﬁ&%ura%$ﬁ wi£h GOy
#hen the resction was followed in the reverse direction,

.. phosphorylaese
starch+HgPOy - glucoss-l-phosphate, the digest

spproximated the following:
5 ml. 1% starch paste
5 mls enzyme solution

1 mls 0.3 ¥ HaplPOy, adjusted to a
( 274 H of 7 with HEL

This resciion was usually followed by anelysing for inorgsnic
?hﬁ3@&&%& ¢@larimﬁ%via&11g-h& the method of Fiske and
Subbarow {28}, using either a Duboseq colorimeter or a
Colemsn spectropuotometer.

The synthetle starch ¢ould be isclated by a varlety of
methods. %hﬁt prepared from mﬁéﬁlﬁ phosphorylase was highly
retrograded and could be obtalined in fely purity by merely

ge It was further purified by repeated solution

centrifugin
in sodium hydroxide and precipltetion with eleohol.

The synthetie product from potato yh@ﬁ@&@rylaﬁéfwa& bast
isolated by preclpltation with an excess of lodine sclution,
The lodine wes removed frﬁﬁ the precipitated complex by
boiling and washing with the organic solvents, bengene and

alechol.
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The Schardinger dextrin, cyclohezssmylose, used In tids
inveatigabion was prepared by Dexter French.

af} BOLZ8 .

The glycogen used was the C.FP. grade from the Pfanstiehl
Chemicel Companys

Hexy Halze Starche

 Waxy malige starch was milled from Iowe Waxy 93¢ hybrid

corn by Bs E. Starr.

Amylose end

anylopeetin frections from corn, potato

end taplogs sterveh were obtained fﬁ@m %¢~£§ Schoech who pre-
pered them by means of the bubanol preecipitetion method (B4).
?ﬁ &w‘gatsﬁ @é@y&?ﬁé the butanol precipiteted ffﬁﬁ%iﬁﬁﬁ from -
 1ily bulb starch following the procedurs of Sehochs In all
cases the amylopectin fraﬁ%&mnﬁ~w§rﬁ~ff@aé‘fram‘traﬁag of
‘amglaﬁa by sdsorption @Q‘ﬁﬁttﬁﬁx
The &rgs%&iiima smylose wes prepared by R. W. Hery

and hes been described by him {46)s

‘Amylodextrin Practionss

Dextrins resuldling from the acition of strong acids on
grenular sterch in the cold contaln practically no branched
ﬁﬁ&ﬁﬁﬂ%  Apparently the bresches are preferentliselly a
nydrolyzed swey. Such dextrins have been prepared by French

and subjected ﬁ@ butanel fractionstion by Bates,
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Liwit Dsxbtrins.

Limit dextrins from corn and wexy malge steych have been
prepared and deseribed by C. O« Caldwell (13)s The products
were precipitated with 60 percent sleohol after beta-amylase

digestlion.

Absorption Spectrum of the Iodine Complex
of Cyclohexaamylose

The lodine sddlition product of eyelohexaamylose is of
great interest becsuse of its close analogy to the starche
ipdine complex. This é%xtriﬁ is 8 ecylic polymer consisting
of six glucose residuss joined by l:id-glucosidic linkages.
fhe solutlon of the cyellie dextrin 1s only colored a darker
brown by the addition of lovdine., I1f, however, ithe water ls
allowed to evaporste from a concenitrated dextrin-iodine
solution, blus hexagonal plates are formed. Although these
pletes are microseoplic in size, they may be grown large
enough to completely £111 the field of a microscope with s
20X objective and 10X ocular. D. Freneh (31) made s thorough
study of these crystels. From their physical properiies and
X-ray patterns, he concluded that the lodine molecules were
enclosed by the cyclohexssmylose, as in the Preudenberg
model, and eseh lodine atom lay along the axis of the cyclie
compound. & Patbterson projectlion was in sgreewment with the

proposed eyrangement,. Thus if the absorption spectrum of
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sueh & known compound could be shown similar to the abe
sorption spectrum of starchelodine, 1%t should afford further
evidence for a corresponding eonfiguration of starch in 1ts
complex with lodine.

4 microspectrograph had proven satisfactory for obtaine-

amounts of colored

ing sbsorption spectra of microscople
plent products (6&); a simllsey set-up was used for obtaining
the sbaorptlon spectrum of the erystalline dextrin«lodine
complex, A Leitz wicrosecope was used with a direct-vision
lLeltz microspestroscope stitached to the oculars The lens

and simtter system attached to the spectroscope were from a

35 millimeter Lelca camera for taking photomlerograpbs.

Sinee 1t was found that the mlcrospeciroscope was overcorrected,
& tubuler plete holder wss made and abttached 1in place of the
ordinary roll film container of the lLeica camers. The plate
holder consisted of threse goncentric and tightly-litting

tubes, the lnner two of which were open along the lower side

to allow light $o pass through. The immermost eylinder which
held the plate gould bs rotated and set with & set screw o

the middle oylinder when all porticns of the spectrum were In
foeuss Thus clemped together, the two loner cylinders could

be moved forwerds or backwards bto sllow a btotsl of 14 spectra
to be phobographed on the same plate. Spectrographic plates,
4% by 6 centimeters, from the Eastman Kodak Company were useds

4 mercury arc served ss a yeference; the prineipal lines
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being photographed at two or mors places on every plate,
The specirs obtalined were 3 millimeters In width, and s
dlstance of about 17 millimeters sepavrsted the yellow
{(6790.7 4) and violet (4046.7 A} mercury lines.

Intensities were messured by a speclally econstructed
 photometer. The plates were held by a stage micrometer and
could be accurately moved In two directions. The light
source conslsted of a stralght-wire filament Mazde 3 volt
bulb operated by a storsge battery. 4n image of the stréigﬁt*
wire filament wes focused on the plabte with a microscope
objective of 12 millimeter foecal lengths A selenium photocell
attached to & sensitive Lseds and Horthrup gelvanometer wes
used to record intensities (in galvenometer deflection) as
the plate was ma?&é;asrﬁas the beam of light. To avoid stray
iight, the entire process was carried out in & dark room.

The poor resolution of the Instrument in the vieinity of
maximun absorption mede 1t impossible %o carry out the ex-
periments on anything but & roughly gualitative basis. It
nas elso been impossible to measure the thickness of the
&@&a&ﬁiﬁg@rréﬁxﬁriasi@éiﬁéfar?gtaia with any degree of
8CoUracys Nevertheless the complex wus shown to have a broad
band of sbsorpilen guite simllar to that of starch-lcdine
with & maxisun in the viecinlty of 600 milliimicrons,
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The Dichroism of Flow of Starch-Iodine Solutions

The basis of most objections to the helical wam%mmgwm@wﬁﬁ
for sterch has been the lack of sxperimentsl evidence in favor
- of sueh a configurstion. Assuming & helical model of starche
iodine e&s shown in Figure 1, dichroism of flow of starche
iodine soluticns is fc be expected. The lodine molecules in
the complex are locabted in the center of the helix with thelr
long axes coluelident with the hellx axlis. 4 veloelty gradient,
such as that produced by & wﬁwwwwﬁm,ﬁwwwmmmﬁ;ww g larger conw
centric cylinder, would be expecited to orilent the long hellcsal
iodine-containing starch molesules preferentially along the
filow lines. This would w&mﬂww in the gpreferred orientation
of the lodine molecules with their long axes parallel to the
,wwa@ iines. w&&.wwww_¢% dichrolsm to be expected from such
orientation can be understood from the pleechrolism of lodine
erystals. According to the unpublished work of Dr. F. He
Spedding, the pleochrelism of the erystals indicates that
light with its eleciric vector parsllel to the long axls of
the ilodine molecule is strongly asbsorbed, while light with
its slectric vector normel to the long axis of the molecule
is but slightly sbsorbed (Figure 2). Thils is in agreement
with existing theories, and with cbservetions of diehrolsm
and pleochrolism in other crystals (50,51,75), Hence, light
with lts electric wvector parallel to the long axis of the
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Model of helical starch chain with iodine molecules
in the center of the helix.

| | Fig. 1

sy
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E t more strongly absorbed Et very strong absorption Et rather strong absorption
E->less strongy absorbed E— very wedk absorption E—very weak absorption

Fig. 2

Prajections on (010) (100) and (00I) faces of the orthorhombic iodine unit cell.
Light is considered to be travelling normal to the plane of the projection. Direction
of electric vector is given by arrow following E.
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Apparatus for Observation of Dichroism of Flow.

Figo Se
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A wveriasble gpesd mobtor with a flexible drive was used to drive
the inner cylinder up to speeds of 8000 revolutions per
mimute. With viscous pastes steined with lodine, dichrolism
of flow was roedily observed st 1500 revolutlons per minute,
ﬁ%&afva@iamﬁ were made parallel to the exis of rotation
through windows provided for the purpose. An Intense une
polarized beam of light was directed through the selution,
and the components of the smerpging beam with electric vectors
parallel and normel to the flow lines were exsmined with
polarcld or Hicol prism; The difference in sbsorptlon of
the two ﬁ%ﬁ@ﬁﬁﬁﬁ@ﬁ'ﬁé& gaglly observed, bubt was confirmed
with 2 selenium photosell %ﬁﬁﬁﬁaﬁ%ﬁ;§§ & gelvsnomebter. For
moest solublons relisnce was placed on visuﬁi observation which
was guite sensitive if the Hiecol or polarcold was rotated
rapidly through 90 degrees.

Diehrolam of flow was most readily observed using heavy
(% to 5 percent) potate starch pastes stained with lodine,
Swollen starch grenules incrsased the viscosity of the
golutions. %o be sure the dichrolsm was due to the dise
persed starch and not the swollen gremules, well dispersed
starch solutions were prepered from starch fractions in which
the gramules no longer exlsted. Dllute solublons of such
fractions showed dichrolism of flow which was mede much more

easily visible by adding corn

sirup or some cther medium to

incresse the viscoslity of the solution. Swollen granules
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provided an extraordinarily high vigscoslty, and thelr effect
on the diechroism could be atiributed to that property.s

in the study of sberch frections, cere was btaken to dige
perse the unbranched cowmponsnt thoroughly. In all sases, the
unbranched fractions showed ﬁiéh?@iﬁm of flow while the
branched fractions showed little or no dichroism, The come
plete resulis may be summerized ss follows:

{a) The butanol precipitsted fractions from corn and
potato stavehes showed s noticesble dichroism of flow sven
in dilute solutlons.
| {b} For ordinary native blue-staining shar&h&g, dighroism
of fiow was esslly observed, V

| {e)} The amylopectin from & bubanol py@@igiﬁaﬁi@m of

corn and pobato stareches showed s doubtful éighrwism of flow.
{If’&ll traces of stralght-chain material were r&m@v&ﬁ by
@aﬁ@img the sclutions through cobtton columns, the dichroism
disappeared completelys ﬁ
‘ {d) OGlycogen stained with iodine showed no dichrolsm
of flowe

{e} Iodine-stained psstes from waxy maize, glutinous
rice and red staining starches 1n gensrasl showed little 1f any
filehroism of Fflows ' ,

& great many investligstors have trled to compare the blue
&ﬁs@yyﬁiam,a&@@a&néﬁ of iodine with the starch-lodine gamplax«

1o make sure the dichroism shown by the starch pastes stalned
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with lcodine wae a unicue funetion of the starch-iocdine
complex, & blue solution of the adsorption compound, alphae
naphthoflavene-icdine, msde viscous by the sddition of corn
girup was pleced in the concentric eylinder apparstus and
tegted for dichrolism. Fone was wwwwﬁwwW§ Likewlse icdine
solutions were bested for dichroism. Apgsaln none was
apparent,

From the sbove evidence it 1z possible to explain the
observed dlchrolsm by any structure in which the long axes
of the lodine molecules snd the long axis of the mw%@mwl
icdine complex are parallels In plsce of the helical
strueture of Figure 1, it is possible that the sterche
iodine complex conalsis of a linesyr stareh chain with the
long axes of the sssotliebed lodine molecules parsllel to
the chain. Although the dlchrolsm of flow of starch-lodine
solubion 18 not in itself sufficlent to declde between the
two alternstive structures, any scceptable structure wmust
be in acecord with the cobserved dichrolame

To declide bebweon the Wwo pomsible structures, Rundle
and Freneh (Bl} have investigsted the optleal properties of
cryastals of the starch-iodine complex wawawm from the
erystalliine smylose of Kerr and Severson (48). 4s is shown,
the opticel properties of heliesi-chain starch should be
quite different from sterch in the "AY or "B" modification

where the chalns are mown to be extended. The erystalline
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smyleosge can be stalned with lodine with no apparent i@as of
eryatsiline properties and yy@gﬁma%i?, therefore, with no
sppreciable chenge in the configuration of the sterch chains,
Before staining the smylose platelets sre unisxial snd, on
edge, sre gulte birefringent. The retardetion of light with
its electric vector parallel to the surface of the platelst
is greater than the retardstlon of light with 1ts electric
vector normal t@vﬁh& platelst. Thet is, the platelets are
optically negative,

On edge, the platelebs stalned with lodine are ex-
tremely dichroie; light with 1ts slectric wvector normal o
the plate is very strongly absorbed, while light with its
electric vector in the plane of the platelet is very weskly
absorbed.

Any abtenpt o Interpret the optical properties in
terms of an extended chain falls., If an extended chain
were adopted sz a model,; it wonld be sxpected that light
with its electrie vecbtor parallel to the cheln would be re-
terded movre than light with 1ts electrie vector normel to

the ﬁh&iﬁiﬁ

"1, For = discussion of polerizsbility see Silberstein,
Phil. Hage, 38, 92, 821 {1%1??, ‘
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The birefringence of crystalliine auyloss %@&1& then
indleate that the starch chains 1le in the plane of the
platelet while the dlchrolsm would require that the lodine
molecules be normel to the plutelebt, and therefore normal
to the extended chaln, Bub asccording to the dichrolsm of
flow of sterch-lodine solublons, the icdine molecules must
be parallel to the extended cheln if the axtanﬁedmﬁh&in
model is adopted.

On the basis of existing theories of polarizability, it
would seem probable that a starch helix would show its
greatest retardation of 1ight in o direcilon normal to the
nelix exis, If so, the dlechrolsm snd birefringence of
crystalline smylose would be guite understandable. The
birefringence would indicate that the &xasimf the helices
were normal to the plane of the platelet, and the dichrolsm
would indicate that the lodine molecules have thelr long
axes normal to the plane of the plstelet. The lodine mole-
cules then have thelr long sxes psrallel to the long axis
of the starch molecule, the hellx axis, in sgresment with the
requirements of the dehroism of flows The helical model
would slso seccount for the unisxisl, optlcel negative
charascter of the plateletss The optleally negative charscter
is hard to understand on the basis of &ﬁ‘%xtﬁﬁﬁédﬁﬁkﬁiﬁ

model insssmeh as fibers of stareh showing the "B X-ray
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diffrection pattern are opticnlly positive just as are
cellulose fibers. .

ﬁaﬁélﬁl have 3ﬁﬁﬁﬁ'ﬁh&% §h£ Xmray

Recently French and
diffrection pattern of the amylose~lodine complex, formed by
the treatment of emylose with icdine vapor, could De indexed
using & hexagonsl cell, 8y 12497, 85 7491, dyo 11.23A.
Tﬁa &ﬁ§1@$@~1$ﬁin$ pattern showed a high symmebtry of strucbure.
A hezegonal lattice for so compliecsted and unsymmetricel a
substance as starch would be har§ ta understand unless the
starch chains spproximated eylinders which wers then packed
together in closest packing.

The spece~filling model of & helilecal starch chain bullt
by Freudenberg {32) contalned six glucose residues per helix
turn. The sxterior dlameter of his hellx was within & fow
tenths of an Angstrom of the 12.97 Angstroms requived by the
cbgerved lattice translation in the X-ray study. The length
of the turn in the helix should be egual to the widith of &
glucose residue which, from the model, appeared to be sbout
7+5 to 8.0 Angstroms. The periodielity along the amylose-

iodine was found to be 7.91 Angstroms, in good agreement.

The observed sell dinmenglions were in full sccord with & helilx

of six glucose resldues per turd.

1. This work nas just been completed end will be
published in the Jour. Am. Chem. 30C.



Hydrocarbon Lining of Starch in the Helical
Configuration

As has slready been stated, Freudenberg has attributed
the blue color of the starchelodine complex to the iodine
dissolved in the hydrocsrbon lining of the starch in a
helieal configurstion. This hypothesls wes based on 2
qualitastive comparison of the ecolor of iodine in starch andg
in organie solvents. In the light of further evidence for
the helical configurstlon, a more guantitstive investigation
of the lodine color in orgsnic solvents and in stareh is
indicateds absorpblon spestre have boen taken for lodine in
gterch and in orgenic solvents and transmission curves
plotted, The instrument used for obitaining the trensmission
data was & Coleman MHodel 103 double monochromabor spectro=
phwtometer with en accompanying vaecuum tube elsctrometer
{Coleman pH meter) serving as &n intensity measuring device.
A gllit selecting 8 18 millimicron band of light was used
for all trsnsmission date. The solution %o be tested was
placed in & sgusre cuvetite 15 millimeters in thilckness and
 %@%@@&@& with & sontrol solution pluced in s matche? square
cuvette, For highly sbsorbing solutions 2 glasg prism with
optieelly parallel slides was plsced 1In the cuvetie to reduce
the thickness from 13 millimeters to 1.63 millimeters, With
the exceptlion of certain dextrins and glyecogen, all abe

sorption and transmission curves in this investigation were
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containing the reguired welpght of sterch into boiling waber.
The solution was bolled for B miﬁﬁﬁé% and then sutoclaved fop
1 hour st 18 pﬁuﬁéﬁ presgure, There are indicatlons thet long
antoclaving causes & pertlal degradation of starch, bub

there is no apperent eflect after one hour of autoeclsving in
& striectly neutral solution. ?%rfe@tiy-ﬁrana§g?&nﬁ solutions®
gcould be prepered Iin this sanner from nearly all native
starches if the conventration was kﬁgt st & few hundredihs
of & percent. It was particulerly difflcult to disperse the
smyloses prepeared by butsnol precipitation. The solubllity
of the bubancl precipitate from corn stareh in bolling weter
or under 1B pounds stesm pressure in the autoclsve was found
to be leszs thon 0,01 percent. The bubanol precipitate from
potate starch, & substance of higher wmoleculsy welght, was
congsidersbly more soluble in beliling water. 7The process of
solubion is one of breaking up of stareh crystallytes, The
shorter straight chains In corn smylose are much bebtber
%uilﬁing blocks for ecrystellytes than the longer potato
amylose chalns; hence it ia esasler Yo dlsperse the potato
amylogse. In order to disperse the amylose samples, the
amylose was first thoroughly dried in s vacuum oven at 60
degrees for 48 hours., Dried samples were found to be more
readily soluble than those wet with butanol. A welghed
amount of the dried mmylose was treated with éii&tﬁvgﬁﬁﬁﬁaiQM‘

hydrozide and sllowed to stand at room temperature until



the solution wes completely transperent., Filve milliliters
of 0.5 ¥ potassivm hydroxide dlsperse up to 100 milligrams
of emyleose meterlsl within sn hour. Such solultions cen
then be neutralized with hydriodic scid snd diluted o any
convenlent volume. Awmylese wes allowed Yo stand several
dayes in pobsssium bydroxide of this concentration to deter-
mine whether or not the mebterial wes degraded., Fractlically
no degradatlion was apparent gs long as the mixture was kept
at room btempersbure, Werming or boliling for any lensgth of
time produced dlscolorsilon of the solutlon due to alr
oxidstion of the starch,

When potassium hydroxide solutions of certain emylose
materiels are neutralized, they show & ﬁtr@ﬁg tendeney to
retrograde, and in genersl the shorter the streight chaln,
the more rapid 1ls the éaﬁr@gﬁ&ﬁﬁti&gi Therefore, the
solutions for spectrophotometriec studles were not neutralized
until ready for use.

Por sbsorptlon curves the stavch was uﬁ&a&&y kept in
excess; so that absorption depended upon coneentrsiion of
iodine. 48 will be shown, most starch meterials stop ad-
sorbing icdine when the retlo is 1 lodine molecule to 6
glucese resldues. The lodine used was 0.001 ¥ wilth respect
to iodine and 0.00125 ¥ with respect to iodide concentration.
This lodine soluticon was prepsred by dilutlien of G.1 ¥ iodine

solution {(which was repeatedly standardized} in calibrated
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?szametria ﬁ@@&?&ﬁﬁ&@~ Por most of the following work, the
required smount of the dilute stendard ilodine was added to
25 milliliters of 0402 percent sterch scluticns in a 60
'millilitﬁw volumetriec flask, The mixture was then dil@éeﬁ
o volume and sllowed to come to equilibrium,. o

The higher congentraticn of jodine in organic solvents
required to produge a solublion of absorbing power comparable
to lodine in starch mskes it unressonsble to compare trans-
mission curves of the solubions. True encugh the shapes of
the curves are gulte similer. For the purpcse of compsring
the relative sbsorbing sbility of ilodine In orgunlc solvents
and in starch, the curves in Flgure 4 and In Figure b have
been plotted es molecular extinetlion coefficlents sgalnst
wave length. 7The moleculer extinetlon coeificlient K has b@gﬁ

defined ss follows:

where T is esquel to the percent transmission divided by 100,
¢ is egusl to the concentration of ilodine in mocles per liter
and & is equel to the thickness in centlmeters of the sbsorb-
ing liguids

¥igare 4 shows the absorption curves of lodine in

typieel organic solvents. These sclutlons were prepared from

iodine which hed been sublimed twice and from orgsenic solvents
which had been cevefully dried and redistilled, Perticuler

sere wes taken with the slecholic solubtlon inssouch as the
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presence of one percent water asnifted the ebsorption maximum
from approximately 450 millimicrons %o $80 millimierons.

%ﬁ avolid confusion, only three curves were plotied in
Figure 4., All curves taken were in agreemsnt with often
repeated cobservatlons (92) that lodine in nonpolar solvents
exhlbits purple color caused by & broad absorption band with
maxinrum at sbout 520 millimlcrons, and that with increasing
polarity of solvent this meximum is shifted progressively
to shorter wave lengths. The results are tabulated in

Table 1l along wlth molecular extinection coelficients.

Table 11

Charseteristies of Iodine Solutions

Dipole Woment Absorpbion Holecular Extinction
Solvent X 1018 Heximam Coefficient

CCl, 0 520 910
8, 0 520 1170
Cgl, o 500 1100
(OgHg) 20 1.12 456 1030
CH4CO0H 14 470 800
CoHgOH 1270 450 595
B0 1484 560 4000




The similarity in the shape of the iodine curves Lo the
sterch-iodine curves cen be seen by compering them with
curve 1 of Figure § or the curves for synthetic starches in
Pigure 12 whilch are plotted on the same basis. ﬁignwé & la
a comparison of leodine curves 1n starch, water and carbon
tetrachloride. It is obviocus that lodine in starch absorbs
such more light than dees ilodine in waisr or orgeanle solvents.
The curves also vary in two other respects: (8) The principal
sbsorption of starch~iodine 1s broader and has a meximum
effect at somewhst larger wave lengths; and (b) the starche
iodines exnibit wuch more complex curves than the iodine
solutions. There are present et least three more or less
distinetly visible absorption bends: the principal one in
the neighboruood of 8600 wiliimlorons, and two lesser ones atb
about 450 millimi@%ﬁﬁﬁ gnd slightly above 700 millimicrons.
The lesser bandes are psriticularly sppsrent in the blue
stelning starches, while they bscome progressively wesker
as one goes through the red-stalning stavehes to glyeogen.

. Getman (34), in a study of iodine solutions, showed that
with incressing displecement o short wave lengths the
iﬁt@ﬁsiﬁy of the principal aﬁsargﬁi@n‘béﬂé is weaker. IT
this were true 1t might be argued that in blue solutions,
corresponding to the posgition of this sbsorption band
shifted toward even longer wave lengths than shown in

ordinary nonpolar solutions of ilodine, & marked Increase In



ebsorption might be exhibited by & glven amount of lodine
taken up by starchs. However, Getmen used a selescted series
of solvents %o 1llustrate hils poinbt; there are apparently
exceptions to the rule as shown in Figare %'v Todine in
slechol shows a stronger shsorption band than iodine in
carbon btebtrachloride, Noreover, the change In strength of
ebsorption bands of lodine in orgsnic sclvents 1s in-
signilicent in compariseon to the change produced by dls-
solving lodine in sterch. Hence it 1z Yo be esxpected that
any mechanism to explsin the formatlion of a blus color is
‘moreé complex than one of simple solution of lodine in starch.

It is best to lnvestigate other f&at&yg-&ﬁie& affect
the ﬁt&rﬁhwéﬁéiﬁﬁ eomplex before sttempting a gquantitative
explanation.

Effect of Iodine Conecentration

Sterch lodine solutlons were prepared in which the

nt while the concentratlion

starch concentration was held gonsts
of lodine was varied, Absorption curves were drawn for esch
solution from tranemission dats. In all cases the flnal
starech congentration wee 0.01 percent while the ilodine verled
from O to 48 x 10™° sgulvslenta per llter, With amylose
fractions from any source, the absorpilon maximum did not

change within these limits of ilodine concentration. The
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same was true of amylopectin fractions; there was no change
in the absorption maximum. The effect af 1a&i$$ COL-
centration on sbsorption of light was bent observed by
plotting the logaritim of transmdssion sgalnst lodine cone
centrstion. The transmission of such solutions was taken at
intervals of 4 x 105 equivelents of lodine between the
eoncentration limite. All spectrophotometric titrations were
made on solutions of 1.63 millimeters thickness. The light
absorption mesgurements were mede in every case at the wave
length of meximum cbsorption. Agein, the temperature was
kept st 28 degrees.

In their spectropholometric study of etarch-lodine,
Lampitt, Fuller and Goldenberg {%%} found that an Iinersased
iodine concentration csused an Incressed value of extinctilon
coefficients, If, however, the absorpbtion iz caleulated as
moleculsr extinction coeflficlents, the greater values are
obtained with lower lodine concentrations. That is, the
greater the ratio of s%&f@% to iodine, the greater is the
moleculsr sxtinctlion soefficient.

The apectrophotometric titrations of a typlecal
smylopeetin and a typlcel smylose are shown in Figure 6.
Iodine was teken up slowly in the case of smylopectin, with
no sherp bresk in the tibtretion curve. On the other hand,

the amylose book up lodine ropldly during the first part
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of the titratlione The ecurve then broke rapldly indiecating
& rvather definite swmount of lodine assceisted with the
amyloge~iodine complex.

The stralght line poritions of the smylose~lodine curve
were exbrapolated (dotted lines of curve 2 in Figurse 8) to
find the exeact endepoint. This end-point corresponded to
one lodine molecule for every 6.7 glucose units. 3Bince
ell the tltretions were run with the finsl starch cone
centration egqual to 0.01 percent, the following teble is
included for the purpose of r&éﬁi&g ratios of lodine to

glucess residuss at the bresk in the titration curves,

Table 1I1

Ratio nf Gluecose Hesidues to Iodine in Titrations
in which the Final Sterch Concentration is
0«01 percent

I PN |
WOpn e

Todine: Bquivelents T Glucose Residues
g&?*&iger per lodine
X 10 ‘molecule

10 12,36
iz 10.88
14 8.83
1 : 8.5
16 778
17 727
i8 6.87
ig GeBl
20 617
21 5488
22 5«61
24 Bald
%e 4476
28 faid
a0 4«18
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The titration curves in Pigure 7 show the relative abe
sorbing ability of lodine mﬂ,%w&wmﬁw amyloses as compered
with lodine in csrbon betraschloride; a typical organlce sclvents.
Carve 1 of thils figure is lodine in carbon tetrachloride
whose absorbing power deoes not approach that of the short
chein maylose (curve 2), e butanol precipitate from
anylodextrin whose chain length was found, from viscosity
messurements and reducing values, to be about 44 glucose
residues. Ourves 3, 4, 5, ¢ and 7 are for the amyloses
from corn {(Eerr¥s crystalline smyloss}, corn, 1ily bulb,
teploca and potate respectively:. The curves were drawn as
stralight lines between 0 and 109 eqguivalents of lcdine.
Intermediate polinte were Laken and slways fell in the proper
order; so thet certainly the eurves do not cross within
this reglon, although they should bulge downward to & slight
extent as mﬁﬁﬁm in following curves (see Figure 20}, The
efTect of changing M@%wwm eoncentrations on the shepe of
the absorption curves in the reglon from 400 to 800 milli-
mlevons 1s shown in Pigure 8. Curve 1 is for 0.0001 ¥
iodine in 0«01 percent corn starch while curve 2 1s for
00002 ¥ iodine in 0.01 percent starch. With the higher cone
centration of lodine the sbsorption maxlmum 1s shifted to a
2light extsnt to the lower wave length. This is in dis-
sgreement with the cbservation that the absorption meximum

of amylose~iodine does not change over wide variations in
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Fig. 8, Transmlsslion Curves of 0,01 Percent Corn Starch
o at Different Iodine Concentrations

1, 0.001 K iodine; 2, 0,002 N iodine.
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iodine concentration. However, Plgure 8 merely indlcated
that lodine is firet teken wp by the amylose present in
the corn starch, Afterwards the smylopectin takes up lodine. .

Ae will be shown, the snylopectin frection shows ean sb-

sorpbion meximum at & lower wave length than the amyloss
fractions 4Yhe fuct that curve 2 bresks downward at 400
willimicrons indicates that part of the lodine was not taken
up by the starch. Iodine itself has an shbsorption m&ximnm’
ab 560 millimlerons. An inbterssting effect of changing
iodine congentration was observed in the titrastion of
amylopectin materials whieh had not been freed of itrsces of
smylozes The firet color bo appesr was blue, followed by
the charscteristic violet color of smylopectin-iodine with
increased lodine ¢oncenbration. The phenomenon was nob
obgserved in smylopectin solutions passed through cotton
which would adsord the traces of smylose. This fact would
irdicate that amylose preferentially %ﬁkéﬁ up lodine and
should afford e basls for separsiion of the bwo components,
Separvations were attempted by precipltation of the complex
with potassive fluoride at varlous ilodine councentrations.
Zy this wethod smyloss could be sherply sepsrated from
jglya&gﬁn, but other separstions were only pertislly
successiul,

It was also cbserved that smylose could be fractionslly
preciplitated by the sddition of less than the celeulated
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amount of lodine {a§§@¢ximaﬁ@ly 1 lodine molecule Lo & glucoss

residues)s The addition of one~half thils cslculated smount
of icdine to en smylosme solution (containing potassium
fluoride for complete precipitation) brought down the come
plex leaving the supermstant liquid ﬁieér and deveid of
iodine colors Further sdditlon of jodine caused more complex
to precipitete until the amylose was completely removed, as
in&iﬁ&h%d by the yellow lodine ecolor of the supernatent ligulds
Tnls result 1s incompatible w;%h the concept that the
5%&%iii%§ is due to Intersciion betwsen lodine and amylose
in which case the amylose hellgces would tend to i1l up
uniformly, all b@ﬁﬁming;aﬁﬁﬁﬁﬁﬁﬁd at the sawe time, The

- above result would,; however, be predicted on the basls that
“the stebiliby of the complex is due to intersction of

iodine molecules. Obviously there 1s a tendency for en
amgza$$~hﬁiix.@e fi}; up completely once an lodine molecule
enters that helix, Subseguent lodine molecules go into the

gomplex more readlly than the Llrets

BEffect of Icdlde Concentration

The effect of iodide lons on ﬁﬁa gtareh~1lodine complex
hasg %e&n‘&iﬁﬁ&aaﬁﬁ,ia sncther section of this paper, Little

w8 concluded as Lo ﬁﬁﬁ exact nature of the rols the locdlde
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loms pley in the formetion of the complex. Flgure 9 shows
the effect of different lodlde concentrations on the spectro- .
photometric titratlons of amylose. It 1g obvious that an
ingreased iodide lon concentration cauvses a decresse in
general light absorption. OFf gresater significence 1s the
faet that the break In the titratlion curve occurs st e higher
ratio of amylose to fodine with higher icdide congcentrations.
In 0.5 ¥ 1odide, the ratio {see Table III} of glucose
residues to 1 iodine molecule is B,0; in 0.08 N lodide 7.2
in 0.0056 N lodide 6.7; and in 0.0085 ¥ ifodide 6.4. The
erystalline amylose used in these determinstlons could not be
dlspersed without the use of potessium hydroxide; hence it was
impossible to @&taiﬁ.?&g&ltg ét lower lodlde concentrations.
Hevertheleas potato amylose could bs dlspersed to the extent
of 0,005 percent in water by autoclaving. The bresk in the
titretion curves of such soluilon corresponded to sxsetly

6 glucose resgidues to 1 lodine molecule, Simllar results
were obteined with dilute solutionsg of amylosss from other
scurces and syntheiic ?ﬁlygégaﬁayié&$‘ The ratio of glucose
to lodine does not besr a simple m&%ﬁﬁ%ﬁti#&l relationship

to the lodide concentration. In an sttempt to show this, the
ratios of starch to icdine were plotted sgainst lodlde cone
cenbreation in order Yo find the lodine ratic st zerc lodide
coneentration by extrapolstion. The shape of the curve 4id

not justify extrapolaticon. A log concentration of lodide
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versus starch-to-lodine ratio curve approached a stralight
line with en extrapolation velue of aprroximetely & glucose
units to 1 lodine molecule. This fact in sddition to the
f&at thaﬁ in ne experlmental case was the ratic of glucose
to lodine grester than 6 to 1 seems to indicate there 13 a
limiting value to the amount of lodine starech can btake ups.
The exact role of lodide may be that of affecting the cone
figuration of sterch or af‘t&kiﬂg part in the complex 1t-
self. |

Although many Iinvesbigators have analyzed ﬁhﬁ starche
iodine complex by chemical means for iodine as well as
jodide, they have slways used native or solubilized starch
or starch fractlons separated By methods whieh are now
known to be poor. For that reason & serlies of iodine-lodide
analyses wore yun on the lodine complex of potato awmylose
separated by butanol precipitations The following procedure
vroved satisfactory for the smalysis of the precipitated
complex: & 20 milligram ssmple of perfectly dry potato amy-
lose conbaired in 8 100 milliliter volumetric flesk was dis-
persed in a volume of standerd potessiunm hydroxide which when
neutralized with hydriodic scid would giw&~tﬁﬁ required cone
centration of potasslum lodide. Addition of an excess of ilodine
caused the complex to precipltate, With low lodide concentram
tion, the ecomplex falled to precipitate, but could be mede to do

80 by addition of & snma

11 mmount of potassium fluoride; for
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that resson, 50 mllligrams of potassium fluoride were &ﬁ&@é
to a8ll amylose solutions befeors the addition of the ilodine.

Since drying of the preclpitated asmylose-lcdine complex
resulted in eonsidersble loss of lodine, the enalyses were
run on the freshly-precipitated complex with zore emphasis
on thevfaﬁie of lodine stoms te iodide lons than the ectual
amounts of these materials present in & glven amount of
- amyloses Unless s given set ol conditions are rigldly sdhered
to, the results are not reproducible. The smount of iodine
end lodide in the precipitabed complex Fformed from 20
&il&igﬁ%ﬁ& of amgia&s were determined by the following steps:

{a) 10 milliliters of 0,005 N arsenlte solution were
added Lo the ecomplex buffered with sodium bicarbonate end
the mixture allowed to stand untll the complex completely
decomposeds |

{b) The excess arsenite was then bsck titrated with a
gtandard lodine solution in which the total iodine plus
fodide goncentration hed previcusly been determined. This
step gave the &mﬁﬁﬁ%‘ﬂf lodine 1In the complex.

() To the mixture eontaining only amylese and lodide
were added 2 milliliters in excess of neutral of 2 ¥
hydrochloric seid. At this acid coneentrstion the mixture
could be refliuxed for & mimutes-- sufficlent time to

hydrolyze all emylose present, but insufficlient to oxidige
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any ledide fo lodine.

(d} Upon cooling, %ﬁé’agﬁ@ss goid was pertially
neutrallized before the %ﬂﬁiéi@n of & drops of bromine., This
amount éf'ﬁf@mﬁmﬁ oxidizged sll fodide %o lodate.

{e} The excesa bromine could be destroyed by the
a&ﬁi%ﬁam of formic acid, dub %Qiiimg the mixture served the
purpose egqually well.

(£} To the clear solution was added one-half gram of
sﬂlid,§aﬁa5$ium iodide wnich formed six equivelents of
iodine for sach lodate present, The lodine liberated was
titvated with stendard thiosulfete. From thla step the total
lodide plus icdine in the originsl complex could be a&l~‘ |
culabed, |

Figure 10 shows the effect of washing the complex, pre-
eipitated in 0.05 N lodide, before the analysis. The
todide curve shows that there isg a levge smount of lodide
loosely assccliated with the complex, most of whieh dissppears
upon washing. The lodine curve indlcates that lodine is
rather slowly removed from the complex, probably due to
diffusion out the ends of the hellx. It seems pleausible that
icdide lons could teke part in the cowmplex formstlion by simply
going into the starch belix. This would explein the flatb
portion of the icdide curve which inﬁiaatés thet all lodide
can not be washed out of the complex. The maximum ratilo af 
greater than 4 to 1, indleates that the tri-locdide lon is not
The following tshle shows

an essentiel part of the cosplex.
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the results of analyses made on the complex precipltated at

various icdide concsntrations; and washed 3 times.

Table IV

Relative Amounts of lodine and lodlde in the
Stareh«Jodine Complex Precipitated at
Pifferent lodide Concentrations

fﬂi éiggf?w%wwwg@wwwgggiémg éiﬁé’§£gmg"wuwwh _—
Concentration to lodide lons

OuB 2.1
0,05 57
0.005 5.2
00028 ' 5.5

The spproach of the ratic to the value 2 at high lodide

concentrations might indicste the maximum lodide gone
centration possible was lisdted to the formabion of trie-

indlide jong.

Effeet of Other Ions

The larger the amount of iodlide ions thet enter the
sterch hellix st & glven lodide poncentration, the smaller
is the amount of room left in the helix for iodine molecules.
The specstrophotometric curves indicste this to be poasibles
Therefore, the presence of other loms of different physical
sizes, 1f these lons enter the helix, should ceuse the

smylose bo talke up varying smounts of ilcdine, in sccordance



with the sige of the fons, With this in mind, potassium
hydroxide solutions of amylose were neutralized by the series
of aelds: hydrofiuworic, hydrochloric, hydrobromic, hydriodic
snd scetlie. The negative lons of these are of Inoreasing
physical slzes Amyloss solutions, 0.05 ¥ with respect to
theas lons; were titretsd with lodine and the sbsorption
taken at r&g&i&r iﬁ%erwaiag At this lon concentration the
end points were as expecteds~ the smsllier the asctual size

of the lon; %h@;mar@ igdigézrwgugyeﬁ.%e f&ﬁab the end polint.
However, the results had to be somewhat disecounted inasmuch
as the solutions containing fluoride anﬁv%remiﬁe showed &
stronz tendency to precipitete. Figure 11 shows the
specirophotometrie tibrations at lower ion concentratlions
(0.005 ¥}s Solutions contelning fluorlde, chloride or
bromide do in general require more lodine for the complete
formation of the complex. Ourve 1 for the solubion contaeine
ing the scetate lon shows no break whabsoever. Its solution
slso shows the poorest sbsorbing qualities,

4 more plaueible explanation of the effeet of other
iong is thelr effect on configuration of the starch moleculs.
4 few simple experiments indlested this to be possible.

Po a 1 persent pobteto starch paste was added an
eguivalent amount of warious 2 ¥ salt soluntions. This made
the starch concentratlion one-half percent and the salt con~

centration 1 N, The starch in such solutions wes plways



‘ *ammg " §f'a e ‘iay';.xafga
N 400°0 “*? ‘e@mq % $00°0 ‘€ leprronts N $0070 fegwgeoe ¥ 5000 ‘T

suoY gmazn{g Jo aamswg
8y} Uy esoTiwy JO SWOTIBASIL a'gzzemzméaxgmﬁg 11 *Bg

. Sol X !| Jad Amb'_:; au'PoI

pd % b2 _u 0_

l T T T 1 T N B T T 21

= R4t

S

g r
2 Ho1 @
I 4

481

0?



preciplteted with much lese msleohol then required to
@f@éi@it&tﬁ 2 control solutien with no salt., For exsmnle,
a solution containing potessium ilcdide required 11 m&ililih@rs‘
of slcohol for complete preclpitation while a corresponding |
control ysqguired 30 milliiliters. The nature of the starch
mast have changed inassmuch ag ﬁﬁﬁ»ﬁi@ﬁkf@iﬁt&ﬁ such as
glucose d1d not heve s similar effect upon the precipitability.
of the starch with aleochole |

The echange in stsreh configurstion by ions wes best
shown by the addition of fluorlde lens to a 0.1 percent
poteto starch psste. Upon stending for s few hours, a
procipltate settled out. Afber centrifugetion, the super-
natant liguid stalined violet with lodine while ths precipitate
stained blues Furthermore the precipltate when thoroughly
dried could be stained a broynish black with lodine vapor.
The only other meterials known %o at&iﬁ,ﬁiﬁh icdine vapor are
amyloses which exhibit the "V¥ configursition.
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Effect of Chain Length of 8tarch on
" Absorpblon Maximum

Examination of & grest pumber of absorption and trans-
misslon curves of the iodine complex of starches and starech
frections and sompariscn with existing deta on chain length
of starches indlcsted s close velatlonship between the length
of the starch chaln and the sbsorption meximum exnibited by
the complex. Curves were carefully plotbed from transmission
data for the amyloses avallable, and the absorptlion maxima
obtained.

Teble V shows the correlation between the wave length
in millimicrons of the sbsorptlon maxwimum and the chain

@@yl&ﬁs‘maﬁariai ugeds The melecular welghts

length of the
of the amyloses in glucose unlts per emylose chain were
obtained from the viscosity and osmoble pressure measurew

ments of Foster (30) which, ss he has shown, were in falr

agreement with molecular welghts determined by other
means. Also included in the table are molecular sziinetion
coeffigients of the amylese-lodine complexes, calculated

for solutions 0.0001 ¥ with respeet to lodine end 0.01

percent with respect to sbtarch, snd the charscteristic

potentials at which these amyloses take up lodine.



84

Table V

Lomparison of Molecular %@ights and Characteristics
of the iﬁéinﬁ—ﬂﬂmﬁlax of Various ﬁmgkasﬁa

o “Moleowlar  Cherecters
Holecular  Absorption Extinciion istie
Amylose Sige Maximun Cosfficlient Potentilal

Fotato 500 @3;; é3§”g 06197
Taplioca 450 625 41,600 0« 200
Lily 310 aee 41,400 04202
Corn 280 818 40,400 0.203
Crystaliine 176 605 40,100 Cu205
Synthetic 85 590 32,900 Ou204
Amylodextrin 44 680 25,400 0,218

‘The faet that the principel sbsorption band is wide and

the shift of the sbsorptlon meximum is small makes e quantitew

tive determinatlon ef chain lengih on this basls imgraaﬁia&lw
The celeculatlion of wolecular extinction cosfficients from
transmission dets is e more senmsitive eriterion of chein
length than the wave length shift as seen in Table V. This
holds true ag long as the smylose 18 kept in excess, Iin which
case the ebsorption is 8 funcilon of lodine concentration,
and the moleculer extincilon coeflficlient ineresses with an
inerease in amylose chaln length.

Hore conclusive evidence for the shift in the sbsorption
maximum with ineressing chaln length may be seen in Flgure
12. The synthesis of starch from glucose-l-phosphate by
the snzyme phosphorylase cen be stopped ab various sbages,

the product isolated and trensmission gurves taken for the
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Fig, 12. Absorption Curves of Synthetic Polysaccharides
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 $&&$&@ complex, Orvdinerily the synthesls of sbarch takes
place go repidly that 1t would be impossible to isolate
seperste fractions. However, & cruwle seample of glucose-le
phosphate, prepared by the sction of ghosphorylase on stareh,
contained traces of dextrins and possibly some meliose,

The dextrins present were only sulficlent to cause a slight
derkening of i@éin@~g$&nﬁiﬁn; Synthesis of starch with this
sample of glucose~l-phosphate was sufficiently slow, due to
the inhibltory asction of the dexirins and maliose, that
three fractlions could be Isolated. 4 similer but lesser
inhibitory effect had been noted by Henes {39) when maltoze
wes added %o the glucose~le-ghosphate, Curve 1 of Flgure 12
repregsents the starch-iodine complex of gynthetlic starch
prepared with a pure semple of glucose~lephosphate, All
digests used for the preparatlion of these synthetic starches
were aiaﬁﬁzy as previously described. For the prepsration
of the red-staining synthetlec starch represented by curve 4
of Figure 18, the synthesis was stopped after {ive mimutes.
The synthesis was stopped at one-hall hour and two hours

for the prepursabtion of the red-violet and vivlet-bine
sbtaining sterches reprasented by curves 3 and 2 respectivelye.
A1l digests of this seriss were run st & pH of 6.6, slightly
acldic, for the highest yleld of synthetic starch. The

rosction in sach case was stopped by the addition of twoe
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parts of ethyl sleohol which precipiteted some protein in
sddition to the synthetic materisl, Purification was brought
sbout by repeated solution in 0.5 ¥ sodium hydroxide and
precipitation with slecohnl, The absorption debta were talen
from selubtions of the dried semples dispersed with potassiunm
hydroxide and neutralized with hydriodis acid, sueh that

the final ieodide concentration was 0,005 N, The lodine
coneentration was somewhat different for the different samples,
a facbtor necessary because of the sensitivity range of the
spectrophotometer used, The lodine concentrstions were
0.00004 H, 0.00007 T, 0.00014 ¥ and 0.00021 ¥ for curves 1,
2, 3 gnd 4 vrespectively. The sbsorstion maximum shifted
progressively from B25 millimlerons to 580 millimicrons,

as the iodine ecolor thanged from red to blue.

Heyer has shown that rurified pobateo phosphorylase
synthesizes only streight shain amylose molecules (60).
Therefore, the longer the syntheslis was allowed to proceed,
the longer the stralght chain; the longer the straight
chielin, the higher wss the wave length of the ah&or§tiaﬁ
maximum. To make sure sll fractions of synthetlic starch
isolated were siralght-chain maberial, a portion of each was
subjected to a botam-amylase digestion. EHach was coumpletely
digested, leaving no 1limit dextrin whatsocever. The rede
steining fractions could not, therefors, be branched, inasw

much &8 branched starch lsaves & residue when trested with
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beta~amylase.

Figure 13 shows the effect of phosphorylase om poteto
sterchs Curve 1 shows the transmission curve of the
potato starch-iodine conlirol, while curve £ shows the
transmission eurve of the lodine complex of the material
left sfter the action of phosphorylase on potato starch.
There is the expected shift of the mexiwum sbsorption band

to the lower wave length, accompanled by & decresse in abe

sorblng power. Fhosphorylase is known to bresk off glusose
units in the form of glucose-~l-phosphate, The process
continues only until squilibrium is resached between
glucose-l~phosphate and incrganic phosphete,

The results of this investigation of wave-length shift
with chain length lend weight to the suggestion that the
golor of the swylose-iodine complex 1s s function of the
intersction of ilodine molecules rather than the interasction
of amylose and iodines Foster {(30) sttempted & guantitetive
explanatlon on such 2 besls, sssunming a reaction of the type

amylose + n Is = complex .
i1f iodine behaves as & simple harmonle oscillator, iis
charecteristic vibration frequency cen be expressed by the
equation (valid for any harmonic oscillstion)

1/i2:= if%ﬂjé?%;;
where m is the mess of the iodine molecule and k the

rostoring constant, Incressing the number of lodine
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Fige 13. ﬁamwwﬁuwuwaw aﬁndaa_@w méwaaa Sterch~Iodine

wu Before wwamwma&wwgma treatment; 2, after phosphorylase
treatment.
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molecules in an amylose hellx modifies the eguation teo
’ —= 1/2%/nm
1212 in complex M q

where n is the number of jodine molecules, Changing to

wave length, the equation becomes

;§ig;iﬂgﬁﬁm§1%§:63§?;§‘

This equation predicts such a shift in wave length as was

-

actuelly found, - The experimental values, however, were notb
nearly as grest as the calculated values. This might be
explained by the fast that a chaln of 40 lodine wolecules,

es would be the case in corn amylose, might be interrupted
by lodide ions or by bending of the amylose molecule such
thet only portions of the lodine chaln scted ss harmonle
oscillators. This type of osolllator might also produce the
eharacteristic absorption band in the infra?ﬁﬁ; The
examinetion of infrared spectrum of the complex is lmpossible

with equipment al bhand.

Effect of Branching of Starch on &bsorption
Haxioan

4 gomperiscn of transmission curves of the lodine
complex of amylopectin (branghedwchaln msterial) and
amylose clearly indicates the effect of branching on the
absorption maximum; there is a delinite shift to the lower

wave lengthe with ineressed branching. Flgure 14 shows the
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curves for 1, potato amylopecting 2, rotato stareh; 3, potato
amyloge. For thls set of curves, the frectionation was msde
by edding cotton to 0,1 percent potato starch paste. The
amylose fractlon, adsorbed on the cotton, was removed by
elution with boillng water. Amylose and amylopectin were
obtained from solution by precipltation with slochol.

Pigure 15 shows the transmission curves of the same
three {ractions separated, however, by the method of bubtanol
precipitation. ?hé greater shift of the sbsorptlion band
of the amylopectin-icdine complex would indicate a more
sfficient separstions The amylose from this separation was
8o highly sbsorbing when lodine was added in the same cone
centration that the solutlon had to be dlluted fen times to
produce a colored solution suitable for specirophotometric |
analysis (eurve 1, Plgure 15).

The similarity of the shape of the transmission curve
of amylodextrin~lcdine to that of the transmission curve

of the lodine complex of an amylose prepared from the

amylodextrin Indicated that the degree of branching in the
original material was slight (Figure 16). In all probsbllity
the butanol precipliation used to obbtain the amylose merely
sepesrated longer chains from shorter chains, resulting in an
incressed light sbsorption of the amylose-iodine, but

practically no shift in absorption meximum,
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Pige lhe Transmission Curves of Iodine Complex of Potato

Staroh and Components ﬁogaratca by Ad-
aarptiaa on Cot

l, Original patata staroh; 2, fraatian yassed ﬁhraagh cotton;
3, fraction adsorbed on cattan* |

lodine concentration 0,0001 N in all cases,
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Fig. 15+ Transmission Curves of JIodine Complex of Potato
, Starch and Componenis Separated by Bute
anel Precipitation

1, Butanol precipitate, 0.00002 ¥ iodine; 2, soluble fraction,
0.0002 N iodine; 3, potato starch, 0.0002 N lodine; &,
butanol precipitate, 0.0002 N lodine, ‘
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Flgs 16, ?rﬁnamisaian Curves of Iodine Complex
of Amylodextrin and its Butanol
Preciplitate

1, Anmylodextrin, ﬁgaéﬁl‘ﬁ'iaﬂ&aa; 24 butanol precipitate
- from anylaﬁex%via, 0.0001 ¥ ilodine. o
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A 3ﬁilk‘gr@&%§?»@£fﬁﬁt on the starch-lcdine complex

yra&uﬁ@ﬁ by branched-chaln materials is seen in Flgure 17.
Curve 1 ie the transmission curve for 0.0008 ¥ iméinﬁ sslutiegm
Curve £, with but & elight indicstion of an ebsorption bend, |
is for glycogen~lodine, in whieh the transmission dats was
obtalined by baleneing the glycogen~iodine sclutlion against

an lodine solutlion of squivelent concentration. ©Ourve 3 re-
presents the trensmission curve of & branched dexirin of 20
40 glucose residues. Its sbsorption band is more pronounced
than thsat of the high molecular welght glycogen. Ourve 4,

of Flgure 17, is the trensmission curve of the lodine complex
of waxzy maige starch, an amylopectin with longer branches.
These curves show & correlation between absorption mexlmum

and length of branches.

Effect of Branching of Starch on
Light Absorpiion

In taking transmission curves of iodine complexes of
sterch fractions it was observed thet the straipght chain
fractions were alweys more highly sbsorbing. The emylose
separeted from amylodextrin showed a grester absorpilon
over the entire concentratlion range of lodine as shown in
Figure 18. It 1s interesting to mote thet the stralght-
chain amgla&ﬁ’fr&a%ian of this mat@rﬁalvsﬁﬂws & bresk in the

titratlon curve corresponding to 6 glucose residues to 1
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?igg 17 Transmission Curves of Iodlne Complex
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1 0.&@% N diodine; z, glyeogen, 00,0005 N lodine; 3,
dextrin of 20«24 glucose units, 00,0005 ¥ lodine; h, waxy
maize, 0.0005 K iodine.
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lodine melecule, while the amylodextrin curve {curve 1),
aanﬁaﬁ&ﬁﬁg a variety of cheln lengths snd possibly some
branched-chaln material, showe no bresk in the titration
CUrVes

& wore pronounced effect of branching on light sbsorption
of the iodine complex wag cbserved by titrating the amylose
and amylopectin fractiong from native starches. 4 typlesl
exauple is shown in Figure 19 in whieh eurve 1 represents
the titrstlon of potsto smylose, curve 2 the titration of
potate starch and curve 3 the titration of potato amylose.
Again it is obvious that the two components of stareh are
guite different; the complexes formed with lodine vary con-
siderably im light btrensmission; therefore, it would seem
possible to determine amylose, amylopectin content from
transmisslon dats. 7The logarithm of the transmission of
light at the wave length of maxlmum sbsorpitlon is an addlitive
effect in mixtures of this tyve whers the absorption bands
are broad and overlsp one ancther. Hence, the absorption
level of potato starch-iodine (flat portion of curve 2,
Figure 19) should represent the additive effeet of the flat
portions of curves 1 end 3¢ The following egquation could
be used to ealculebe smylose percentage:

x log® + (l-x} log T

amylose-lodine am§1@§&gtin~i§éinﬁ:=:
1og T gtaren-1odine,

where x is the fractlon smylose and {l-x) the fraction



Log. T

14 |

12 1 i 1 L | '\ L L o n
] . 12 24 36 | 48

Hoamﬁm” Equiv. perii. x 10°

Fig. 19. Spectrophotometric Titrations of Potato Starch and its
_ Components ‘

1, Potato amylopectin; 2, potato stareh; 3, potato amylose.
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amylopectin. For podato sbarveh and 1ts components the
equation becomes
% Lledd 4 (1-x) 1,79 = 172 .

Solving for x indlcates there to be 20 percent amylose
in potato stareh, In fely sgreement with the valus of 22
percent obtained by Babtes (4). In a like manmer, other
starches and sterch components were titrated and smylose
conbtent determined, Several of these titrastion curves are
shown in Figure 20. The amylose content ealeulated from
sush curves is as fazléwaﬁ 1ily bulb 29 percent, potato
20 percent, corn 18 percent, and tﬁ&i@ﬁﬁ 16 percent. The
results are all slightly 1&@%? than velues ordinarily
obitained. 'The reason for thils is probably due to traces of
Impurities in the smylose fraction. 1% is, for example,
'ﬁaay to remove traces of smylose from the smylopectin
fractions. The process can be sceomplished only by repeated
precipitetions with butancl, The corn and poteto amylose
used in this investlgatlon were shown, by the lodine
titration, to be aﬁly‘aéauﬁ 80 percent stralght chain
material. Beta-smylase digestions with corn and potato
amylose left trsces of viclet-staining 1limit dextring--
further evidence of the pregence of smsll smounts of branched

maberial.
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The Linkages in Stareh

Enzyme resctions with phosphorylase have been shown by

- such investigators as Corl, Kleseling and IHenes, to be
entirely rﬁV@rsibi&f The engyme vroduces s synthetie stareh
and inorgasnlc g&s&gﬁate'fram,giuaﬁssazwyhaagha%a}&mﬁ vice
versas, The process cen be followed in either direction by
anelyzing for imorganic phosphate, a procedure proved
justifiabiﬁ by the experiments of Cori (17)s In effect, he
showed that the dlssppesrance of inorganie phosphate could
be quantltetively accounted for by the glucose-l-phosphate
formed. A study of the resction during the formetion of
aynthetiec starch Indlcates that two types of starch may be
foruwed-~ one whieh stains dbrown with lodine, the other which
stains blue with iodines. The previously described experiments
of Heyer indicste twe types of @%ﬂﬁ?kﬁ?&lagﬁw Heyer, however,
was able ﬁ@ isclate only one of these from potatoss and that
one gould synthesize only & straight-chein smylose, Exw
periments in this investigsation with purified potato
phosphorylase confirmed the finding of Meyer inasmueh as all
synthetle starches obisined from pure poiate phosphorylease
consisted of 100 percent streight-chaln meterial, whether
they stalned red or blue with lodine., The guestion srises as
to where the B0 percent smylopectin in potato starch comes

frome.
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There was no sction of purified phosphorylase on

amylase~dligested, highly-branched dextrins {as the 1imit

dextrin from waxy melge), indlcating no branched-chain
material could be synthesized from this type phosphorylese,.
Using a crude potate phosphorylese, prepared by grinding
and extracting the julce from potstoess, the r&galﬁé were
somewhat different. This enzyme solution wes capsble of
eleaving the l:f-glucosidic linkages in starch, and, there-
fore, should be capeble of synthesizing branched-chein
materlials, The results sre indicsted dlagramatically

in Figure 21 which shows the initisl and the equilibrium
concentrations of inorgenic phosphste when prepsrations of
erude or purified polste phosphorylase were slliowed to act
on various starch types. For these experiments all digestis
were made as follows: B0 milligrems starch in 4.9 millie
liters water; 1.1 milliliters 0.3 ¥ phosphate buffer;

5 milliliters of enzyme sclution; and & milligrams of
potassinm fluoride, added %o poison phosphatase asction in the
crude extracts., The pH was slways adjusted o T.4 at
which point the eguilibrium constant is

G F oo

concentratio
gconcentrat]

Bince the equillibrium involves only the concentrations of
Anorganic phosphete end glueose one phosphate {18}, the
diseppearence of inorganic phosphabte vepresenta the percent

eleavage of glucose units possible in the dlgests used.



io4

Experimental ﬁﬁﬁﬂi%iﬂﬁ$‘W&rﬁ chosen such that the dise-
appearance of 0,1 milligrem of Iinorgsunic phosphorus re-
presented 1 percent clesvage. Thet is, in Figure 7, curve 3
indicates that crude phosphorylasze was sble to clesve the
1imit dextrin from waxy melze to the extent of 6 percent,
Further puriflcation resulted in less and less cleavage of
the limit dextrin. Starech meterisls conbaining long chains
or branches of lid-glucosidic linkeges were mich more roadlly
clesved as ﬁhﬁﬁﬁ In gurves 4, 5, 6 and 7 in Fligure 2l. It is
interceting to note thet glycogen, a highly branched materisl
iz quite readily elesved by pure potato phosphorylase,
Bvidently the branches are sufficiently leng to sllow the
action of phosphorylese snd, of more importance, are jolned
together by l:d-linkeges,. The resultsg of the asction of yeast
phosphorylase of starch meterisls syre shown in Figure 2E,

The feet that this shosphoryisse will abtteek the 1imit dexe

trin from wexy meize indlostes it cleasves lib-glucosidic
linksges; the fact that it clesves amylose indicstes lis
actlon 1s not limited to liGeglucosidie linkages, bub 1t also
clecves lid-glucosidic linksges. Obvieously this @ﬁﬁymﬁ is
different frow potsto phesphorylese and the 41 fference can

best be expleined by the exlstence of £ enzymes, both present
in yeast. This would explain the production of s high molecular
welght but brownestaining polyssecheyide with yeast

phosphoryisses The product is slwply branched as 1s glycogens
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Yil, SUMEARY ABD CONHCLUSIORS

1+ An extensive ipvestigation of the starch-lodine
complex and ibts relation to the structure and configuration
of sterch is made.

2« The absorpilon spectrun of stavchelodine is shown
to be simllar to the absorption spectrum of the ifodine com~
plex of cyclobexaamylose whose strueture has been esteblished
as & slz-membered cyclic glucose~polymer which encloses an
iodine molecules.

3« The dichroism of flow of starch-lodine solubtions
is such that the lodine molecules lnveolved in the complex
must have their long axes parallel to the length of the
starch molecule. Optical studies of crystalline amylosew~
lodine complex make any but & helical configurstion of
amylose unfeagivle. XZ-ray patterns of the amylose~liodine
complex are in accord with e helical configuretion with 6
glucose residues per helix turn.

4+ The sbserption cuyves of lodine in non-polar
solvenis and in sbarch are m@ﬁy&yaﬁ.eﬁ the basis of mole~
cular exbinetion cosfficlents. The comparison discredits
the hypothesis that the blue color of the starch~lodine
gomplex is due 1o lodine wmerely dissolved in starch.

B A chsnge in iodine goncenirstion does not change
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the absorption maximum of the amylose-iodine complex.

Iodine is taken up more resdily by suylose than by smyloe
pectin, and the absorption is much greaber in the case of
amylose-icdine. The spectrophotometric wWﬁﬁWawmﬁ_aw“mﬁwwawa
with iocdine shows an end point when the retlo of glucose
residues to lodine molecules is spproximately 6 to 1.

‘ 6. The amylose-iocdine complex can be formed in the
absence of ilodide ions. In thelr presence, smylose takes
up lodlds lons in addition to lodine, with a 1initing value
of 1 icdide ion to € lodine aboms.

7. The presence of other ions affects the iodinew
complex formetion. This effect is stiributed to changes
in the configurstion of the starch itself.

8, Thers is & direct relationshlp between the chain
length of starch and the ebsorption maximum of the
corresponding lodine complexs With & decreasse in chain
length, the absorption maximam shifts to shorter wave
lengths. The wldth awaww absorption bend and the small
degree of the shift mske 2 guantitative analysis on this
basis impractical. There is also & direct relationship
between the molecular extinction coefficient of the amylosee
fodine complex and the molecular size of the amylose, if
the coefficlient is csleulated for solutions in which the

emylose is in excess.
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@s A relstionship exists boitween the degree of branche
ing in stereh and the absorpiion meximum of the correspouding.
lodine eomplex, There is a shift to shorter wave lengths
with en incroused amount of branching. 7The covlor of &
starch~icdine complex iz not & funcilon of moleculsr welght,
but & function of the length of straight amwﬁwa or the
length of brancheg.

10. Prom the difference In light sbsorption &ﬁwwwwmmm,
of smylose-lodine snd amylopectin-lodine, 1t ls possible to
oostinete guanbtities of these meterials present in starches.

11, TYeast phosphorylesze la cspable of cleaving
{end prssumedbly synthesizing) a lib-glucosidie linkage-- the
linkage involved in branchingw-~ as well as & l:i:4~glucosidic
linkege. This explalns the gynthesis of a high molecular
welght but brown-staining polysaeccheride with yeest
phosphorylase, FPotabto phosphorylese, as ordinerily pre-
pared, is awwmwwa of clesving and gyntheslizing only &
l:4~glucosidic linkege. There is evidence that an enzyme
capable of forming a l:é-gluecsidic linksge 1s present in

potatoes but is lost In the process of purificstion.
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