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THE HYDROLYSIS OF STARCH BY HYDROGEN PEROXIDE

INTRODUCTION

The phenomena of enzyme éction are of primary importance in
the economy of the living cell, and a vast amount of work has
been done in attempts to elucidate their nature and mode of ac-
tion. In spite of this, there are still many points concefning
them which cause one to pause and wonder. An enzyme can, at low
temperatures, in very feebly acid or alkaline solutions, and in
very low cqncentrationa, effect a transfbrmation,which, in order
to be duplicated by purely chemical means, requires quite dras-
tic measures such as»high temperatures, strong acids or alkalis
and relativelyrhigh.congentrations. This gives rise to the old,
still unanswered question, “How may these things be?®*

| The explanation offered by Michaelis (43) on the basis of

specific electric charges, and those of Bayliss {5 ) and Podor
(18)’qn the basis of adsorptiqn’on colloids with consequent in-
crease of active surface, have not been supported by later re-
search. Especially has the latter fallen into disrepute since
it has been shown that some, possibly all, enzymes are relative~
ly simple substances, only bound to colleoidal "“carriers®, and
not dependent upon these colloids for their activity (40) (67).

That there is & combination between the enzyme and substrate
seems to bsraccepted at the present time. Upon this basis, HEuler
and Josephson (16) have advanced the idea that a specific group,
possibly of the na&ture of the aldehyde group, attaches the enzymé
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to the substrate. Euler's theory maintains that the substrate
is_splitvat some ppint aﬁbenvthan~the one to which the enzyme is
attached. Thus there musﬁﬁﬁe some secondary linkage between the
enzymevand‘subst:atérin order that the hydrolysis take place.
Hngougeng-and”LoiSeleur (25) (26) showed, by experiments
with pepsin and trypsin, that each enzyme showed a specificity
fqr definite>group3.  EN methqu which blocked amino and carboxyl
groups of proteing, they showed that pepsin combines with the
amino group, while trypsin combines at the carboxyl. Balls and
Kohler (3 ) have confirmed this work in their researches upon
the polypeptidases, showing that these enzymes may be differenti-
ated by their point of attachment to the polypeptide, whether to
the amino or the carboxyl group, the secondary linkage being the
imino-group. The great bulk of investigation has been directed
tgward”therghemical'nature of the active principles of the var-
ious enzymes, or the ﬁechamism of their specificity. The former
consideration is of primary importance, for until the chemical
ngture‘of the active principle is definitely known, chemical cone-
cepts of their specificity and mode of actidn must necessarily
be built upon.speculation and circumstantial evidence.
v An interesting and important phagé of the study of enzymes
is’the fact thaﬁ practically all enzymes require the presence of
substances, or types of substances, which act as specific activ;-
torsfk‘fhesg supstapces v&ry_in n&ture with the various enzymes,
;gnging'fxom galts on the one hand to very complicated organic
compounds. One of the most interesting substances of this group
is glutathiqne, a tripeptide composed of glycine, glutamic acid,

and cysteine. This substance is widely distributed in living
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matter, and has the ability to activate a number of different en-
zymes. The mechanism of the activation is obscure, but the evi-
dence pgints to the fact that the enzyme and activator form &
system which gives greater facility to the transfer of energyvta
the substrate. o v , N

Dr. A.P. ¥athews (41)(42)7has advanced the view that sub-
a#gnqea_e#igt in two forms, according to the energy content of
the molecule. The kgﬁakinetic, or énergy-poer, form is stable,
and the addition of energy is necessary to raise it to the ana-
k;netiq, or_:eactive form._ He suggests that enzymesla¢t>to trang-
fer_gng:gy ﬁgqm some external source (oxygen, radiant energy, or
theyineﬁic energy Qf‘surrqunding molecules) to the stable mole~
cule, causingvitVtorbe,raiéed_tq the anakinetic or unstable state,
ig”which‘ipvnnde:gqes'quntanequs hydrolysis. The enzyme mole-
cule having transferred its energy becomes inactive, dissociates,
is reactivated, and combines with another molecule of substrate
and repeats the transfer of energy. Many instances of this re-
versibility be@ween‘active and inactive forms are known.

H_If no“substrate, to which the enzyme may carry the energy
received, be present, the absorbed energy may destroy the enzyme
itself; while in the presence of its substrate the life of the
enzyme is longer. The sensitivity of enzymic action to tempera-
ture up to the point of inactivation adds evidence for the theory
of energy transfer, since by increasing the kinetic energy of

the solution, the'chan@es for the reactivation of the enzyme
molecule are grestly enhanced.
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The work done in this laboratory by Dr. M.J. Boyd (7 ) show-
g@ that_ﬁhe energy of lightvand oxygen, in'ﬁhe presence of hema-
ﬁqparphyrin, cqul@ be‘qtilized‘for the splitting of fibrinogen
and serum albumin. Dr. E.S. Hill (24) succeeded in causing the
hydrolysig of‘serum albumin by means: of dialuric aecid and oxygen.
¥r. A. Sigal showgd'that hydrogen peroxide, in the presence of
fe;rqus‘sqlfape, gave an,apppeciable hydrolysis of serum albumin.
These researches have added evidence to the idea that enzymes act
inrthe transfgr pf energy to the substrate. In all these instances
the ﬁrgnsfer‘qﬁ energy toock the form of a reversible oxidation.

The present study was undertaken at the suggestion of Dr.
AfP, Maﬁhegs,ito>asgertain if by the action of the peroxide~iron
system upon starch the latter could be hydrolys&d in the hope |
that if‘this”wgre'so ;; might throw some additional light upon
the manner in which amylase accomplishes & similar hydrolysis.

It will be recalled that the formation of starch is just the
reverée_of4the process here imagined as occurring in its hydrol-
'ysis and decomposition. ,

In thg process of photosynthesis, formaldehyde is formed
frqp COs and HoO by the absorption of the energy of light. This
fqrmaldehyde,_possibly through a process of hydration followed
by a subsequent dehydration beﬁween ad jacent molecules condenses
intorglucose. S8ix molecules of formaldehyde have been made, un-
@erylaborato;y conditions, to condense into a hexose isomeric

with glucose. Since starch is a polymer of glucose, it is post-
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ula@ed‘tha?:gimil§# ¢ondqnsatiqn‘o£ glﬁcq&erresidues produces
starch. Accompanying the condensation by dehydration, there is
a_successiye loss of energy in each product. There is less free
energy in}ethEpo;ymer, asievidgnced by the fact that the heat
qf Qombqstign of eaqh sucoessive product is less than the heats
qf qombustion gf the molegulesrfrpm which it was composed., To
rehydrolize,>and.thqs split the starch back into sugar or form=-
aldehyde, this energy must be supplied whatever the agent of the
transformatign«mayrbe. The chemical process of hydrolysis con=-
sists in interposing a molecule of water between the structural
gnits‘of”the starch_molecule. It is still somewhat uncertain
whether the energized molecule decomposes«first and the fragments
combine with water;‘orrthe hydration occurs first and the lysis
secondarily, The gtructure of‘the starch molecule is still a
matter of conjecture, and in just how many steps the hydrolysis
proceeds is unknown. But, to repeat, it is evident , from a con-
sideration of the foregoing,vthat energy must be supplied to the
starch molecule from some external source in order to accomplish
the splitting, and sinqe/this_splitting is easily accomplished
by the various amylolytic enzymes, they must in some way ma.ke
gvailablerto the starch molecule sources of.energy not otherwise
open to‘it“ The question naturally arises then, "Where does the
enzyme obtainbthe necessary energy, and how does it effect the
trapsfgr?“ Since the commonest source of energy inm living things

is oxygen, the possibility exists that amylase is part of an oxi-
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dgtiog~:g@qgtion system; or is activated itaelf‘by'&uch & system,
It wssrdesitable tqrahquthat starch might be hy&rolyaed by an
iron wgrgﬂgqqordingly chosen.

Hydrogen peroxide, as is well known, is an unstable compound
qf hydrogen and’oxygen,'preaking down very easily with the forma-
tion of water and oxygen. This décgmpositipn of the peroxide is
qatalyzed py»pha presenge“qf inorganic_gompounds or enzymes call-
ed catalase reaction following one of two distinct paths, de-
penQing1upqnophe nature °f,?he qatalyst present. In the presence
qf catalase or manganese_diaxide, the decomposition is knowm to
rgsult in the formation of water and molecular oxygens; while in
the‘presence of perpxidase, or iron or copper salts, it might be
represented_as‘#eaulting in the formation of water and atomic
oxygen. The breakdown of the peroxide is accompanied by the set=-
ting freelpf energy, energy which might be absorbed by the starch.
The presence of the iron increases the rate of decomposition of
the peroxide, hence the rate of production of energy, and possibly
the iron acts in the system to transport this energy to a substirate,
making possible the utilization of the free energy to accomplish
thg wp?k‘of splitting the substrate. ‘With these ideas in view,
the study of the action of hydrogen peroxide and ferrous sulfate

was undertaken.
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HISTORICAL DISCUSSION

B Starch hydrolyais came into promlnence 1n,chemistry as a

result of the researches of Kirchhoff (32), who reported to the
- Imperial Academy of\Sciances“at'St. Petersburg'in 1811 that sug-
ars could be prepared from starch by the actiqn of dilute acids.
ﬁhree‘yearqﬁ;gﬁer ﬁhe same investiggtqr Qg;)ﬂwrote the first clear-
ly‘characﬁgyized description of enzyme action in reporting that
the glutinous extract of wheat meal caused the‘saccharifieation of
& solution of’sjagch,”ﬂfhese classical papers were the beginming
of a vast'amount of literature on the acid, enzymic, and numerous
other methods of starch hydrolysis.

- Although the fact that glucose appears in the fexmentation
pfﬂstaroh had already beenﬂnqted by Guyton (21) in 1798, and Kirche
hoff (32) had already written of the enzymic saccharification of
starch, it was not until 1833 that Payen and Persoz (53) actually
succeeded in isolating impure diastase and-showing the principal
producﬁs, @extrinrand starch augar, of its reactionm with starch.
In 1845, Hub;unfauﬁ (}4)4ﬁescxibed_a‘sugar from the action of dia-
étase upnﬁ”stapch.whiqh‘we now recognise as maltose, but for a
number of years was considered to be a mixture of dextrin and
glucose. 7 ’

- The first theory &s to the action of diastase upon starch was

proposed by Musculus (45)rin 1860. He postulated that the diges-
tion of starch by diastase was a process of hydration and subse-

quent decomposition into dextrins of lower molecular weight, glu-
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cose being sPlit off in the process. In 1876, 0'Sullivan (1)
showed that the suger called maltose by Dubrunfsut wes the char-
scteristic sugsr produced in the enzymic hydrolysis, and an Inter-
mediate in the acid hydrolysis, of starch. In 1878, lMusculus and
GruberuiiéQv;gviseqﬂphq earlier theory of Musculus to conform with
the results of 0'Sullivem, They succeeded in isolating from the
reaction the following products: soluble starch, erythrodextrin,
alphe~ and bepa-athooqéxyring, maltose and glucose. The work of
Horace T. Brown (1879-1899) and his associates (10) in gemersl
confirmed this work, though they were able to obtain other dex-
trinous products by varying the conditions of the experimenﬂs.

~ Bourguelot (EB) in 1887, suggested that the transformation of

starch”tqakﬂplacg in two steps: theVstarch being first hydrated
by water, and the hydrated starch then &aceharified by the amylase.
Heﬁfqund that«lqv"qonggptrations of acids, alkalis, salts, and
saliva ash had no effect upon the reaction.

 Lintner and Dull (1892)(38) isolated isomaltose from the re-
actioﬁ of diastase upon starch, and pdstul&ted that it was a nor-
mal intermediate in ‘the process of saccharlflcatlon. They also
isq}ated“it grqm>the productsuof‘phe acid hydrolysis of starch.
They maintained that in the enzy@ic saccharification there were
but“five_proégcta:_/mg;todqxt;in, erythrodextrin, achroodextrin,
isomaltose, and maltose, and that the saccharification followed
these steps. They showed also that the acid hydrolysis produced
sevgralrerythrodextpins and achroodextrings, isomaltose and glu-

cose, but no maltose.
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~ Senff g&g)(;a?z)—conc;uded that the agtion of diastase upon
starcp produgeqhe;ythxqqextx;n,rdextrin, and isomaltose. Further
action of the enzyme converted the erythrodextrin to maltose,
the dextrin and isomaltose remaining unchanged.
~ Jalowetz (28)(1895} ‘Ulrich (65)(1895) and ost (50)(1904)

were unable to find isomaltose among the products of th_e reaction.
Prior (58)(1896} obtained "Achroodextrin III", and maintained
that isomaltose was a mxxture of this substance with maltose.

~ The work of Ling and Baker {35)(1895 et aeq-) showed that
tthlimitedﬂaqﬁlon of amylase upon starch results in the forma-
tion of maltqsg, maltodextrin7a, m@ltodextrin-B, and a simple
dextrin isomeric with maltose. Limg (36 ) first explained isomal-
tose as a reversion product of glucose, sipce he found glucose
as a product of amylase upon dextrins at 70°. The work of Ling
and Ea.nji( 37, published in 1925, shows that alphahexesamylose
lig_cgnvertéd,éuantitaﬁivelyintowmaltqse by the action of malt
¢iastase, while the alphagpetg-hgxgamylgge from amylopectin is
eonverﬁeé by the malt diastase‘;ntg maltose and isomaltose.
- In 1922, Perger (54) studied the acid hydrolysis of starch,
followed by precipitation of the products with magnesium sulfate.
Hb”cogqlgded(thayfthelhydrquaia proceeds by the asymmetric clea-
vage of compounds of varying mplecg;ar gsize, the rate of hydro-
Iygig inereasing as the molecular weight of the products becomes
less.

Pringsheim and his associates (57)(1912 et seq.) have shown
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the‘qogrsevot‘sﬂaxch degradation by the enzymes of bacteria, par-
ticularly phose.of_ﬁacillua»Macerans. Among the products they
wergmable.tq_;sp;ate and identify a diamylose, & triamylose, and
a tetr@aﬁylosg in addition to the dextrinous substances formed.
- ‘/So“fa:rgs.pyérolya;a by_hydrogenvperoxide is concerned, a
agarch”uf thgulite:gtgrg resulted'in,the discovery that several
authors had recorded the formation of such products of the reaction
as dextrin and glucose.r‘ »

~ Then in 1889, Vurster (70) noted that st&rch is not attacked
by hydrogen peroxide at ordinary temperatures, but in boiling acid
or alka;ing‘solutiqnﬂ&tarch<is»gonvgrtedAby peroxide to glucose
and dextrin. Three years later, von Asboth (2 )(1892) reported
that treatment of starch with.hydrogen peroxide, made slightly
alkaline‘wiph,ammonia, causes liquefaction of the solution, and
carbon dioxide and oxygen are evolved.

- Fernbach and Wolff (17) in 19@9 noted that hydrogen peroxide
causedrthg liquefaction of starch, and observed that formic acid
is produced in the reaction. The first attempt to hydrolyse
starch by hydrogen peroxide, instéad.of oxidizing it, was made
by Gatin-Gruzewska (19) in 1910. By regulating the conditions,
she was able to s'epé,ra_.t.e erythrodextrin, achroodextrins, and mal-
tose, but not glucose. The reaction required several days to
reach the achromic point, and further action gave the oxidation
products of the sugars. 8he concluded that the action of hydro-

gen peroxide upon starch is analogous to the action of diastatic
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enzymes“_

- Keuberg and Miura (48) in 1911 noted that starch was among
thwsubstances acted upon by hydrogen peroxide. Gerber (20) in
1912, confirmed themworkvqf Gatin-Gruzewska and showed that di=-
lute solutions of hydrogen peroxide hydrolyzed starch to dextrins
andrgaltosg,_and thgt exqgsg‘peroxide further oxidized the maltose
formed:v He copcluded»also'that the process is quite similar to
the actlon of the dlastatlc enzymes.

Durieux (15)(1913) reported that while starch is very slowly
%cte;dnpqn Dby hydrogen peroxide or ferric chloride alone, a mix-
ture of the two caused more rapid hydrolysis, as measured by the
fall in optical rotation and the production of reducing substan-
ces. He observed also that hydrogen peroxide will inhibit the
action p£ di&sﬁgse,rbuﬁ that the latter‘unde:goes no decomposition
in the reaction,  In hydrolysing by a mixture of hydrogem peroxide
agd'fe;riqvchlqridé, the amount of reducing substanees‘forme&‘waa
Tound to depend upon the quantity of peroxide decomposed in the
reaction.

Biedermann and Jenerkoff (6 )(1924) carried the matter fur-
ther and concluded that the action of amylase itself is due to a
pe;oxidasg_compqnent! and that the qxi&ation.of the glucose and
the‘hydrqusis of the sta;ch gre_the result of the action of the
same enzyme, & peroxidase. Omori (49) however, in 1931, while
ghgwiquthaﬁ tpq hydrolyaisvof starch byihydrogen peroxide is

catalyzed by the addition of heavy metal salts: ferrous, ferric,
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qqppe;,“yanadiqm,wnigke;,qu@alt, anq manganese, in,the descendn
ing order of their reactivity; and also that the reaction is has-
tened by the presence of oxyphenols does not confirm the oomadu-
sion of Biedermann as to thevpr¢$ence of a peroxidase in amylases
and concludes that the starch hydrolysis by hydrogen peroxide-
hgavy mgta} cqmbigation is not amalogous to diastatic hydrolysis
gince diasﬁasaudqesrpqt depend in_its action on oxygen. He Says,
“From my_invegtigationslI”conclude that starch may indeed be split
?ymaﬁhgavy metal-HQQaksyétem, or still more by an addition of an
oxyphgno; ﬁo‘this'systam; but the mechanism of the action is quite
a different one from that of diastase.® He later (1932) shows
that the addition of tyrosine or cystiﬁe to HoOg-Fe system great-
;y\h&stgga the‘app;q&ph,of ;hg”achrcmic points, He did not, how-
ever, isolate'the»decqmposition-products.

~ The effects of other oxi@izing agenis upon starch have been
tried by various workers. Liebig (34) in 1829 found that starch
is sl;ghtly_affegtedhby‘chlérige or hypocklorous acid. Pelouze
(?1) ;nM18$§ showadAthat‘niﬁricAagid_produced xyloidin, a deli-
quescent acid, and oxalic acid frpm’starch.' DeChalmot (13) in
1895 noted that‘the»aCtiqn of bromine and sqdium hydroxide gave
products which formed a hydrazone and reduced Pehling's solution.
Neither bromine mor sodium hydroxide alone gave this effect.
Falit andAnharA(SZ) in ngS found that carbohydrates could be
oxidized to carbon dioxide and water by a stream of air in the

presencé of freshly\precipitated cerous or ferrbus hydroxide.
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$t§rch.was among the substances most easily oxidized by this methe
od. ‘ |

In 1916 Woker (59) reported that she had been able to ef-
fect the hydrolysis of atarch ‘with formaldehyde, baslng her con-
clpglqngfqppn the»dlggppggpance of thg iqdlne reaction, and the
appearance of reducing power. She was supported by Maggi (°9),
who wrote 2 rather interesting discussion o the theoretical
function of an aldehyde group in diastase, catalase, and peroxi-
dase. Their results were‘vigorously attacked by a number of
workers (31)(1918), (59)(1919), (60)(1920), (29), (68), These
workers showed thét”thghreducing power was due to the presence of
the formaldehyde, and the disappearance of the iodine reaction
was due to the formation of an addition compound of formalde-
hyde with the starch. Complete removal of the formaldehyde re-
stores the iodine color; and causes the disappearance of any re-
ducing propertles of the solutlon. A

Haehn (22), and Haehn and Berentzen (23) reported the hydro-
lysis of starchrby‘the’sysﬁem: neutral salt-amino acidnpeptone.
Tto (27)(1952) reported the hydrolysis of starch by a mixture of
éugar,‘éalts, amino acids, and peptone, provided the mixture had
bgeni“harmqnizeif by the action of a weak electric currect for
several hpursApriq;vtg the expe;@m@nte _

- There have been numerous attempts to utilize wvarious sour

9?sm°f energy for thg hyarolysis ofv&tarch. Ebtable among these
is the work of Semmens (61) and Baly and SemmenSt(v4); who showed
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ﬁh@t tha hydrgly@iclgleavagevof the‘starch g:ain by~amylase is
qqns-iae:ably increased by exposing the .s_olution to plane polar-
ized light.arThig effect is not so apparent in the agid hydro-
lysis, but 1oﬁg,exposurerto the polarized light alone will effect
a‘pa:tigl hydrolysis of starch grains. Jemes (30}, and Bunker and
Anderson (12) failed to confirm these results. Abelous and Aloy
(1) reported in 1920 that they obtained partial hydrolysis of
& solution of starch by mgghanical agitation, Szalay (64) in
1933 reported that ultrasonic waves, of a frequency of 722,000
cycles, caused a degradation of starch.
The experimental study was undertaken to discover just how
- closely the hydrolysis of starch by energy secured from hydrogen
peroxide and iron parallels the hydrolysis by amylasé. This re-
quired the isolation and identification of the hydrolytic pro-

ducts.
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EXPERIMENTAL

| In the dissertation presented for the degree of aster of
Seience in 1932 (11), the following facts concerning the action
of hydrogen peroxide and ferrous salts upon starch were report=
ed: L SN . oo .

‘1. 4 solution of starch, containing hydrogen peroxide and
s@g}l'gmqgnts ofrfgrrgqa'aalts,Aloses‘itsAapalescence, becomes
less viscous, and’undergoes a series of changes in the color pro-
duced with iedine, from blue through violet and red to colorless.
There are also produced, in the course of the reaction, substances -
which reduce alkaline copper salts. These changes are those pro-
duced also by amylase. -

2. From the reaction at the achromic point there may be
sgpaxgted;awclear,Vgummy'material, which is very soluble in water,
giving a clear solutiqp.{ This substance will give a faint red
¢9;°?§ti°n,Wi?h ;gdine,»has some reducing power, and upon boile-
ing with hydrochloric acid, gives a strong reduction of Benedict's
solution. It seemed to be erythrodextrin. The residual solution
aftérmthe gépgrgﬁipn of this substance possesses reducing pro-
perties, and upon heating to dryness turns black and gives the
géqrrgfrbg?ntwaugqr,“ No osazone could be isolated, however, from
the reaction mixture. ! | |

' 3., The reaction_proceeds in the presence of the peroxide
alone, but is much more rapid in the presence of the added fer-
rous salt. ;The ferroua salt alone showed no action in 72 hours;

while in the'prasence of the peroxide and ferrous salt, the re-
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action reached the achromic point in less than thirty minutes.
Other salts also will catalyze the splitting, ferric being al-
most as active as ferrous. Cupric salt showed very little cata-
lysis of the reaction. The complex salts, ferro- and ferri-
cyanides, sre also Very wesk in their action.

4. The rate of splitting increases with incresse in acid-
ity up to a certain point, and with elevation of the temperaturs.
There is also a,diraqﬁ proportion between the rate of splitting
gndAﬁhe‘qpn¢gntratiqn3 qf thevreaggnts¢‘ The reaction was buffer-
ed by acetate buffers at pH 3.6 -3.8, and the experiments were
carried out in the naighbqrhocd of 4009C, The’reaction proceeds
at this pH and temperature fairly rapidly, and neither the acid-
ity gpp'yhe‘tempgratu:e“is sufficiently high to cause by itself
any sglitpigg»within”the time at which the achromic point is
reached in the peroxide-iron system. The concentrations chosen
were: one percentdstarch solution and one percent hydrogen per-
oxide, usually in the presence of about 10 milligrams of ferrous
sulfate.

_$nvth¢wpresent experiments the following solutions and meth~

ods were useds

A (2) One percent starch solution, made by suspending 5 grams
soluble starch (Kahlbaum) in a little cold water, and pouring
this into 500 cc. boiling water. Boiled 15 to Zo;minutes, cool=-
g@,mman‘gp to 500 cc., and covered with toluene. A slightly

opalescent solution was obtained which gave a clear blue color
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with iodine, and a reduction 50 alight that it could not be mea-
sured by the Bertrand sugar method.

~ (v) Ferrous Sulfate. Made by dlSSOlVlng O 695 gr. C.P.

fer?oﬁa_sulfaﬁgﬂ(?aker)rinrexactly 250 cc. distilled water to
make M/100 solution. Added a drop of concentrated sulfuric acid
to prevent preclpltatlon as ferric oxlde.

(c) Hydrogen peroxide. Commercial 307rsolutlon (Coleman and

Bgl;), diluted to 1%, and strength checked by permanganate titra-
tion. ) o _ _ ,

- (d) Buffers. Walpole acetate series (0 185 mol. acetic acid
plus 0 015 mol. sodium acetate to give pH 3. 6). These were check-
ed against quinhydrone electrode.

Othegﬁsqlutiqns were made as needed.

The iodine reaction was carried out as follows: Tenth nor-
mal iodine in potassium iodide (12.685 gr. I plus 18 gr. KI made
to 1 liter.) was diluted one hundred times with water, and a drop
of this placed in one of the depressions of a spot plate. A drop
gf the reactipqlmixture waslobtained on the end of a stirring rod
or a clean pipette, and mixed with the iodine solution on the
plate. A second drop of iodine on the plate served as a basis of
eomparison,

The optical rotation of the solgtionSa was measured by means
qfﬂ% Hilger triple-field polariscope, with a vernier marked to
O,Qlo,_us;ng}a tube nine inches (23 om.) in length, and the mer-
cury arc lamp as the source of light (wave length 5461 Angstrom

units).
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The reducing power of the solutions was detsermined by the

Bertrand modification of the Munson and Walker cuprous oxide

ma@hqd,_as described in Mathews' Physiological Chemistry, Sth
edition. | - |
The attempts at osazone formation were according to the us-

ual methods and also by the method of Quagliarielle and Capo-
ngtt9‘(55), using the free_phenylhyéraZine‘base,’which was shown
by Rqaaik(SG)“to_be‘far»more sensitive than the hydrochloride.
Rogsi showed that this method could be used to detect glucose in
concentration§”gf‘1:2Q,QQQ,

 As a safeguard against bacterial infection, the starch sol-
utions were preserved with tolaol, and controls, containing
staroh sud buffer, and starch with iron and buffer added, were
run with each experiment to show that the solution did not be-

come contaminated during the course of the reaction.
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RABI I. THE NATURE OF THE REACTION

1. The Degradation of Starch by Hydrogen Peroxids and

Eérrous<salts;” -

V‘Thevaddit;onJof:dilute hydrogen peroxide and small amounts
of ferrous salts to a solution of starch causes the starch sol-
ution to rapidly lose its opalescence and viscosity jus£ as does
@he»a@dition Qf‘sa;iva‘orvother amylase. Coincidgnt with this
ghapge small sampleayremove& for testing show a series of changes
?n,tb? qqlqr p;q@uced by a@ding iodine to them. The colcr at
the sta:§ is blug, §n¢«changgs to red and finally to colorless
as phg rgaqtion prgqee@g.’;rhere is also a decrease in the angle
ofrrotaﬁion,of{plane\pola:iég& light ag»the peroxide~iron system
acts upon the starch. The reducing pqwers of the solution in-
crease{ The addition qf a small amount of the reacting mixture
to a golut;qn_Qfﬂalkaline<qqppe;7sulfatg results in‘the produc&
tion ofu§gprogs oxide, showing that reducing substances have
pegn'qumed by the action of the system upon starch. In all
theseirespects the t:ansformation by hydrogen peroxide-iron par-
allels the hydrolytic transformation by amylase. There are, how-
ever, additional changes in this sysﬁem, changes due to oxida-
tion of the sugar, not found in the amylolytic system. The re-
sults of these experiments are shown in Tables I, II; and IIX.

\ Inse:t~$able& I, II and III.
Ihe_loss<p£‘opalescencerand viscogity occur at the begine

ning of the reaction, the solution being clear and watery in a
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TABLE I
Time Begin 15 40 60 120
Starch plus
H Ozpmus Te 106.8 103.2 100,3 98.5 93.8
3%2 \ gseconds seconds seconds seconds | seconds
Starch alone 106.8
' seconds 106.8
seconds
Water alone 89.8 89.8
seconds seconds
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TABIE II
Fxge€- ec M/100| Vol,| Iedine|Angle || Angle| Angle Reduc-| Fuchsin
men - cc.| . Re~ | of o of | of tion |Test
FeS04 action| Rota~ | Rota-| Rota- [End of|End of
added tion || tion | tion ([reac~ |reac-
_ tion |tion
1 2cc. 30 | 20 hr.| Beging 3 nr|20 ar| - -
(No blue |ning | 1.50°|1.49°
Hp02) 1.50°
2 T 2CGa 25 |24 nr | Begin| 4 hr| 24 Ar | = =
(Mo blue |[1.79°[ 1.80°|1.80°
Hp0z)
ZA BT | Begin| & hr| |
3 0 25 |deep | 1.800] 1.81°|1,.810° - -
vio~- ,
let v
4 - 0. .30 |28 hr | Begin||.20 hr|28 hr | + -
) rad 14500 1,400 ;.270
B ~53a. Z0 | 30 min| Begin| 3 G| 20 BT | ,
no 1.500| 1.270| 0,300 + +
_Jleolor |
6 2ec. 25 | 30 min| Beginl. 4 hr| 24 hr |
: no 1.800 0.900 60350 + +
_ color —
7 4cc. 30 |18 min| Begin |15 min| 2.5 b
I pink 1,459 1.140 933401 + +
8 - 6CC. . 30 [.15 min| Begin |15 min| 2.5 hy .
_ lpink |1.450] 0.990| 0.230 4+
g 8ec. 30 ,'TaEEE"' min| Begin |15 min| 2 Ar |
no l1.450) 0.91°0| 0.26¢ + +
__Jecolor | o o
.10 10Qcc . 32 |.20 min| Beginll25 min| 1.75 hn
no | 1.420[ 0.410/0.260| + +
color I

Reaction Mixture - 10cc. 1% Starch, 2cc. Acetate Buffer (pH 3.8).

10ce. 1% Hydrogen Peroxide, M/100 FeSO4
added as indicated.
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TABLE III
Trpt.] Begin | 15 | 45 | 80 155 155 1T 235 | 24 Er.
. min., |[min. min. min. min.| min.
1 0.700 | 0.680]0.640 | 0.53° | 0,370 | 0.260| 0.200| 0,140
2 | 0.700| 0.670]0.630 | 0.550 | 0.380 | 0.300| 0,140 0.14°
5 | 0.700 | 0.680|0.640 | 0.530 | 0.370 | 0.280| 0,180 |* 0,130
4 0.700 | 0.670| 0.630 | 0.520 | 0.370 | 0.280| 0,160 | 0.15°
Av. | 0.700 |o.6750| 0.6350| 0.5320{ 0.3720| 0,280} Q,17° 0.140

Reaction - 10cc. Starech (0.9
fer {3.8), Sec. M/100 FeS04. Total volume - 27cc.

Temperature - 24.50C. ¥ .250
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very short time after the addit1on of the peroxide, showing that
theAﬁirst 3cﬁi°§;9f‘ﬁh? pergxidefi:onvsystem is the liquefaction
of the starch solution. The change of the iodine reaction; and
tha dgqreaaa ip qptigg}‘rqtation shqw_that the starch is split
into substances of lower optical rotation, pfesumably into simpler
subgtagceg, pyqducigg‘ip.the course of the reaction the erythro-
dextrin and achroodextrins. Table I further shows that the Tate
Qf)?ydrOlYSis;iﬁmd¢PEPdé9ﬁAPPén the concentration of ferrous sul-
fate added, and the reaction is only a little more than half com-
pleted, meacured by the fall in rotation, when the ability of the
solution to produce & color with iodine is lost. (Table III éhowa
~rate of fall of rotation against time.).

2Q‘vmhe Production of Acid and‘ReduciqgvSubsﬁancesa

_ Durzng the course of the reaction there 13 a steady 1ncrease
in the acidity of the unbuffered molution, shown 1n Table IV,
‘Acgqralng‘thK@f‘(47) there are a number of acids produced by the
action of hydrogen peroxi&e ﬁpon glﬁeose and other sugars, and
the acidity of the reaction mixture is probably due to the ac=
tiqn_qf”the“pefoxide upon the sugars formed from the starch. No
effort was mada to isolate and identify the acids in the reaction
mixture, exgept a volatile acid found in the distillate in the con-
'qentraﬁiqnvpf'the‘aq;qtioq,indwaquo, One hundred cubic centimeters
of 2% starch, subjected to the action of hydrogen peroxide and fer-
rous sulfate, produced in twenty-four hours an acidity equivalent
to approximately 350 gc;_nfioe NaOH. This solution was concen-

trated under reduced pressure at 60°C,, without the use of a cap-
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illary tube. The distillate was collected, and was found toc have
an acidity aquivalent to 1.3 ce. N/100 NaOH per cc. Thia distill-
ate gave & strong reduction of ammonlacal silver nitrate, did not
re@q?sualkaléqeﬂquper”su%faﬁea-did”ncﬁ,resﬁnve.?heﬂcﬁlor to the
fuchsin-80; reagent, and gave no precipitate with sodium bisulfite.
Thess Tesults indicate the presence of formic acid, which agrees
with the observations of Fermbach and Wolff (17).

 The ;gaction mix;u:e»when pa$tfthe achromic point will re-
duce an alkaline so;utionAoflcqpper sulfate in the cold in about
one minute. This indicates the presence of a much stronger re-
duq%pgNsubsﬁanqe.t@amvglupqae.r The mixture will also restore the
cglq:’pq_decolorizedhﬁucnsin,.prpducing the»bluishfred cqlar chare
acteristic of gldghydes, ag&}will_giVe‘a precipitate when added
tgwa'solup;gq'qﬁ sodium bisu;£itg. These tests present evidence
for the presence of free aldehydes in the reaction mixture, and
show that the sugar is not glucose only, if at all. The data of
these experiments are shown in Table V.

o Insert Tables IV and V.

The presence q@'fprm;@ acid andvfreevaldehyde groups may
account for the abnormal reactivity of the reaction mixture to
alkaline cupric salts. These products also present evidence
that glugose’;auap interﬁadiate in the degradation of the starch.
Two possible paths by which they might be formed from glucose
are shown in the follawing schemes

glucose.____ahﬁ,gausosona;tgszaldehyde + formie acid.
glucose._. ama.a~hyéroxy acidﬁgsal&ehy&s + formic acid.
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TABLE IV

CC. N/100 NaOH Required to Neutralize 10ce. of

the
‘ Reaction Mixture.

T 5 1 18] 30| 45| 60| 75] 90| 105] 120] 150 180] 240] 24
Timeiminminjminminiminimin|min| min| min| min| min| min| hrs
Expt| . .

I 3@7 4'01 4.? 505 5.9 6.4 7.1 b4 X X X 903 3202
ﬁxpt, _ _

II |2.8]3.2|4:2]4.9|5.9] x X 8,0] 8,9|10.,0]11,6]13.3| 32.6
Expt| B
ITI|3.2|4.1]4.9| x X | 76418.0] 8.8[10.1110.8 x X 4.1
Bxpt

IV 3.3 4:.0 409 X 5.8 ?07 X 906 X X X X 33.9
Bxpt -
v 3.4 14.0[4.7|5.4[5.9] x [|7Ted] 8.4 906 X X |12.9 | 34.0

Reaction Mixture - 25cc 2% Starch, lcc. M/100 FeS0O,,
leec. 30% Hz02,
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TABLE V

Reaction Time | cc N/20 KMnO4 | Mgm Cu lodine Reaction
Starch alone| 24 hr. 0.60Q 1.89 Blue
Starch plus ,

Hp 0o 24 hr 6.65 20.94 Deep Violet
Staroh plus B
Hp0s plus 24 hr 54.3 171.05 Colorless
Scc. Fe80y ' :

M/100
Starch plus |
HoOg5 plus 20 hr 51.0 160.7 Colorless
S5cc.M/100
FeS04 .
Btarch plus , ,
Hg02 plus 18 hr 52.9 166.6 Colorless
Scc. M/100
FeSQy
otarch plus . v
H505 plus 4 hr 48,90 151.2 Colorless
5cc. FeSOy |
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That hydrogen peroxide and férrous salts attadk glucose te
form glucosone was shown by Morrel and Crofts (44). Hydrolysis

of the glucosone would proceed according to the equation -

g - + 320 =0 = 0
% = 0 —F> Hﬂ-ggOE —> H + HCOOH
glucosone w l ) | al&ehyde ~ Formic acid
o Qxid&tion of the aldehyde group of glucose g1Ves one of the
several a-hydroxyacids which may be formed from glucose, which
gpoq;hy@xq;ysig p;odugesbformia acid an@4a straightuchain,alde-
.hyde; according to the scheme, |
HG_oH | H-8.-0n, on H-i- OH 4 HCOOH
g-on - f"-g-e E o0 Formic acid

6

M;Hyﬂrnxy acid ‘ :

R-C=0 + Ho0
e e, . Aldehyde

~ An interesting point in this conneetion is the possibility
suggested by Professor Mathews of the formation of a deoxy pen=-
?gge‘fqu glucose by this mechanism. Simultaneous reduction of
the third carbon atom with oxidation of the first and second car-
bqnsAwoqld ginVa S~deoxy glucosone, which upon hydrolysis accord=
ing to the scheme above would give a-deoxypentosé and formic acid.

This may be seen from the equations:

R ,
Hég-OH H-C-H H-C-H H g"H + HCOOH
H-C-0H C=0 =0 5 Q-O
H-C=0 © H-C=0 | H-G-0H  H
Glucose 3-Deoxy glucosone 0 2-Deoxy
Pentose.

This 2-deoxy ribose has been isolated from thymo-mucleic acid by

Levene and his co-workers (33). It would be extremely interest-
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ing if it were produced by this oxidation of starch. Attempts
to isolate it from the mixture were mot successful, but the
@ifﬁiqul@igg quﬁhgpagparatign,ara such that we do not feel cer-

tain that it was not present.

5. The Aotion of Phenylhydrazine with the Resction Mixture.

kgnd9#¢qrvtq‘asqertginxif glucose, as such, Wereipresent in
;hgﬂ:égetipnAmixtgre, an attempt was made tq}preparg the phenylo-
gagqngfb;rhg method usinglthe phenylhydrazine-ﬂﬂlrand?éodium:aee-
,ta§g mixture was substituted by the method ofNGﬁagiiariellq and

‘ Q&pcgetto (55), using the free phenylhydrazine_ba&e, whichiwas

~ In every case in which the reaction mixture was used, there
w&syfé:med;byA;hgva@ditionrof>the>phenylhydrazine & bright yellow
to granggVpxggipita@e‘which’upqn standing changed tok&ld&:k red-
dish brown residue which settled to the bottom of the tube. In
nq‘gagg,vhqwevgr, did there appear tbe;characteristic crystals of
phenylgluqqgazgne_or{pheny;maltgsazone. Microscopic observation
of the precipitate showed no crystalline form whatever, but the
qrapgechlared material appeared as smallvglqbules‘varyingtin
quqr“frpm‘yellow>to brewn, depending upon the time of standing
pefqre observation. This was separated, redissolved and attempts
~ were made to obtain iﬁ crystalline, but always in vain.,

- The characteristic phenylglucosazone was easily.obtained by

this tecpnique from solutions of pure glucose, though the addi-

tion of large amounts of iron salts imhibited the formation of
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ﬁpewgh&;aaﬁepigﬁig cryatg;gf_ ?hat there was no substance present
in the reaction mixture which would inhibit the formation of the
crystals, were glueasazone present, was shown by the fact that
small amounts of glucose (10 mg.), added to the reaction mixture
Jug;‘pxiprvtomtne<qsqggqg'test, could easily be identified by the
formation of the osszome, = S -

_ The fact that the crystalline osazone could not be isolated
from.#hg ;egctign.mixture‘gonfipms the observation of Durieux
(15) who obtained & reddish precipitate, by the reaction of phenyl-
hydrazine with a solution of starch which had been acted upon by
hydrogen percxide and ferriec chloride, which could not be made
to cry&ﬁaliige. 7 » 7 ;

~ The failure of glucosazone or maltosazone to appear indi-
cgtgsﬂthapvg}ucqse or maltose,‘if prpduced in the degradation of
§ﬁapgh,‘atg“imm¢@igte1y‘gt?ackedAby the peroxide-iron system, and
@he;; c9nceq§:at;on i§‘Keptv?elow §he limits of the sensitivity
of the osazone reaction. Two-deoxyribose, if present, should
give a hydrazone but not osazome. |
?@aﬁtghe;g ;gﬂgtrggqtionmbepwegn the phenylhydraziﬁe and some sub-
stance, or substances, in the reaction mixture, cannot be doubted.

- There is the change in color of the mixture from a pale yellow to
a deep orange which takes place even in the cold. The production
9?_&”09§9r6@_Pr?QiPit&ta indicates the formation of an osazone,
one which will not ecrystallize. The reaction requires an alcohol
grggpngdjacentwto a carbonyl group, or two adjacemnt carbonyl

groups, and there are several possibilities for the formation of
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sub&tapgearof ﬁhiaingtgrgv£;9m glqcoaé.
'”Thg_qp&rag?grist;c‘crygtgls4o£Aphenylglucoaazone were obe

?a;ne@ when & solution of dextrin isolated from the reaction
was hydrolyzed by KQ}, or whem the dialysate of the dextrin sole
ution was treated with HC1. Only under these conditions was
there a crystalline osazons obtained from any product of the
qggqﬁigp. Thg da?a concerning the formation of the osazones is
shown in Table VI. o o .
L  Insert Table VI.

4. The Eormation df'nextrins and Reducing Sugars.

The addltlon, at any stage 1n the reaction, of four volumes
of 957 ethyl alcohol and a small quantlty of sodium chloride, or
half saturation with ammonium sulfate, causes the precipitation
of substances which §how the characteristics of dextrins. They
are sqlub;e inrwater, giving a clear solution, aré optically
gqtivg,‘an¢>give a reaction with iodine which varies from bluish
yed.ﬁorqglqpless,_¢epending upon the time the reaction was allow-
ed to Qrgcga@ﬂbefore the addition of the precipitant. The sol-
ution obtaipgd_by dissolving this gummy precipitate in water
gives a positive Molisch test, is dsxtrorqﬁatory, and shows con~
si@ergble_cupric reduq;ng power.: Dia}ysis through cellephane
»dqgayno@ chgngg_the'Mbliach_and iodine reactions, but causes a
decreaggybg;h_;g optical ;otgpion and_reducing{power.

A Eﬁurﬁyqlumeg Qf'Qﬁ% e#hyl»alcthl‘and five cubic centimeters
Q?ﬂs&ﬁurated NaCl were added to 400 cc. starch solution_containu

ing 20 grams of starch, which had reacted with 15 cc. of 30%
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TABLE VI
- , Precipitate wilh| Usazone Crystals|
Expt. Description . PhNHEHs
‘. ‘ — J
1 Glucose alone = > * '
1 : 4000
2 | Starch + HpOg+FeSO4 - -
24 hours
3 | starch + H,0,+FeSO + 4+
(24 nhrs) 322. mg 16~
cose
4 Residual solt'm after -+ -
p'ption of Dextrins
from R.M,. )
5 Ether Extract of + -
Residual Solution
6 Dialysate of Dextrin | + -
Solution :
7 Dextrin Solution + -
P'pt'd from R.M.
8 Dextrin Hydrolysed + +
. with HCL
9 Dialyaate hydrolysed +* -+
with HC1
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hydrogen peroxide &nd 10 cc,myico_ferrqus_sulfate until the color
produced with iodine was deep red. A whitefprecipitate appeéred,
and settled out on standing, forming a clear gummy residue in the
bottom of the flask. The alcohol solution was poured off, the
residue washed with a small amount of cold water, and disaolved
in warm water, The precipitation was repeated. This predgipitate,
‘diasolved in water, gave & gtrong Molisch, & deep red colgr wi@h
iodine, and considerable reduction of Benedict's solution. The
solution Was divided, both portions placed in cellophané, and

one dialysed against running tap water, the other against dig~
tilled water. The dialysate of the latter was concentrated and
preserved. In both cases there was a diminution in both optieal
rotation and reducing power.

The same procedure was repeated using a solution which had
been allowed to react until there was no color produced with io-
dine. The procedure is outlined séhematically in Table VII,

Ingsert Table VII,

Dialysis of the red dextrin for ten days against running
water caused a complete loss of the reducing power, though there
wag still a red color»produced with iodine, and rotation of polar-
ized light was still evident. Evaporation of a portion of the
dialysed red dextrin solution showed that there‘was_l.l5 grams
organic solids_per»lQO CC. solution remaining in it. This sol-
ution gave an observed anglé of rotation of +2.23° (using & 1 dem.
tube and light of wave length 5461 Angstrom units)., From the

formula 0%)5461u %%%?; the specific rotation of the dextrin was
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TABLE VII

Soluyble Starch

(Treated with Ho0Op and FeSOq4 until red
ecolor is pro uced with I} (or to
Achromic Point).

CoHg0H
+

NaCl

El. Glear gummy mass 1
Residue (2. Gave red color with iedine. Piltrate Ia
(1) . (faint pink color. II)

3. Strong Molisch

4, Strong reduction Benedict's

, golution.
5. Dextrorotatory
Clear HyO
Solution
1 02H50H
H&Cl
J Same as above | Filtratel IIa
Regidue (Rotation and reducing power (combined with
(11 diminished. Filtrate Ia re-

Dialysed in Cellophane moved alcohol)

2. Formic Acid

3, Pree aldehydes}
%4. Acids

'» No osazone )

%1. Reducing Power;

(1v)

(111) Residual Solution
"\ - ... .(Botation diminished) Y fﬁaducing No reduction
Residual (Reducing power) Dialysate (power dex- Less Rotation
Solution (less. (trorotatory (Molisch + °
Red color with) (No Osazone. (No Osazone
(iodine (faint pink lI) V
(No osazone
HC1 (Boiled) HC1 (Boiled) HC1 (Boiled)
J ' Y
- Sugar Higher reducing
(Vi) Sugar Solution { power
. Solution Lower Rotation
(Greater reduction (Glucosazone
than III ( formed. v
Smaller rotation then III Sugar Sol'n
Glucosazone {Reducing Power
: Decreased rota-
tion.
Glucosazone
( formed. )

DIAGRAM OF PRECIPITATION AND DIALYSIS OF DEXTRINS PRECIPITATED
. FROM REACTION
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ecalculated, («l;; = 4 193.8° (ealculating total solids as dex-
trin). The specific rotation of the soluble starch originally
used was found to be'+ 2039. The rotation of this substance cor-
responds to the amylodextrin- 1isolated by Brown and Morris (9).
The dextrin isolated after the achrcﬁic peint had been
past, could not be entirely freed of a substance which gave a red
color with iodine. This solution, before precipitation, gave no
color with iodine, but when the precipitated dextrins were dise
solved in a sm2ll amount of water there was & faint pink color
produced, showing that a little of\the erythrodextrin remaineé.
The dialysis of the solution of colorless dextrin againsﬁ
runnihg water resulted in the complete loss of reducing power.
A portion was evaporated to dryness, and 0,25 gram of organie
" so0lid per 100 cc. was found. This amount of solids gave -an ob-
served angle of rotation of 0.450 (1 dem. tube), &nd*no reduetion
by the Bertrand method. The specific rotation of this solution
was calculated to be +180°, This is'a little high for the sube
stance variously termed amylodextrin-B (ILing and Baker), achroo-
dextrin IIV(Hertzfeld), and achroodextrin B (Misculus and Gruber).
Hydrolysis of the dextrins, both red and colorless by acid,
resulted in the production of glueose; The cupric reducing power
is increased and the optieal rotation decreased when the solutian
is boiled with a few cubic centimeters of hydrochloric acid. Tﬁe
original solution in the impure state gave the orange precipitate

with phenylhydrazine, but did not show a definite crystalline
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structure when examined microscopically. The dialyzed dextrin
solutions gave little or no precipitate with phenylbydrazine.
Aftgr trgatmentvwith acid, the dialyzed dextrin &olﬁtiona pro=-
du@edrthe characteristic ecrystals of phenylglucosazone. That
the hydrqugis4was carried completely to glucose is shown by the
faqt“thgtdthgﬂrqtatipn.andV:educing power of the solution afier
hydrolysis are in close agrgement with these figures for a sol=-
ution of glucose alone. The results of these calculations is
shown in Table VIII. | | |
| Insert Table VIIIL,

~ The concentrgtedwdifﬁgﬁatg of the dextrin solutions were
found to possess rather high optical rotation and some reducing
power. That they do not contain glucose or maltose or a mixture
of the twndis shown by the fact that no osazone could be isolat-
ed from the dialysates. The high optical rotation and low re-
ducing power indicate that they contain higher polysaccharides
which are diffusible through cellophane. That this was true was
shown by'the action of acids upon the dialysates. In both cases
there was a fall in the angle of rotation and an inerease in the
qupric reducing p@wer, until these factors corresponded to the
rotation and reducing power of a solution of glucose. At this
point the characteristic phenylglucosazone was obtained.

The dialysate from thg red dextrin was ewaporated very care-

fully to dryness, and the solid residue weighed. One hundred

cubic centimeters of the dialysate contained 0.794 grams of solid
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TABLE VIII
Mg, Cu. | Angie of | Reduction Rotation
Reduction | Rotation Calculated as | Calculated a
Glucosge Glucose
1. . . | v
Red Dextrin|
(Impure) 289.0 4.15° 150 mg. 2910.0 mg.
24 '
Red Dextrin
plus
HC1 1986.0 1l.450° 1035 mg. 1017.0 mg.
3.
Colorless ‘ §
Dextrin 35640 4,800 185 mg. 3366.0 mg.
40 ’
Colorless
Daxtrin 1669.5 1.300 875 mg. 911.0 mg.
plus HC1
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organic material, giving a solution of approximately 0.8%. This

solution gave a rotation of 1.10° (l dcme, 5461 A.u. ) and & reduc~-

§ § (a) 5 122.4 2

tion of 214.2 mgm. Cu,

. 250
‘ " i 3 : 138 .59
Specific Rotation 5461 ol

Redugtion = 23.8 (Maltose = 100)

The constants for this solution are in fair agrgememt with
those of amylotriose obiained by ?ringsheimv(SV),‘Which aret

Specific Rotation goo = 124.5
Reduction = 22.5 (Maltose = 100)

The dialysate frem.thercolorless;dextring was found to con-
tain 1.58 grams solid organic material per 100 ce. This gave &
rp@&ﬁiqn(of Q.Blé (1 dem.) and a reduction of 72.45 mgm. Cu. for
the total sample. | -

' | - 259 “ ' (a)
Specific rotation = 52,530 { b

5461
Reduetion 4.1 = (Mﬁltose = 100)

= 46.6°}

- This solution is undoubtedly a mixture of the oxidation pro-
duects onglucOse, possibly containing & small amount of reducing
substance of fairly high rotation.

' ~Insert Table IX.

- The solution, from wﬁidhvthe dextrins and concomitant mater-
i&ls»were precipitated,rwa;‘evaporated under reduced pressure to
remove the alcohol and excess water. This concentrated solution
was found to be rather strongly acid, and gave a very strong col-
oration to & solution of decolorized fuchsin. There was some

dextrinous material left in this solution, for the précipitation
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Cu Reduc-| Angle| Reduc- Reduc4 () (<)
ing Powexr| of tion | tion Cale, Calc, Osa-
mg. cu) | Rota~-|Calc. | Cale.| as as | zone|
tion |as as Glu~ | Mal-
Glu~ Mals | cose | tose
cose | tose

(mg.) | (me) |

tal-
Dialy- Before = | 236.3 |2.35°(120,5| 208.7(1648.0(666.6| =
sate HydrolysiJ
from - (B) '
After . | 740.,0 | 0.560|394.8| 655.8| 392.7|160.9| &
Red Hydrolysis
Dextrins
(A"
Dialy- Before . | 168.5 |2.45° 84.3 | 148.6(1711.0[691.7|
sate Hydrolysis| .
from | (3] |
Color- After. . | 8573.4 [ 0.38°|297.4| 507.4| 266.4(107.3| +
less Hydrolysis
Dextrins

Took 100 cc. each Dialysate (conc.) and divided into
two equal parts. To Part (B) added 10ce. Conc. HC1l and
boiled 10 minutes.. Neutralized and diluted both to the
mark. Calculated as undiluted.
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q?-déxt:inguby §quha1‘i& not.quantgtatiye, The solution gave
strong reduction of copper, and a very heavy precipitate with
phgnylhydyazinebin the’celd. 'This_precipitate was g bright orange
color; but did not show the osazone of glucose or maliose. After
distillgtianin’vgcup at 600 there was a strong reduection of sile
ver nitrate by the distillate, but no restoration by it of the
color to decolorized fuchsin. With the phleroglucinel reagent of
?allen&, there was produced & red coloration which, upon spectro-
scopic examination, failed to show any absorption bands, indicat-
ing that this color was not due to glycuronic acid or penﬁose.,
There was also a red coloration produced with Seliwanoff's resor-
cinol reagent, though thie color was not produdea as rapidly as
with levulose. _ B _

rhevtests‘giwen.hy thi& concentrated filtrate were identieal
With those given by the reaetion mixture, The substance which
caused the restoration of color to decolorized fuchsin was not i-
dentified, and attention is ealled to the fact that this test is
giVenAby”the 2-deoxy pentoses. The possibility of the formation
of the deoxy gugars inathe-reaction has been discussed.

5. Effect of Added Substances upon the Reaction.

VThe addition of glucose in small amounts does not affect the
reaction, but larger amounts cause a definite retardation in the
rate of fall of optieal rotation, and lengthen the time to the

achromic point. There is an inerease in the amount of color re-
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5t9re¢,@9_¢3091°:i$ed fuchsin which seems to be proportional to
the qqncentrqtiog of the added glucose. There is also én in=-
crease in the amount of silver nitrate reduced by the reaction
mixtu:e, »There is a slight‘incraase in the acidity produced,
thoughrtpis)isrless than would be expected. The results of these
experiments are shown in Table X.

o Insert Table X.

T@eAgxplangtiqg.of these»rasults~appears to be that glucose
is more reaqtivg toward the peroxi&e-iron system than is aﬁardh,
thqs“slqwjpg the”rate“at_whichAthe starch is split. Since the
specific rotation of glucose is so much less than that of starch,
the same amount of‘ene:gy acting upon glucose WOuld cause & much
smaller decrease in the eptical rotation than if the starch were
split. Diverting the energy from the starch to the glucose would
naturally increase thgvtime_towphe achromic point, The peroxide
is used up by the glucose and less remains for the starch. Since
there is an increase in the amount of formic acid and free alde=-
hyde prqducedrwith an increase in the concentration of glucose
added, it is evident that the glucose is attacked and lends
support to the hypothesis that the aldehyde and formic acid form-
ed in the reaction of starch aleone come from.giucose; and that
glucosg is fonme@ in thg breakdown of the starch molecule but
at onge'axidiz§d.r A,capiaus.orangerprecipitaﬁe was obtained up-
on the a@dition of phenylhydrazine to the reaction mixture to

which glucose had been added at the beginning éf the reaction,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



~4]l=

TABLE X
Wg. |lodine| Begin| End |Drop | % | Fuchsin| Acidity
Expt.|Glucese |Reac- | Rota-| Rota-| .in |Drop Test (24 hr)
added |tion tion | tion |Rota-| in cc.N/100]
(3hr)| tion |Rota- NaOH
;: ” m == tlojw
Btarch 37 “hr f -
alone 0 |[Blue 1.21°| 1.21°]/0 0 - ——
RM 0 (30 min '
Color-| 1.21° 0.39°|0.82°{67.8%| Faint 21.0
less
RM 180 |30 min| 1.84° 0.96°|0.880(47.8%| + 22.4
Pink
. RM 360 |30 min| 2,56°| 1.790|0.770|30,0%| + + 24.1
Red
RM 540 |30 min| 3,160| 2.419|0.730(23.2%| + + + 26.3
Red
RM = 10 ce. 1% Starch plus 10 ce. 1% HpOp plus 5 ce.
M/100 FeSOy, Sugar added and made up to 50 cc. with HpO. Temper-
ature 370C. No buffer added. Tube = 2.3 dom. (9 1n.3 Wave
length = 5461 Au, .
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hut)phgnylglucoaazgne cquld»not be identified, The precipitate
appeared as spherical yellow particles of varYing sizes. That
the precipitate was not formed from glucose is evidenced by the
ractbthat‘the_prgcipitate formed in a few minutes in the cold,
indicating”armuch more rea@tive substance than glucose ﬁhichk
need&'to_beuheated with‘phanylhydrazein,and for somehminutes.
The preqipitéﬁe had the same microscopiecal appearance whether
formed in the cold or heated.

7 Urea;“inhéuite high concentrations, has no effect upon the
rate‘of fall of optieal rotation mor upon the time required ﬁo
reach the achromic point. Solid urea, dissolved in concentrated
hydrogenvpe:oxide,.forms an‘addition compound with the peroxide
which may be obtainedrasra pow@er. This powder is quite stable
while dry, but in water solution it decompoéea with the libera-
tion‘of urea and hydrogen peroxide. A small quantity of this
powder, added to a solution of starch containing ferrous sulfate,
will cause thevhydrolysis of the starch as when the liguid peré

oxide is added.
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6. The Effect of other Salts upon the Hydrolyéis.

Besides ferrous sulfate, which has been shown to be very
activg in phg catalysis of the action of hydrogenvperoxide upon
starch, there are other salts which effect the same‘eatalysis.
Withwthe_excebtiop_of the ferric salts, these compodnda fall f'ar
belqw the ferrpus.salts in effectiveness. Cuprie sulfate and
g@ng@nese“chloride‘hgge g;eayly‘infgrior’action compared with
i?¢ﬂf, Pptgsgiqmlfergoqy&nide gnd lead nit:ate have a very weak
effect,ﬂwhile'manganese‘diogide has no effect whatever. Table
XX shows the effeét of fhe various salts upon the hydrolysis.

L . Insert Table XI. |

| Erqﬁ ﬁhese data one'is 1ed to conclude that, although the
iron does npt‘hgvg‘gnngygg;ggg_ specificity in this particular
reaction, that there is cerﬁginly a relative spe¢ificity shown
by the ferrous or ferric salts. The ﬁresence of iron seems to

bernecegsary_for efficient sPlitting of the Starch by hydrogen

peroxide. This result has been obtained by others. Omori (49)
showed that copper is far less efficient than iron.
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TABLE XI

Beginning Rotation =

1,940

Rotation Tube = 2.3 dem. (9 in)

Temperature =

Expt. Salt Iodine Re- Rotation Rotation Rotation
- action
. Colorless
2 CuS04 27 hr :
Faint pink 1 hr 1,900 ? hr 1,859 2% hr 1.189
3 FeClz 20 min 1 hr 0.85° 6 hr 0.689 26 hr 0.61°
: Colorless
4. | E,Fe(CN)g 26 hr. ,
L Red 6 hr 1.899 26 hr 1,489
5. | Pb(HO3)s 26 hr f
- } Red 6 hr 1.84° 26 hr 1.,49°
6 MnClo 27 ‘hr -
Pink 1 hr 1,920 7 hr 1l.830|27 hr 1,189
7. | MnOg 27 hr
‘ Blue 27 hr 1,929
- 8. Feg(SQ4)3 2% hr :
: . Colorless 1l hr 1,900 7 hr 1.,700]27 hr 0,419
e ¥o galt 27 -‘hr
Blue 7 hr 1,94°|27 hr 1,900
Blue 7 hr 1.940{27 hr 1,940
Reactiont 10 cc. Starch {1%) plus 2 cc. Acetate Buffer

plus 10 cc. HoOp (1%) plus 5 cc. M/100 Salt.
In case of MnOg, 0.5 gr. was used.

370C. pH - 3.8
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SUMMARY OF PART I.

» _‘F&qmrtbgAexperéments just described, the following facts may
be triefly sumerized:

1. When a solution of starch is treated with hydrogen
peroxide and irom salts, there is a loss of opalescence &nd & de-
crease in thérviacosity of the solution, just as when starch is
treated with one of the many amylolytic gnzymes.

2. There is a change in the color produced by the solution
with iodine, varying from blue through red to colorless, as in
thg aci@_and enzymic hydrolyses of starch, Therg ig also a de~
crease in the angle of rotation of plane polarizedwiight, show~
ingfﬁpat thehstgrghwis”indee@ undergoing a change into substances
of low¢r cgtigalyrqtgtorykppwer,_pxesumably gsimpler substances.

3. By the use of ethyl alcohol, there may be precipitated
fgdm“the ;eactiqn substances which have the properties of the
dextring obtained in the hydrolysis by acids or enzymes. By
precipitating these substances while the solution gave a red
color with iodine, there was obtained a gummy residue which had
a specific rotatory power of +193° (5461 A.u.), This substance in
water sqluﬁipn‘gaye awdsgpwred qolgr with iodine, ecould be dialy-
sed free from reducing power, and on acid hydrolysis gave a quan-
tiﬁative_yield of glucose. This substance is quite likely &
mixture of dextrins, containing a considerable propoftion of the

erythrodextrin.

1
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o Precipltation at the achromic point gave a residue quite
aimllar to the one just descrlbed,vexcept that only a faint color
was produced by the concentrated solution with iodine. This
substance bad a special rotation of +180° {5461 A.u.), could be
dialysed free from cupric reducing substances, and upon hydroly-
sis'with'agid produced a quantitative yield of glucose. This
subgtance wa.s chiefly achroqdextrin,'cpntaining only avamall
amountJofythe dextrin giving the red color with iodine.
”_‘”‘Dialysis Qf‘the red dqxﬁrin gave a«substance which had a
3?3°ifi¢u?°tati°p~°f,*‘138°5° (5461 A.U.), and a reducing power
equivéleﬁtuﬁ°,3523,Pe?ge?ﬁ_of thgtrof maltoses This substance
agrees quite closely in optlcal rotation and reducing power to
the amylotriose identified by Pringsheim from the action of bae-
terial enzymes on sterch. |

~ Dialysis of the colorless dextrin gave a solution showing
a specific rotation of +525559‘(5461_A.u,), and a reducing power
4,1 percent of that of maltose. This solution is obviously &
mixiure Qf.the"degradation producta of glucqse.

4. In the reaction mixture, and in the concentrated fil-
prate-from the precipitation of the dextrins, are found substanaea
wh;ch Will'restnre the color to decolorized fuchsin, and give &
precipitate with sodium bisulfite. Hence free aldehyde groups
a:erreaent. The reaction mixture}bgcomes distinetly acid, and
fqrmic'acidvmgy be diatilled from it. These reactions are in-

creased by the addition of glucose or maltose to the reaction mix-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4=

?p;é,wgnqware‘given_by a solution of\gluceae or maltose alqnq,v
treated with hydrogen peroxide and ferrous salts. From these
facts it is concluded that glucose, and possibly maltose, are
intermediate products in the reaction.

Erom these facts the conclusion is reached that the reaf-

tion éf hyd;ogep peroxide and ferrous salts upon starch is a

xg cal hydrolyals, analogous 1n every. respsct to that produc-—

gd by enzymes, 8as malt amylase or ptyalln, dlfferlng onlg in

the fact that the Teaction proceeds further, producing hydro:

1y$§§ﬂggd oxidation of the monosaccharides formed in the hy=-

drolysis.
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PART II, THE MECHANISM OF T

The experi@entg quthe fqregoing section.have established
phe‘fathpha;?theu§ctiqg.of hydrogen peroxide and ferrous galts
upon starch is & typical hydrolysis, analogous to that effected
by the various amylolytic enzymes. The question as to the mech-
anism of the reaction maturally arises. How does the peroxide-
iron mixtupg‘gauge.thg §p1§tting qfrtheuﬁtaych‘molecule?
| e question of the mechanism of the Teaction resolves it-
self, in the final analysis, to the transfer of energy from the
peroxide to the starch. Starch is stable because the energy
level of the molecule is low. Energy must be supplied in order
to make the molecule unstable and reactive (cf. Mathews ( 431).
When the energy level has been raised to that of the reactivé
molecule, the starch splits and qombines with water to givé the
@ydro}ytic productg, Thg real mechanism of the starch hydroly-
sis, then, is the trangfer of energy, and the question to be
dealt with here is *How is the energy carried to the starch mole-
cule?" _ _ o N 7 |

, fhera are two main possibilities for the tranafer of energy,
which will be considered in some detail: (a) radiation, and

(b) conduction.

(a) Radiation.

;‘Mpdgrn,research has”shawn that many &ubatances, particular-

ly certain dyes, may absorb radiant energy and become activated.
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of solar energy byrthcrbphy}; to form sugars from carbon dio-
xide andyygﬁg?.’ Theﬁmachanilmrqf these reactions consists in
the absorption of energy of a definite wave length, with the
ansgqgen? %etivationAof the molecule. In many cases there is
;eguiggdvtha_Mpgesepce‘qf‘some intggmediate compound which is
qapable“qf>ab§9rbipg’thg.ra&igntwepergy and giving it over to
the molecule in question. Thus chlorophyll absorbs energy but
passes it to the carbon dioxide. Theoretically every mole-
cule is capable of absorbing energy of & definite wave length,
the amount of energy absorbed being proportional to the wave
length used, apcquingﬂto_the quantum equation, E = hv.

.:9,3391§i¥_th9 mechanism of starch hydrolyéis on the basis
Qf»absqrption‘of radiated energy, there are several possible
ways in which the reaction may proceed. First there is the
possibility that the starch is able to absorb the energy from
the peroxide breakdown, and that the iron acts to increase the
amqut“oﬁ gnergy»produced in a given time.“ »0r;vtha iron might
gctitq_a@sqtb theﬂgnergy.frqm the peroxide, changing it to &
wave leﬁgtp ¢apab1e qf being absorbed by the»stareh. In either
case, Qneywqul§Agxpec§,_we:e thisrthe case, that the reacﬁion
would proceed when the starch is separated from the peroxide-
;:gp mixtu;e by/a»g;gas o:ﬁqua:tz partition, for whether the
egergy:syg@gm were_agparated qr‘in phySigal contaet with the

molecule would make no difference, except possibly in the inten-
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sity of the reaction, ~ =~

- In order to test this point, the following experiment was
q&;riéd outs Ten cgpighcentimeters of 1%_starch were placed in
?99h;9f,§W° éugrtz”tubes, and 2 like amount in a gl@ss tube. To
one of the quartz tubes was added 1 cc. M/100 FeCly. ALl three
tubes We:eﬂimmerse@‘iqv&ybgaké:_qonﬁaining aqo_cc.‘l%'ﬁzog to
which had been added 10 cc. M/100 FeCly. Evolution of oxygen
from the peroxide was éuit.eu.evf&sien#-, 4 control tube, contain-
ing starch Sél?tiQQ! to which the pgroxi@g_and iron had‘been
added, was also run. The results are‘shbwn in Table XII,

. Insert Table XII, | y |
The results of this table #hqw ﬁhét there was no change in the
iodine coloration, mor in thg angle of rotation of the solutions
in the beaker, though all the peroxide had decomposed (24 hours).
The control tube reached the achromic point in 30 minuteﬁ, and
at the end of 24 hours showed considerable reduction of rotatory
pOWer;r - B , | » , B

A”Thig experiment india&tes that the hydrolysis of the starch

cannot ?e,expléived,by‘d%régﬁ radiation of the energy from the
pgrqxide to thenstarchymclgcule,vbut that the presence of the
peroxide and iron in the solution of starch is necessary for

the splitting.
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TABLE XII'

' Reduc

Vol. cc. IQKI Color tion

Control S
10cc. Starch 4+ 10ce 30 min.
2% HoOg 4 Buffer 27 cc. | Colorless 0.76° 0,300 +

+ S cc. Fed0y

10cc. Starch in
Quartz vessel., Im-. 20 hr.
mersed in HpOg con-| 10 ce, | Deep Blue 2,050 2,060 -
taining EbCls .

10cc. Starch ¢ Icec.

FeClz im Quartz 20 hr.

tube, immersed as 11 cc. |Deep Blue 1.85¢° 1,780 -
above. . ,

10cc. Starch in 20 hr.

Glass tube. Im- 10 cc. |Deep Blue 2.059° 1,959 -
mersed as above , ‘

10cec., Starch 10 cc. 20 her. 2.050 2,050 .-
Untreated Deep Blue
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(b) Conduction.

‘The second possibility fo:wthe‘t;ansfer'Q;Aenergy, and the
one which is the mggt logical explanation of the'atarch hydro~
1ygis,_is_tpe3¢ondyetion of the energy by means of intermedi-
ate chemical combinations. These combinations are probably
through the sharing of electrons, in which the Tesistance to the
passage of energy’;s'diminishg¢.‘ According to this mechanism,
tpe;e_is‘aApgroxi¢e;grqn:gtgrchwlinkggg,rwhich permits of the
flow of gne:gyffrqm‘the,pgyoxida into the starch.
| That the effect of the iron is not primarily due to the
catalysis of the liberation pf‘energy, but that the iron is a
vital part in the chain for the transfer of energy, is adduced
from the following evidence: |

1. 'Thg pregenge}of_;ronrbf.similar metal seems to be nec-
essary for the hydrolysis. Though iron-free starch was not used
in,thq experiments, the contgn@ Qfliron in the reaction mixture,
in the abgence of added ironm, was approximately 0.0l mgm..

The ?at¢,°f hydrolysis by Héoz with this amount of iron was very
slow, :aqqiring aeve:al days to rgach the achromic point. vThe
dependencerf the speed ofvhyﬁrqiysis upon:the concentration of
iron as shown in Table I indicates that the complete ?emoval of
iron would cause the reaction to be immeasgrably:slow.

| 2. The speed and amount of hydrolysis produced by various
salts is not in the order of their ayiiity to gataly#evthe decom=

position of hydrogen peroxide.‘ The effect of various salts npon
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the reaction was shown in Table IX. These salts were tested by
the benzidine reaction for their ability to cause the decomposi-
tion of peroxide. This reaction was carried out as follows:
One cubic eentimeter of alcoholic benzidine (1% containing 1.36
gr. Na Acetate) was diluted to ten cubic centimeters with dis-
tilled water, and to this was added 1 cc. of 1% hydrogem perox-
ide. A solution of the salt was added until & detectable blue
celor was produced. The results are shown in Table XIII.

. TInsert Table XIIL ° -

,_3hi$,ﬁ%sﬁ,??°W$ ;hgﬁ'coppef’produaes a blue color in the
highest dilutions, followed by ferrous and ferric salts. There
ig no actlon of the other salts upon the benzuilne.

A.glance at Table IX shows that copper, which gives the
penzidine Teaction in the highest dilutions, is far inferior to
ironwinvthg hyﬂrqugis of starch, being about eéual to manganese
qp}o;i@e,_which gives no color to benzidine in quite high con=-
centrations, S ) ‘

o The ﬁatalyaia of the decompos1tion of hydrogen peroxide
is invg:sg;ymp:opprtional to the concentration of hydrogen ions
A("?‘z)_;,' while the hydrolysis of starch by hydrogen peroxide and
ipon in¢reages with an increase in acidity up to about a pH of
3.3 (Omori). 7 |

‘duﬁhe‘cépclus;on,peacheé from this evidence is that the ac-
tignhéf‘irgg in thg ga;alysiswof the decompcsition of the perox-
iéqﬂiquﬁ,gprimppytance>invthewcongidergtion of the effect of the

iron upon the rate of starch hydrolysis. The evidence points to
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‘TABLE XITII
Salt Color Amount
—— w—n-:aJ

FeS0, Deep Blue 0.5 cc. M/100
Cu S04 Deep Blue 0.1 cc. M/100
FeCl, Blue 0.5 cc. M/100
KsPo (CN)g Pale Green 2 cc. M/100
Pb(NO0z ), No Color - - -
MnClz No Color - - -
MnOs No Coilor -~ - -
K5Crp0q (no Hg02) Deep Blue 0.1 cc. N/10
Potato ext. (peroxidase) | Deep Blue 0.1 cc, Ag. ext)

Reaction: Benzidine (in Alc. ¥aAc) plus Salt plus HgOg.
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the conclusion that there is not a direect combination betwsen
tween the starch and the irom, the iron being the link which
serves to deliver the engrgy»@i;ectlyﬂpo_theﬁsﬁarch molecule.
The peroxide probably combines with the iron, passing its
energy through the iron to the starch, though it sy activate
the iron by radiation, the activated iron conducting its energy
to the starch by virtue of its combination with the starch.
Which of these methods of the activation of iron is the true

one is uncertain. = |

... The combination between the starch and iron seems to be
through the residual valences of the oxygen of the glucoside
linkege, for it is at this point at which the staveh molecule
is split., That the union is with the alcoholic hydroxyl groups
is not likely, since these compounds are formed only in alka-
1;nesgolgpigg,_and“§heVhydrglysis of the starch was conducted
in acid medium. The union of the iron through the residual
valence of the oxygen of the glucoside linkage forms an unstable
compound, allowing for the passage of energy into the starch
maleculg.”

- The following explanation of the mechanism of the starch
hydrolysis is put forth: The iron atom forms an unstable éom-
b;nationlthfqughrthe rggidgal valenqes’qf the oxygen of the
glucoside linkage in the starch molecule. The iron passes its

energy into the starch molecule, raising its energy level and
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making it more reactive. The fron, even in its highest energy
level, does not contain emough energy to split the starch, ex-
cept at a very slow rate. The decomposition of the peroxide
gives large quantities of energy, which is taken up to form
acpiyateq‘;?qnvaqd_ita energy is passed into the starch mole-
cule. Enough energy is put into the moleculs to cause a quite
repid splitting of starch. The iron, upon giving the energy to
the starch molecule, reverts to a lower energy level, is again
activated by the peroxide, and in turn, passes this energy to
another molecule of starch. The reaction appears to be a true
catalysis, since the iron is left available for many transfers
of emergy. o | |
_ This is in line with Warburg's (73) suggestion that Fe''

is the energy-rich form, which hydrolyses the starch.

L II IIT IV
- Te Fe Fe |
- : ’ i
Iv ' dextrinsg
Fe * Starch * HEO __—_—a-Ebll + glucose and
4 oxidation
products.

i w?hét the iron does notvrgmaig in a stable condition during
the reaction is indicated by the effect of cyanide upon the re-
action. ‘Thg‘aintiqn of cyanide at the beginning‘eauses/the‘
formation of the deep brown coloration due to ferriec ferricya-
nide, which, as the reaction proceeds, assumes a greenish tint
dqg_tq(thg fgrmatign qﬁ either fer;qug fe:ricyanide or ferric

ferrocyanide. Addition of the cyanide after the reaction has
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proceeded for some time results in the more rapid production of
the blue color. The formgtiqn of the blue color indicates pro-
bgb;y”thapmbqﬁh.feryqua and ferric ionsﬂare prgséntvin the re-‘
gction'@ixpuxe.erhiswfaetAgﬁds_evi&engenyr‘the supposition
that the iron alternates between the energy-rich and emergy-

poor forme, that is, from a higher to a lower state of oxidation.
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SUMMARY

~The mechanism of the hydrolysis of starch by hydrogen
?erqxisi@_,,and ferrous salts resolves itself to the conduction
of energy from the peroxide to the starch, causing the starch
molecule to become reactive and to split into simpler sub-
stances. Some of these substances are further oxidized.

The following theory is offered to explain the mechanism
of the reaction: The break-down of the peroxide liberates
energy, which.i&.apsqpbeq by'the iron atom, With‘a consequent -
activation of the iron atom, possibly forming a tetravalent
g?ogtw‘Thg‘gctivaﬁed, or tetravalent, iron unites with the
starch, possibly thru the residual valences of the oxygenm of
thevglucgside 1ipkage, and passes its energy into thevatarch
mqlecnlg,v The sta:ch molecule is raised te a reactive form,'
gpdhgpiitg épqntaneously, adding water in the process to undere
go hydrqu&ié.- |

Vihe ippn,”havingugiWen‘uprits}energy, reverts to the sta-
ble form”and‘diésqciates from the linkage. It may be reactivat-

ed by the peroxide and may repeat the energy transfer.
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DISCUSSION.

. The peroxide-iron-starch system appears to be identical
W%th»the“hydrq;ytig enzymes, except the faet that the supply of
ayailable energy is limited to the amount of peroxide present,
and_§hg 9hain,m&3,be,0911?d anTarpif;Qialvenzymé system;” The
analogy of its action to that of enzymes is so striking that
thé application of the mechanism of the artificial enzyme to the
action of the natural enzymes seems logical.
~ That the enzyme enters into chemical union with the sub-
strate seems established ﬁ£5)(4§).M By application of the mechan-
ism of the artificial system, the enzyme acts as does the iron,
abao:?ingrenergy_from an external source, and conducting it to
the mqlacule of the sqbg@;ate, causing activation and splitting
of the substrate. The source of energy of the enzyme is uncer-
ﬁg;n,ﬁbeing in some instancés from 1ight, oxygen, orrthe kinetic
?perngQf surrounding molecules,v The enzyme molecule varies be-
tween the anakinetic and katakinetic states just as does the ironm.
When the energy level of the enzyme is high, the energyrfiows to
the lower level of the substirate. The subsirate activated, splits;
the ig@ctng enzyme dia&qgi&@es,ﬂpigka up energy, combinea with
another molecule of substrate, and the transfer of energy is re-
peated.( ‘ ‘ |

The discovery of activators and coenzymes points to the con-
clusion that enzyme activity is not ascribablelto a single substance,

but to a system. According to the energy transfer view any sub-
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gtaneaAwhich.fgvogs tha formatiqn of the enzyme-substrate come
bination, or by its presence facilitates the transfer of energy
@thhe enzyme, may bg_c;asggd‘ipkthelcategqry Qf activator or
coenzyme. Thus the wide diversity of substances, ranging from
qr@ingrywsgipg to complex qrggnic cqmpounds, which aet to ine

crease enzymic activity, is clarified.
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CONCLUBSIONS.

~ On the basis of the foregoingy the following conclusions

seem warranted: | |

1. Hydrogen peroxide and ferrous salts produce liquefac-
tion and splitting of a solution of starch. The splitting pro-
ceeigﬂthpgugh»theufgrmation of erythrodextrin, achroodextrin,
diffusible polysaccharides, and glucose. TPossibly maltose is
also an intermediate in the process.

_2?,,T@§ reaction is an hydrolysis, which, in the fall inm
rotation, change in iodine reaction, and in the production of
thgA@extringwapd_sug§:s,riaranalogous to the hydrolysis pro-
duced'by amy191yti¢ enzymes, as malt amylase or ptyalin. It
differs from these,”however, in the fact that it proceeds fur-
phe: and p:o@uces.hydrolysis and oxidation of the monosaccha-
ridesqﬁormed. 7 _ o 7 ;

.bﬁ.vthe reaction probably préceeds_by the conduction of
energy ﬁfqm the peroxide, to the iron and from it, by méahs of
ag“ungygblg chemical combination of the iron with the starch,
into the starch molecule. The activated starch molecule be-
qqmes_unstgblg and“splits at the glucoside linkage, adding water
to give thg_hyd;olygis. ) -

4. The mechanism of the reaction may be applied to the

actiopAof.enzymes, giving support to the theory of Pesfesgsor
Mathawﬁ‘thatbgnzymes act by the transﬁer of energy from some

external source to the molecule of the substrate..
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