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INTRODUCTION

From the time the studlies of Meyerhof and co-workers were
begun on the phosphorylation meehanigm of the metabollism of
carbohydrates, a great deal of research has been done in
attempting to isolate the enzyme systems responsible for phos-
phorylation in plants and animals. It has been shown that
these enzymes from varicus sources are closely related but
not identical. ?ha polysaccharides synthesized by these
systems vary somaihaﬁ in iodine coloration and in xeray
diffraction patterns. Comparison of the synthetie products
wlth the naturally asa&rring polysaccharides opens 8 new
approach to the problem of determining the constitutlon éf
the glycogen and the starch molecules.

Emphasis on research relating to the structure of starch,
interest in studies concerning tha ggomth/chaagaa of corn,
and the recent developments regarding the waxy apecles of
malize have led to the initiation of this work, iﬁ,the hope
that the inéaahigatian~af the phoaphorylating enzyme from
waxy malze may contribute toward the slucidation of the

mechanism whereby starch is synthesized in growing corn.



REVIEW OF LITERATURE

In 1933 Meyerhof snd co-workers (1) initlated & series
of experiments which bas led to the formulation of an ex-
tensive and now thoroughly established scheme for carbohydrate
metabolism through phosphorylatione. This phosphorylation

mechanism may be shown in part as follows (2):

glycogen, starch - {d)~glucose
+ HzPOg rhosphorylase ' & HzPO,| hexokinase
g phosphoglucomutase |
glucose~lw=phoaphate < ' glucose~8=phosphate

(Cori ester) , (Robison ester)

r isomerase
fructose~b=phosphate
(Heuberg ester) }

fructose=l, 6~diphosphate
~ (HardenwXYoung ester)
The development of this scheme has involved brilliant research
on the part of numerous inveatigatorse. Th& immedia te interﬁat
. of the present study lies in the enzyme which eatalyzés the
reversible reaction between glycogen or starﬁh.anﬁ glucos e~l-
phosphate, constituting the first step of this mechanisme.

In the past two years several exceéllent reviews of the




ydrate metabolism through phosphorylation

research on car
havﬁ been publisheds The llterature is adequately covered in
its many phases in these papers by Cori (3), Cori and Cori (4),
Kalckar (5), Lipmann (ﬁ),fﬁ%y&r (7), Somogyl (8), Sowden and
Fischer (9), and Yerkman (lé)g_\ﬁanaQngﬂhly, only a brief
resume of thﬁ'warkiyartiaularly relevant to the problem at
hand will be presented.

It has been shown by the experiments of numerous investle-
gators that the enzyme phosphorylase is widely dlstributed in
nature. ,3ina§ its original discovery in the extracts of
nuscle (11), heart, &ivar, brain, and yeast (18), it has now
been found in extracts 61‘ retine (13) and of a wide variety
of plant tilssues (ié, 15)s The bshavior of the phosphorylases
obtained from these various sources has been recorded in the
literature and presenta a féuﬁdaﬁiﬁﬁ for further studies of
the enzyme from other sources.

The extensive experiments of Cori and co-workers were
suggested by thelr dlscovery and identification of a hexose~
monophosphate in minced frog muscle extract (1l). When this
extract was incubated In phosphate buffer with adenylic acld
& transfer of inorganic phosphate to carbohydrate was observed.
This first phosphorylation product formed proved to be a new
ester, which was isclated as the crystalline brueine salt and
showed the properitles of glueea&*lﬁphséyhﬁric acid. Further

experiments (16) led to the conclusion that the ester was
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dﬁglﬁa@?Yfﬁﬂﬂ&&*l“?hﬂﬁ@hﬁ?iﬁ scid. The behavior of the
natural product was ldentlical with that of the compound obe
téin&d synthetieally by the interaction of acetobromoglucose
and silver phosphate, Doth were converted by muaols extract
into hexose~6«phosphoric aci&.anﬁ.than ta the equilibfium, or
Embden, ester (80% glucose=6-phosphate, 2&% fructsaewaw
prhosphate). Magnesium ions anz&lﬁr&%ﬁé the conversaion to the
Bubden ester. After these ?raliminary experimenta, Gcri'ggbﬁgt
pyacaaﬁad‘ta the investigation of other sources of this onzyme
systems. They proved 1lis presence in dialyzed rabbit muscle
extract (17), in dialyzed liver extract (18), and in dialyzed
extracks of rabbit brain and heart (12). Weak activity was
shown by kidney extracts (12), Transformatlon to the 6=sster
was less a@mpiete in 211 these extracts than in the muscle
extract. Brewers' yesst also yilelded an extract by which
glucose~l~ and glucose=8~phosphate were formed from glycogen
. and inorganie phosphate (12). Therefore 1t was concluded that
the disruptive phosphorylatlion of glycogen is a widely
ocourring process.

Later studies by Cori and collaborators include experi=
ments on the action of nucleotides in the phosphorylation of
glycogen (19), the use of the enzyme sysbtem for synthesizing
polysaccharides (£0), the purification of phosphorylase (20),
the breakdown of glycogen to gluecose (21), the factors affect-
ing the activity of ghasgharylaa& (22), the kilnetics of the
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enzymatic synthesis of glycogen from glucose~l=phosphate (23),
and the preparation of crystalline muscle ph@syherylaaa (24),
ﬁe&aﬁbly fr@m Corits laboratory a complete synthesis of poly-
saccharide from glucose by means of purifi&a enzymes has been
reported by Colowliek and Sutherlgnd (25). The results of

these experiments w1l be discussed in detail elsewhere in

this thesis.

In 1940 Hanes (14) published the results of his experi-
ments on the phosphorylsse system in pea seeds, He reported
that the phosphgrylase of peas acts upon a much wider range of
substrates théﬁ phosphorylase from muscle and yeast, which seems
to show a rather strict specificity for undegraded glycogen and
starch. The enzsyme from peas agts‘agen almost any saccharide
composed of d=glucopyranocse units linked 1@ positions 1 and 4
(as in maltose), regardless of chaln length, whether in
colloidal aggregation or in free form terminated by reducing
groups. From @13 studles, Hanes concluded that the aetlion of
rhosphorylase upon starch and dextrins consisted of an end=- |
wise attack at the non=-aldehydic end of the chaln structure,

' with the liberation of the individual glucose units in the
form of gluecose~lwphosphate.

 Further experiments of Hanes $15) were earrie& out on the
enzyme of potatoes. In addition to making an extensive ine
vestigation of the reversible formation of 3%&?@& and the

factors affecting the equlilibrium of the reaction, he succeeded
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in 1solating glucose=-l-phosphate in large quantitles by the
action of a partially purified phosphorylase preparation on
starche. , | ‘

- The potato §h¢sph§rg1&a¢ prﬁgar&ﬁien reported by Hanes
served as the basis for %hafaxparimﬁﬁts'af Green and Stumpf
{(26)s They succeeded in purifyinglﬁhgfénzymﬁ further, de-
termined i1ts activity in terms of phosphorylase units, and
investigat ed some of the factors affecting starch format ion
by the enzyme. |

Studies have been maﬁe recently on the properties of the
synthetic polysaccharidea. It is probable that these observa-
tions will contribute a great deal toward clarifying the
picture of the starch molecules. Briefly, it can be stated that
the pquagﬂeharide'aymzhaaiaa& by the enzymes prepared from
brain, heart, liver, and yeast gives & brown color with lodine
and resembles glycogen in every respeet (27). The enzyme from
mascle extract (20) and from potato extract (ssa; on the
other hand, syntheslzes a polysaccharide which glives a blue
ecolor with iodine and resembles starch.. Very similar patterns
are obtained on x-ray photographs of natural potato starch and
yaf starch synthesized by the action of potato phosphorylase
.€2§). X-ray diffraction patterns of ﬁha\pelygaeaharideA
synthesized by muscle phoaphorylase are almost identical with
' those of potato starch (30)s. Other investigations regarding
the structure of the aynthetic polysaccharides will be re~
viewed In & later section of this thesis. |



STATEVMENT OF THE PROBLEMS

The purpose of this investigation was three-fold:
l. To determine the phosphorylase content of waxy maize at
different stages of growth,.

2. To concentrate the Waxy malze phosphorylase.

3« To characterize the product of phosphorylase action on
glﬁgaaeélnphﬁsphata.

In conmnection with these phases of the problem there
was involved a study of the methods of messuring enzyme
action, principally by the determination of phosphate. The
construction of a photoelectric colorimebter and the prepara-

tion of glucose-l-phosphate were included in the works



MATERIAL USED

Waxy Malze

dgxy maize i1s the particular variety of maize which
conteins waxy starch (31)e. This type of starch 1s dis-
tingulshed from ordinary starch by its color raﬁaﬁien with
iodine. Waxy starch gives a red color, whereas ordinary
starch gives a biua ealéyu |

The waxy malze No., 939 used in these experiments was
obtained from the Agronomy 3@§artmsn£» As it was Iimpossible
to do all the work while the corn was fresh from the fi&ld,
a gquantity of each collection was frsza# for later investi-
- gations. 1In 1940 the corn was sealed in Iatex bags and
frozen. In 1941 and 1942 the corn was wrapped in waxed
paper. The corn was then put into a fefrigaraﬁaé room ab
~20° F. and kept until needed,



"ERIMENTAL PART AND DISCUSSIORN

Experimental Methods

Determination of @hﬂ%?hﬁrﬁﬁ

Investigators in this field have followed the progress
of enzyme activity by phosphorus determinations. An examina-
ti@n of the reversible reactlion, |
starch or glyacgan«*,inergmniﬁ phosphate—=glucose~l-phosphate,
shows how phosphorus détarmin&tiana ean be uﬁaﬁ as a direct
mﬁasuré of what is ha@pening in thﬁ aﬁxtam. An increase in
inorganie~P indicates thet the r@&aﬁi@n‘i& pré#ﬁﬂding toward
the left, whereas a'dgareasa in inorganie-P shows that |
gluagae;zwghﬁﬁyhaﬁa~is being formed. A further check on the
gragreés ar“%heiraa@tian~is-maﬁa possible by acid hydrolysis
of the glucose~l=phosphate ester and subseguent determina-
tion of the acid-labile ester-P plus inorganic-P. From this
deta the amount of ester~P can be calculated by subtracting
the lnorganie~P as determined in an unhydrolyzed aliguot.

It has been shown by Cori and co-workers (19) that the
simple determination of inorganic-P is justified as a pro-
cedure for measuring formatlion or breakdown of glﬁﬁﬂﬁ&flw

phosphate. 1In & serles of experiments these Investigators
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found that c¢lose checks wérﬁ obtained when differences be-
tween 1nitialvinaéganie~P and final 1ﬁﬁ§gani¢-?<warﬁ aamyared.
with ester-P determinations after aclid hydrolysis.

Several procedures were employed by ﬁkms {(14) teo
follow the reaction. Free« or inorganic-P and 7=-minute-P
&aharmin&tiana*wara\ﬁ@nsiﬂarad adequa te for the simple re-
action between starch or glycogen and glucose~l-phosphate,
In all cases aliquot®s of the enzymic digests were delivered
into tricechloracetic acld solution of such volume and strength
as to give a final concentraition of 7 to 8 per cent. The
precipitated yﬁatain was then filltered off, and determina-
tions of free-P were made on auitahle volumes of the filtrates.
The preliminary treatment used by Hanes for the Y-minute~P
determination of @ster~P + free~P was as follows:
An aliquot of the trichloracetic aclid filtrate was heated
for 7 minutes at 100° C. in the presence of 1 N perchloric
acid. ‘Esﬁarn? + free~P was then found by the same procedure
as that employed for inorganiceP. |

The method of phosphorus determination ﬁﬁﬁﬁ>b? workers
in this fleld is a modification of the Fiske and Subbarow
colorimetric procedure (32). The original method consisted
essentially of measuring thﬂ.inﬁanai%y of the blue color
formed when & reducing agent scted upon phosphomolybdic
aclide xn‘making'tha test, the inorganic phéap&ata wag
treated with excess ammonium molybdate in sulfuric ascid

solution. A veducing agent was then added and the blue
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color allowed to develop for a definite period of time. The
intensity of the color was measured colorimetrically, either
through a Duboseq colorimeter or by & photoelectric instru-
ments

The colorimetric method has several advantages: (1) it
is exceedingly sensitive and thus 1is ad&g%e& to the estimaw
tion of very small amounts of phcsyhﬁraa, of the magnltude
0f 0401 mge; (8) it 1s g rapid method of analysis; (3) it is
inexpensive because of the small amounis of chemicals re-
quireds

Modifications of the original procedure of Flske and
Subbarow havé been proposed to 1ngfaaaa the accuracy of the
determination for use in bilological analyses. These modi-
fications are concerned principally with the adjustment of
the acidity of the solution, the choice of a radaﬁiag agent 4
and the optimum time for development of the blue color.

The influence of the aclidity of the solution for the
test was pointed out by King (33). The use of high acidity
has the advantage of making allowable a much greater varia=-
tion in the acidity #iﬁhaut any sppreciasble variation in the
amount of c¢olor produced. Therefore, no allowance is
necessary for the presence of moderate amounts of trichlore
acetic acid in the test sqlutiena‘ The use of low acidity
for the determination would necessitate the addition of

trichloracetic aclid to the standard maas~ﬁg for comparisone
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The disadvantage, however, of high asc¢ld concentration in
the test lles iIn the fact that ester~P 1s somewhat lablle
in strong scid solution. Hanes (15) found the error from
this source barely significant.

Both sulfuric and perchlorie aclds have been used by
different investigators. Filske and Subbarow employed
sulfuric acid. For aémpiea containing metalliec ions which
form insoluble sulfates, King recommended the use of pere
chloric acid, as the perchlorates are very soluble. However,
for trichloracetic acid filtrates of bilological materials
{where orﬁiﬁérily no barium salts are present) he found
sulfuric aclid preferable,

?r@bé&ly most controverslal 1s the subject of reducing
agents for the test. Among those proposed have been hydro=
guinone, I=amino-2e~naphthol-G~«gulfoniec acld, l-amino-2w
nagﬁﬁhél«é»salfanic acid, stannous chloride, amidol, and
elon. The factors to be considered in the cholce of the
reduecing agent are as follows: (1) speed of the reaction,
{(2) interference of other 1Qng, {3} effect of %&mperatura,
(4) stabllity of the solution, (5) availability of the
compound, and (6) expense. Fiske and Subbarow polnted out
the ﬁisﬁdv&ﬁta@as of ualing hydroguinone, which was originally
suggested by Briggs (34), because of the slowness of the
reaction and the large number of ions which interfere.

Stannous chloride was recommended by Fontaine (35) on the
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investigators working with yhasphoryl&aa‘ ﬁhﬁes (15) has
used &1len*a‘mméifi&ﬁ procedure (with amidol) in his more
recent studles. In.thia laboratory King's modification

(33), with sulfurie aaiﬁ and l-amino-2-naphthol-4-gsulfonic
aeid, hag been found very satisfactory. The application of
this determination to the estimation of phﬁagharua in enzymic
digests with the help of the photoeleciric colorimeter has
been described by Roman (39).

It has been observed in regard to the cholce of acid
and of reducing agent that the time factor plays an lme
portant part in the sccuracy of the dﬁtarmiﬁatién. General
disagreement is found in the 11t@§éture«aa to the optimal
time of development of the blue color. King claimed that
5 minutes was the opbtimum, whereas Fiske and Subbarow
recommended 20 minutes. Slight variations in the procedure
or in the instrument used for readings may account for these
differences in optimal time. Consequently, studles on the
standardization of the method employed in this laboratory
were made and will be reported following a detalled de~
scription of the procedure.

Procedurs. The solutions required fér'thg determina~
tion were prepared aa-fbilaws%

l. 10% trichloracetic acld. One hundred grams of tri-

chloracetic acid was dissolved in HpO and made up to 1 liter
in a volumetric flask.

2e

5% ammonium molybdate. To & mizture of 325 ml. distilled
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water and 75 ml. conc. HpS04 in a 500-ml. volumetrlec flask
was sdded 22.52 g. (NHg ) gloy024 ,4Hg0s The mixture ﬁ%m
shaken until solution was complete, cooled to room tempera-
ture, made up to volume, and mixed. |

Se ﬁﬁww.w}@&%&&!&tﬁmwwwW@w@mtmﬁw%@ﬁww acid. Two-tenths

gram of l-amino-2=-paphthol-4-sulfonic acld Amwwwﬁw% Kodak) ,
H@.qnw1 NaopSp0g, and 2.4 g. orystalline Nap80z were dissolved
in water and msde up to 100 ml. The solution was allowed to
stand overnight and filtered the following day.

4. Standard phosphate. Pure KHoPO4 was prepared according

to the directions of Kolthoff and Rosenblum (40) by re-
crystallization three times from water and drying at 110°,
& stock solution was made up by dissolving 2.1935 g« of the
recrystallized KHpPO4 in 500 ml. H20. This solution con-
«A%ﬁa& 1.0 mge P por mle A y@&m coneentrated standerd
solution was prepared by diluting 25 ml. of ﬁW@ stock solu~
tion to 500 mle, giving a aam&%&aaﬂwwaﬁ of 0.05 mge. P per
ml. Both solubtions were kept saturated with chloroform to
prevent bacterial growth, which would result in & loss of
inorganic phosphate. ‘

In making a phosphorus determination, the following
procedure was used:

M&.ﬂﬂﬂﬁﬁaa was removed from the enzymice @M&Q@ﬁ_ﬁsﬂ
added to 5 ml. of the 10% trichloracetic acid, to precipi-
tate the protein. DPilution to 25 ml. was sometimes found
convenient &t this point. The precipitate was centrifuged
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off in a Wilkens~-Anderson semi-micro centrifuge. 4n aliquot:
{(containing ﬁrﬁf@r&b1¥ 0t65”ﬁ!5'mgi P) was taken from the
centrifugate and run into & 50-ml. volumetrie flask. To
this sample were added 5 ml. of the acidic ammonium
molybdate solution, 2 ml., of leamino-2«naphthol-4-gulfonic
acid, and water to volume. The reading ag&im&t,a standard
solution was btaken between 20 and 25 minutes after the
addition of the reduecing agent. | '
Construction of a photoelectric colorimeter. For the
final reading of the phosphate concentration elther a
visual colorimeter of the Duboseq type or some kind of
photoelectric instrument may be employed. The latter kind
of instrument was chosen as being more convenient to use
and less influenced by the error from visual fatigue. As
no instrument of this kind was avallable, & colorimeter was
construected in the chemlstry é&ap* according t1 the circuit
& 2
plan given by Muller (41).
The parts used in the instrument were as follows:
| 400=~ohm pobtentiometer

15~chm potentiometer

pushbutton switch and knobs

4=~-prong tube socket

200~ohm rheostat-potentiometer »

- dial with 3/8~inch shaft, 270° calibration,
200 divizions
2 matehed Weston photroniec photoelectric cells,
type 2

2 lenses, 3.75 cm. dlameter, focal length 5 cm.

115=~volt, 100-watt flst-filament Mazda lamp
With the instrument a Leeds and Horthrup portable lamp-and-

scale type galvanometer of sensitivity 0.0235 A/mm. was used.
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- Fig./. Circui? orf
Pho foelectric Colorimeter



o 17T -

Corning &i&aa filters selected for the phosphate deter-
minstions were No, 396, Light Shade Aklo (for heat absorption),
and No, 246, Red (4 mﬁ.}, which transmits light in the region
of 600=-650 mpM Two 10-mm., fused glaas sbsorption eells cobtain-
ed from the American Instrument Company held the test solu-
tions.

The following proecedure was adopted for making a reading:
The abaarptina cell containing the standsrd phosphate solution
was put in place (A in Pig. l). The dlal was then set at 100
and the resistances adjusted soc that the galvanometer read
zerc. The unknown solution waes next put into plece (B 1ln Fig.
1) and the disl sdjusted until the galvenometer came to zero
again, The dlal reading wes converted by mesns of 2 calibra-
tion curve into the amount of inorganlic«P present in 50 mli. of
the solution,

Calibration of the instrument. Im sll the colorimetric

phosphorue determinaetions the unknown sclution wes compared
with e standard solution, made up at the ssme time. The ad~
visabllity of this procedure lies 1In the variasblility of the
color intensity development w&hh,tha factors of time and temper-
ature. The standerd solution contained 5 ml. of the dilute
standard KH,PO, solutlon and thus reﬁrﬁuaﬁteé 028 mg. of in-
organic~?, |

A scurve was constructed from data obtalned by comparing
solutions containing increasing smounts of the standard solu-

tion with a 5~-ml., semple of the standard. Tsable 1 shows the
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data upon which the ocalibration curve, fig. 2, wesa con -

structed.
. Pable 1
Calibrstion of the Colorimeter
==¥i. KH. ?@4 o Hge P =3 Colorimeter
in 50O ml. H in 50 ml. . reading
G0 0000 9l.1
0.0 00885 80.7
1.0 0.080 2.4
1.5 0.075 64.7
2.0 | 0.100 58.6
2.5 0.125 51.5
3.0 031560 45.9
4.0 0.200 37.4
4.5 0.225 53 .5
B.5 0.875 26.1
6.0 Q. 300 ' 24.2
8.5 - Ue 385 21.7
?QQ (}‘55 19:1
7.5 0.375 17.2
8.0 Q«400 15.4
8.5 0.425 135.8
2.0 . 0,450 12.7
10.0 0.500 10.1
11l.0 0.B650 8.8
12.0 0. 600 7.4

13.0 0,650 6.1

Anvestigation and atmiﬁ«smiizati_a& of the method. KRecent
pnbl&satiam by several investigstors led to the cecriticism end
slose examination of the method of determining phosphorus with
the photoelectric colorimeter described. Some of i;hesa studies
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pertained to the error caused by turbid solutions; others were
goncernad with the best filter‘aystua for detecting small 4lf=-
ferences in the blue color; and still others dealt meinly with
the ahangn of intensity snd of quality of ecolor with tima.

With regard to the first eritical study, the error caused
by turbid solutions, it was found possible to avoid their
formation in most cases by adequate centrifuging of the sample
after addition of triechlorscetiec acid. 1In auv&r&llinatanaas,
however, turbld solutions were formed upon addition of the
molybdate reagent. In such ecases the procedure was to prepare
a compensating blank exactly a&s the test seluﬁien was prepared,
with the exeeption thet the reducing agent wes omitted. This
turbidity blenk wes then introduced into snother 10-mm. sb-
sorption cell in front of the astandard solution after adjust-
ment of the resistances for the standard. Green and Stumpfl
{26) soclved the problem of turbild sclutions by addition of the
molybdate reagent before remmvai of the protein precipitate.

The investlgation of the filter system was suggested by
the work of MNcCune and Weeeh (36). They found that for the
phosphorus test the amount of absorption in the violet portion
of the spectrum, between 400 and 420 mp, remained econsiderably
more constant than in any other reglon of the speetrum. There-
fore, they recommended the isolation of the region betwsen 400
and 430 mm by the use of Corning fllters Light Shade Aklo, No.
396, 2,0 mm.; Vielet, No. 511, 3.0 mm.; Red Purple Ultrs, HNo.
597, 3.3 mm. |



-

A series of experiments was initiated in sn sattempt to
verify the results of MeCune and Weech. For these studles a
Colenman Universal Spectropbotometer was used, A curve for the
standerd phosphate sclution (0.25 mge P in 50 ml,), with resd~
ings taken between 20 and 20 minutes after mixing, was plotted
over the range of 300 mp to 800 mp. Results of this test
showed maximum transmission at 450 mpM and a minimum at 360 mp,
a8 indicated by the data in table 2.

| Table 2

Transmisslion of the Blue Solution at

y. % trans- 3 ?‘- x transe 1 m pm % trans-
A 3 mission : miasixm s N imission
300 83.3 430 34.3 650 15.1
320 21.8 440 - 39.1 6756 10.5
3256 22.1 450 41.2 700 10.1
330 19.9 460 40.5 710 Oed
340 i7.8 470 58.9 720 9.1
380 Hl.2 475 59.8 730 9.1
378 6.1 490 34.5 750 8,9
380 6.4 500 G2.8 760 B.9
390 9.7 525 28.0 770 9.3
400 80.8 550 24.2 780 D.6
410 24.7 575 - BOLT 790 . 9.9
420 30,0 600 18,0 BOQ 10.3
425 53,9 82 14.7

The curve obtalined from these data is shown in Fig. 3.
Maximum trensmission of 41% appesred at 450 mpu, At 360 mp the
minimum transmission of sbout 4% was reached.

To determine which filter system would gilve the most
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accurate resulls in estimeting the phosphorus gontent of the
bluec solution, s second test was run on two filter combina-
tions te find the reglions of thelir maximumm absorption and
transmiscion. System I consisted of Corning Glass filters No.
246 and 396, a red combination judged Yo be simllar to that
used by Roman (39) and other ilnvestigators. System II was
composed of filters Ho, Bll (3 ﬁmi}, 597 (4 mm,), and 396, the
blue combination speclified by McCune and Weach, Teble 3 con-
tains the datsa obtained in th&a.axperimant*

Table 3

Transmission of Filter Combinations
at Eﬁfferant Wave~Lengths

R ——

mm B transmission s mA t % transmission

X g Blue t Hed 3 .f%_ : Blue  : Red
300 1.7 8.9 580 0.5 7.0
SB0O 6.0 1.5 580 0.6 14.2
360 6.7 . 600 0.% 25.6
370 8.2 610 0.7 30.5
380 g.2 8620 0.7 34 .4
390 9.8 830 C.8 34.8
400 6.9 1.1 640 Q.8 33.0
410 4.8 650 0.7 = 36.8
420 k% 3 660 Q.7 33.9
430 2.1 670 0,7 31.3
440 1.4 680 0.8 27.5
450 1.2 0.8 690 0.8 85,7
50O 0.9 1.2 J00 0.8 22.2
550 0.7 1.4 750 0.8 2.1
560 0.8 1.9 800 1.0 8.7

870 0.4 3.2
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28
&t 3@$f§p, in agresment with the findings of MeCune and Weech.
(The test solution contalned 0,256 mg. P in 50 ml.)

Pable 5
Pransmission of the Blue Solution with Time of Development

: ~% Eransmission

Time 3 B :
{min.) : 380 mpM H 4556 mpm 3 620 mp
2.8 Teb 42,5 S 18.%
5 7.7 41.8 16.2
10 7.7 40.9 15.8
16 7.6 40.5 15.0
20 Ted 39.8 14.8
25 7.7 BT .6 14.2
3Q T3 39.2 1346
35 A N . 38,4 13,0
40 ‘ 7ol 38.0 12.0
45 7«0 37.2 1l.4
50 G 8 B36.5 10.8
55 6.6 35 .6 10.1
60 6.4 34 .9 GuB

The problem of hendling the two factors, net transmiasion
of light by the blue solution and change of transmission with
time, to give the minimum per cent of error for smsll changes
in phosphorus content at first appeared diffigult, As has been
noted, the Instrument avallable for the phosphorus analyses
showed very low sensitivity with the blue filter combinstion.
It has slso been found that the net ftransmission of light in
the reglon of 400-430 mp through t;l?mr blue solution is about
1% in the spectrophotometer. The advantage of using light of
such wave-~length ims principally, then, in the fact that the
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determination is relatively independent of the time wnaamww as
shown in teble 5. |

Various wﬁ«auawﬁ%w@ﬂm have pointed out thet by cholce of
an optimel time for reading the a@%aﬁ.%ﬁw&&&»aﬁ» no srror is
involved through this factor. Because of the relatively large
net «ww%aawmwwaﬂ of light from the red filters through the
‘blue solution, it was decided to use the red eombinstion and
to determine the optimsl time for the readings.

Resulta of %@@@ﬂﬁ@% tests in whiech & Wﬁﬁﬁﬁ‘usaﬁ@a of
phosphorus was run sgsainst the usual stendard in the photo-
electric colorimeter showed that for the interval between 20
and 25 mimmtes after ﬁ&&w&»ﬁﬁ of the reducing sgent the color
exhibited the least change ln transmisslon with time. On the
basis of these results, a 20-minute periocd of color develop-
ment was adopted as #ww standard procedure in making the
phosphate tests.

The procedure given on page 15 waas developed from the re-
sults of the experiments m#wa&WW&a in the investigastion of the
phosphorus determination. It was employed in sll the present

work on waxy malze phosphorylese. Itz accuracy was limited by
the order of sensitivity of the galvanometer, by the dial
ealibration, and by the necessity of reesding phoaphorus con-
centration from the eslibration curve. It was calculated that
the method was scourate for determinations to two significant

figures.



Preliminary experiments

Introduction. The work reported by Hanes (14, 15) sug-

gested the undertaking of a series ﬁf‘pralimiﬁarg tasts
modeled after those which he carried out on pess and pota-
toes. In the present experiments Hanes' findings with regard
to the effect of temperature, hydrogen-ion concentration, con-
centration of reactants, and preparation of tha en#yme‘aarvad
as & gulde for standardizing the progedure to be followed in
the later work. The tests reported in this yyaiimiﬁgry work
wore nade on corn extrsacta treated in varlous ways and under
varied conditions, in sn attempt to estimate the amount of
phosphorylese activity and to asscertsin the fesctors which
affect the sctivity. Fleld corn and waxy malze collected dur-
ing the late summer and fall of 1940 and 1941 were used for
the experiments, |

As has been described, the work of Cori and ﬁanaé indl-
gated that the phosphorylase enzyme ls concerned with a re~
- verslible reaction as follows:
starch + inorgsniec phosphate —=glucose~l~phosphate.
- These axp@rimaata are coneernad with the reversibility of thias
resction, It must be borne in mind, however, that this reac-
tion is =& pert of a complex system and not an 1solated reaction.
For an interpretstion of the results of the sexperiments with
crude axﬁraatg,/a m&éiriaatimn of the anslysis outlined by
Hanes (14) for peea extracts is helpful. R«fa@an&a to the
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:aahama presented eﬁ page 2 of this thesis will be useful to
show the relationship smong the following principal ragctiena
which may take plﬁaa when glﬁﬁéﬂﬁ~l~@hﬁ$pﬁ&%e'is present
originally in the system or when it is formed by the breskdown
of’starch by phosphorylase: |

| (1) Glucose-~l-phosphate is transformed progressively in-
to reducing hnxuatvﬁ*ﬁhmayhahasgi This r&agtianritaalr in-
volves no change in inorganie @haaghata;?but‘lf conditions are
such that it continues without reversal, eventually the
equilibrium of the phosphorylase resction will be affected

and 8 decrease iﬁ inorganic phosphate will resuls, as will be
‘glear from & study of the aﬁmplata scheme.

{(2) Glucose-l-phosphate is transformed into & poly-
saccharide, and immrganie phosphate 1is liﬁarmﬁed* This reac-
tion will be preceded by s short Induetion periecd i1f no poly~
saccharide is present in the originsl digest, es has been
found by Cori and Cori (23, 43) and by Hanes.

(3) The mliysaccharide (formed as a result of resction 2)
1= gregrsaaivalyihyﬁralyzcﬁ by the action of amylsae if pres-
ent, with the formatian,or~aaxtrins of varying éem@&exity.

(As this reactlion proceeds, the decrease in concentration of
palyaaaaharida enuses the reversible phosphorylase resction to
econtinue to ﬁhs left, iibarating inorganic phosphate.)

1 it uaa_farmarly th&ﬂgﬁt that this reaction was 1rreversibla.
However, 3utherland, Colowieck, and Cori (42) heve now shown
that such is not the cese.)
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final level of esonverslon, although methods are availsble for
removing this enzyme.

From the preceding suwrvey of the resctions which may take
plage in crude or payzially purified phosphorylase axﬁza#ba,
it 1s evident that the methods described for %he_ﬁetarminaw
tion of free~ and 7-min.~P are sdaptable to convenlent and
rapid anslyses whxahAéra indlicative of the course whieh the
prineipel reactlon, that between starch and glucose-l-phos-
phate ,is taking. The concentration of free- or inargsnicuP
shows at all times which way the reaction is progressing (as
was pointed out 1in the section on phosphoruz determinstion).

| As has besn observed, by removal of the anzyméa which

aﬁtalysa competing resctions, the reversible phosphorylase

reaction can be isolsted for study. Hanes (15) carrisd out
extonaive axpevimamta on this isolated system with purifled
potato extrascts. His studles included research on the effect
of pH aﬁd of the eoncentrations of the three raaetnnha'
(starch, glueose-le-phosphate, and inorgenic phosphate) and
enzyme with regerd to the reversibility of the resction. His
aha@rvatiana may be summarized as follows:

{1) The final equilibrium state is dependent upon the
pH of the digest. The equilibrium state mey be dirsctly
messured by the ratio free-~P/ free- + ester~P, This ratic in-
ereases with decreasing hydrogen~ion congentration over the
renge of pH 6 to 7. At initlal pH 5.2 the ratio 1= 0.50563
at pH 6,056 1t reaches 0.855; and at 6.9 equilibrium ocours at
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0.76. The hydrogen-lon concentration effect was shown to be
éuﬁ to tha'affeetS'uyan'the exbtents of dissoclation of the
inorganic and esterified phosphate, with the divalent ions
alone determining the equilibrium. The ratioc

(HPOL4)™/ (CgHy0s5,0.P05)" |
remalned practically constant at a value of 2.2 over a pH
range of 5 to 7.t
| {2) The final equilibrium state is independent of the
eencenﬁratiana of the reactants or the enzymes. However, the
initial velocity of the resction 1s greatly increased if a
catalytic amount of starch 1s present at the beglnning; the
stareh (or glycogen or maltose)} abolishes the initial induce=
tion phase of the reaction toward the left. For this purpose

the effective concentration of the starch is not proportional

to the gross concentration.

From this review of Hanes' work on potato phosphorylase
and from a study of similar experiments by Cori on animal
enzyme, 1t was evident that certain phases of the examins-
tion of the phosphorylase system in corn would be unnecessary.
However, ﬁiffaren@aa inherent in the source of the enzyme led
to an 1n¥@atig&§imﬁ of the methods of purification and to a
study of the relative concentration and activity of the corn
phosphorylase. These preliminary experiments, after the

methods of Hanes, were carried out to acqualnt the investigator

Eganﬁa and Maskell (44) recently published a paper which ex-
plained further the effect of hydrogen-ion concentration on
the eguillibrium.
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essentially to determine conditions for obtaining maximum
activity of the enzyme, a8 measured by the behavior of the
enzyme in the phosphorylese reactlon. /

1. BEffect of substrate. In the expsriments with phosphory-
lase, one of two kinds of substretes may be included in the
digestion mixture. Starch {(or glycogen) and inorgenic phos-
phete mey be used, or glucose-l-phosphate may be added. Ths
object of one experiment in thls series wass to determine whatv
course the reactlion would teke if nelther of these sub-
atréta$~#a3 sedded. The experiment then beocame an ®auto-
digestive® resction, dependent upon the balasnce of substrates
which existed in the mriginal extract.

The corn from which the extract was prepared was wﬁxy
maize collected 32 daye after pollination. Following di-
alysis and centrifugation, digests with a pH of about 7.5
were set up at room temperdature. Two l2-ml. digests con-
taining only the enzyme extract, a trace of magnesium chlo=
ride, and secondary sodium phosphate, were prepared. To the
third digest 6 ml., of 2% soluble starch sclution was added,
making 2 total volume of 17 ml. Table 6 shows the results,
interpreted in terms of mg. P in 1 ml, of digest.

| The deta of table 6 indlested that at the end of almost
24 hours all the digeasts showed s definite increase in
1ne§ganie~?, or a trend toward starch synthesis, although
squilibrium haed not been reached. An approximste caleculation
to show thé trend of the reection could be based upon & ratlo
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of free~?/ free- + eéﬁser ag obtained by uasing the highest
value recorded for free~?P in the denominator sas free- + ester-

P, end an estimated equillbrium value for free~P as the

Table &
Effect of Substrate on Phosphorylase Activity

éﬁ?ﬁ.} ; Digest 1  &§ if%?gg?%#ﬁlu aigéﬁﬁﬁigpat 3
0 1.17 1.02  0.63
1 1.26  1.14 | 0.72
2 1.11 1.06 1 0.60
4 0.99  1.08 0.72
5 1.08 1.17 0.60

23 1.38 1.20 0.84

mumerator. This celculation lndicated that the ratio for the
three digests was In the range of 0.7 to 0.9. Furither study
of teble 6 revealed that the sutodigestions {(Digests 1 and 2)
showed fewer changes in reverslibility than did the experiment
{Digest 5) to which soluble sterch had been added. The obser-
vatlions that there were ehéngea in the Iinorgenic phosphorus
concentration in all the ﬁigaata and thst addition of stsrch
caused no noticeable modification in the nature of these
changes were evidence that there was present in the "guto~
digestive" digest some substrate (starch or glucose-l~phos-

phate) to carry slong phosphorylsse sction.
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wider range than for the 18«day cOIrne
Waxy malze about 7 weeks old was ground in a Wiley mill
and extracted as previously deseribed. ‘Digests made up as
for the l1l4- and 1l8-day corn were tested, and table 8 shows
the results for two digestions.

Table 8

Phoaphorylase Activity in Corn Collectsd
7 Weeks After Pollination

H

vt
g
L3 2 3

(1
24
48

These mmwﬂ on 7-~weeks old corn, compared with the data
on l4-day corn, showed few reversals of the reaction but a
definite trend toward the right, forming glucose~l-phosphate,
and & comparatively small change in the fixation of phosa-
phorus from the w&maﬁﬁwwm_&a the end of the experiment. ww&
experiment indicated less activity of the enzyme in the corn
7 weeks after pollination.

S« Effect of dialysis. Dialysis is & common procedure em—

ployed by varicus investigators for purifying phosphorylase

extracts. The observations of Cori et ale. have shown that
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adenylic scid is necessary for the functioning of the animal
rhosphorylase system. In their experiments the mammallian
extracts were dlalyzed as & means of purificetion. By
dlalysis inorganic phosphate, ls removed. Dialysls also
aids in separating the enzyme from inactive mmterial for,
by this method, excess protelin flocculates in the extract
and ecan be filtered or centrifuged off. The removal of this
protein is Ilmportant because 1t adsorbs the enzyme, leaving
the extract relatively inactive. Corl and co-workers found
that the farther the purification procedure was carried, the
less active the enzyme exiracts became. However, when
adenylic ascid was added to these completely in&ctivé extracts,
they again became active. It was, therefore, assumed that
the essential adenylic acid was removed by dialyeis. Other
nuecleotides were studied and found ineffective iﬁjﬁha
capacity of activators, except in the case of adenosinetri-
phosphate Iin freshly prepared extracts. The aativating effect
of this compound, however, was attributed to the presence of
pyrophosphatase, an enzyme which 1z capable of converting
adenosinetriphosrhate to adenylic acide In confirmation of
these findings, Green, Cori, and Cori (24) succeeded in
obtaining muscle phosphorylase ;n erystalline form as an
adenylie acid complex. | |

Hanes (14, 15) and Graan,ané‘ﬁtumgf {(26), on the other
hand, &mpleyﬂﬁ extensive d&glysis fdrﬂpayifieatien of the

plant enzyme and could find no indieation of inactivation
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through the loss of adenylic acid. Cori and Cori (4)

pointed out that there is not yet enough aviﬁanae to settle
the questlion of whether adenylic acld 1s so closely bound to
the plant enzyme protein that 1t is not removed by procedures
which separate 1t from the animal snzyme oy whether the

plant enzyme is active without thls coenzyme.

The possibility thatyﬁiaiysis might remove a factor
important to the functioning of the phoaphorylase aystem of
corn waé tested by several experiments in which the aetivity
of raw, undialyzed egtr&éka was compared with that of dialyzed
extracts. The corn used fér theae e#&ym@ preparations was
collected two weeks after pollination. BEach digest con-
 tained 10 ml. of enzyme extract, 1 ml. of G‘ﬁlﬁ'ﬂagﬁyﬁé,
and 4 ml, of 2% #tarahhfpﬁ about 7.5}« Table 9 éhaws'kha
results of these digestions.

A comparison of the activity of dialyzed (Pigest 8)
with undialyzed enzyme extract (Digest 9¢) indicated that
dialysis had scarcely any effect upon the esterification
reaction. The ratio of free~-pP/ free~ - ester<P (as cale
culated by the approximation method previously described)
was comparatively the same in both digests. It was apparent
that the amount of initial«P in the dialyzed materisl was
lower than that in the undialyzed extract, and that dialyais
could be used as & means of removing inorganie-F from the
enzyme material.

In the two following sections (expﬁrimanta'with yeast



Table ¢
Effect of Dislysis on Phosphorylase Activity

Mg. P per ml. st

 Pime s

T Ma éfﬁig% |
(nrs,) 3 __Digest 8 r Digest 9
o L 0.72 0.84
0.5 0.72
1 : 0.69 0.75
35 0.72 0.66
5 0.69
1 ' 0.69
11 Q.66
23 0.63
24 Q.60
25 0.63
29 | 0460
30 Q.57
47 ‘ 0.63

71 Q.66

and experiments on adsorption by aluminum hydroxide and
clarification by ksolin) are described tests in which both
dialyzed and undialyzed extracts were used. The data were
interpreted, therefore, in terms of their significance in
relation to dilalysie as well as in relation to the effect
of the yeast and of the further treaitments of the extr&eté
upon the asctivity of the phosphorylase.

To test the possibility that dried yeast might contain
some factor, such as nuclectides, which would influence the

activity of the phosphorylase, digests of pH about 7.5 were



jou pey Lygeqoad enyea wnmiIqiTinbe ey3 3wvyu3z sno pejutod

eq PIROYUS 3T *308I3¥ o pezlI®IDuUn OU] UM OS8O oYz Sem
uwsyg yoIels Jo ﬁawwaﬁﬁa% 8yl PJBMO] ©J0W L1ayZyrs Buppuey
SBM UOT08BOa U3 3BUZ DOIBOIDUT auaﬁ&w@ pezLTBID 8yl J0J
enteas IoYBIY SUy *POJOUW 60 PIROD J~I6989 + -84 03 J~08dJ

JOo OI3®BI OUY UT 90USISJJIIP FUBTTE ¥ BIBP oYUl WOIJ

s30vagxy omlzuy PezLTwid 03 368X JO WOT3TOPY JO 3001JH

01 e1aQel

squoumaedxe

STUS J0J BIBD 0yl ®eAld OT #1qsr *3803Tp yUves oF POPpB SBM
epPIJIOTYD mmseudem JO 90BA3 ¥ SS4NUIW O J04IV  *D 93 2w
Yaeq JO9BA B UT 400 POTJIILO $BA UOTIDBOIL QUL *e38931p euy
up peutwjucd exem ejzwudsoyd mmipos Lxepuodes PUB YOIWI
etquros fewdzue suy 03 WOIITOPe WI °*(2T 3se¥ia) pevpE
&ﬁﬁkuﬁm aswel POIJD YLTe 30Bagxe pefnyragusvcun “peziyeIp
woxy pus * (1T ﬂw@wﬁmv M@ﬁh@ﬁ@ pefngIagusoun qug pezirwIp
woaZ * (01 3se81n) sovagxe ewizue PpozArvIpun moxy dn jes

~gBe



oy
been completely reached in these digests.

. The effect of the addition of an inactivated yeast
extract was insignificant, as the range ana the direction of
the reaction were unchanged. In all three types of digests
testaﬁ for & period of 30 hours, the final results showed
a decrease in free~F or a tendency toward the formation of
glucose~l=phosphate.

4. Effect of adsorption by Al(OH)3 and clarification by

| kaoline ZExperiments previocus to this series had besn made

with extracts which had recéived no purification other than
dialysis. Investigations by Hanes (15) and by Cori (20)
hgﬁ;iﬁﬂi&ated varying success in the use of such adsorbents
&8s G, AL(CH)3 end kaolin, Al(OH)z was found to adsorb the
enzyme, wherseas kaolin clarified the extract, leaving the
phosphorylase in 1lt. Consequently, these methods were
examined for effleciency in purifying raw extracts.

Waxy malze collected 11 days aftér"psllination wag
axtracted in the refrigerator with water. The extract
was centrifuged off. Part of 1t recelved no further treat-
ment and was used in Digest 13+ The remainder was alalfzaﬁ
for 24 hours in 15 l1l. of distilled water in the refrigerator.
Of the dialyzed extract, part was given no further treate
ment and was used Iin Digest 14. A&nother portion wax treated
with 0.5 volume of Cyx Al(OH)z in suspension, as directed
by Corl et al. (27)s The centrifuged adsorbate was washed
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twice with water and eluted twlice with 0.5 volume of 0.3 M
NegHPO4e. The elutions were then treated with (NHg)o804 to
Q0«3 saturation and the p@@ﬁipit%%@ centrifuged off and sus-
pended in 0.5% (NHg)pSO4, comprising the extract used in
Digest 15. The other part of the dlalyzate was treated with
kaolin, according to the directions of Hanes (14). Fwenty
grams of kaolin was added for 100 ml. of extract; the mixturé
was atirred for ten minutes, and then flltered by gravity.
The yellowish filtrate became the enzyme extract for

Digeat 16.

Digests were set up for each of the four aiffﬁrently
prepared extracts, Each digest contained enzyme axxraét,
poluble starch, a trace of mmgneslum chloride, and phoaphate
buffer (pH ?;QJ.; The data for the experiment are réparhad
in table 11l. | | ,

From these data it may be observed that there was no
significant difference csused by the dialysis of the axtraat.
Adsorption on AL(CH)z evidently increased the activity by
~concentrating the enzyme to some smsll extent. Removal of
lmpurlties by adsorption on kaolin showed no very definite
effect. )

It 1s interesting to note that the purified extracts
(lﬁlaad 18) caused & declided increase in inorganic phosphate
at the coneclusion of the tests, or a trend toward starch
asynthesis. | ,

Summary. As was pointed out, the object of the
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and undialyzed extracts indicated that the process of
dialysis accomplished little that could not be brought about
by other methods which had less deteriorating effect upon
the enz yme.

4. Yeast contained no factor which favored the
activity of phosphorylase in dislyzed corn extracts.

5« Treatment of dlalyzed exbtracts with aluminum
hydroxide showed a ta&&aﬁay tmﬁard purificatlion or con=-
centration of the phosphorylase, resulting in a product
which favored the reaction of starch synthesis.

Preparation of glucose-l~-phosphate

In tha'grﬁiiminary experiments on the phosphorylase
of maize as deseribed in the praaaéingiﬁggtisn, the sube=
strate employed was soluble starch, and thus the reaction
at the beginning was that of starch + inorganic~FP fermiag
glucose~l=-phosphate. However, as the work progressed, it
became evident that it was necessary to study phosphory-
lase activity in relation to the reverse reaction~~the syn-
thesis of s tareh using glugaaewiwphasyhgta as the subatrate.
For thils purpose 1t was necessary to prepars, i&‘quantitiea
sufficient for enzyme studies, the Cori ester, glucose-l-
phosphate. ; | |

ﬁé@h@é. The procedure of Cori, Colowick, and Cori (18)
was used in the chemical synthesis of the eater, starting
with p=1,2,3,4,6«pentaacetylglucose. The following scheme
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shows the reactlons involved: _
B-penteacetylglucose HBr + Hic ,d-l-bromo-2,3,4,6~tetraacetyl-
glucose A ~
drl-bﬁ@ﬁﬂt@traazatyiglueaaa-é§ﬁ§§§>tri~(ﬁatracatylgluaeaa~l)-
phosphate
tri-(tetraacetylglucose—-1)-phosphate -HOHyglucose~1-phosphoric
acid
glucose~l«phosphoric acid-§§£§§32+ﬁa,gluaose~1pphcsphata
Ba glucose-l~phosphate £2304, Ko glucose-l-phosphate

- Cori used Fischer's method (46) for making the inter-
mediaste del-bromotetrascetylglucose (awatahrnmﬂgluere) from
-tha paﬁtaaaatatai To prepare the acetobrfomoglucose, Filscher
treated 150 g. of the pentascetate with 300 g. of commercial
glacial acetic adid-hydrogen bromlde solution, dissolved the
pénta&aeﬁats'hy vigorous shaking, éna left it at room
éé@p@r&tur& for 2 hours. Then it was diluted with 600 ml.
of CHClg, and the combined @hiar@fﬁnm solutiong washed with
1 liter of water.

The combined solutions were drawn off and dried by
sheking with anhydrous CaClg, After concentration under
diminished pressure, the sclution was itreated gradually
with petroleum ether (Skelly D), from which the aceto=~
bromoglucose separated out in long needles. These were
filtered off by suction and dissolved as guickly as possible
in 75 ml. of amyl alechol by warming on a water bath.

Upon rapild cooling in ice, the colorless n&aﬁl&a crystallized
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and were Separated by suetion; these were washed carefully
with petroleum ether. They were dried over soda-lime in a
vacuum desicecator. ¥Fischer obtained yielés.ef 76% of the
theoretical. He feyorta& that the pure product kept for
months, but impurities caused extensive decomposition in a
few days.

The acetobromoglucose obtained by Fischert's procedure
after erystallization from iso~amyl alcohol usually de=-
composed within a few days when put in a vacuum deslceator
over soda-lime. However, Baker's (47) method of keeplng
the acetobromoglucose indefinitely by recrystalliizing from
anhydrous ether and storing in a vacuum deslccator over
Po0g and solid KOH was found sueccessful.

Gari‘ggdgig made glucose~l-phosphate from scetobromo-
glucose In the following way: :

A mixture of 3.5 g. of freshly prepared silver
phosphate with & solution of 10 ge. of dry acetobromoglucose
in 30 ml. of sodlium~dried benzene was refluxed for one hour
with a calelum chloride~tubs attached to the condenser.

The sdllver salts were centrifuged off and washed once with
dry benzene. The combined benzene solutions were then con-
centrated under diminished pressure at about 50° to a thick
syrupe. Upon further evacuatlon there was formed a foamy
mass which usuvally crystallized when left under a high
vacuum ayérnight.

A five per cent sclution of this intermedlate substance,
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tri-(tatraaaatylgluaa$e~l)-phaaéhﬂricvacié* in methanol
was made to 0.2 N by the addition of 5 N HCl. The solution
was éll@W&é to hydrolyze at 25%. |

The hydrolysis of the intermediate compound is the
eritical part of the procedure. Cori, Colowick, and Cori
(18) suggested that during the hydrolysis the optimal rota-
tion of the solution a&aal& decrease to about 4/10 its
original value. In several preparstions in this laboratory
the optical rotation was usad as a criterion for completion
of the reaction. Colowick, in a personal communication to
the writer (48), stated that the hydrolysis should be con-
trolled rather by phosphate analyses, In his laboratory it
was found thet inorganic phosphate did not appear until
hydrolysis had proceeded for 5 to 10 hours at 259, after
which time 1narganie‘@h@sphata was formed at the rate of 4
to 6 per cent of the total phosphorus per hour. Colowilck
reported that the reaction should be stopped when the in=-
organic phosphate level had reached 15 to 20 per cent of
the total phosphate. .This method af phosphate analysis
was found to be much more satlisfactory than optical rotation
for determining the course of the reaction and was used in
later yrep&ratiena of the synthetlic compound in this
laboratory., The time required for the process varied from
13 to 24 hours.

'&i the eaneiuaien of the hydrolysis a h@%_satﬁr&te&
solution of Ba(OH)p was added to the hy&ralysgta until the
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reaction was distinetly alkaline ﬁe.phanal§hkhalain. It
was found in this laboratory that frequent additions were
neceasary in order to keep the solutien alkaline. Gelémiek
{48) suggested that the alkallinity be tested and Ba(CH)p
added for a period of about one hour. At the end of this
time the aelétien was cooled in tha~rafr1geratér for several
hours. The precipitate was centrifuged off, drained, and
extracted with water two or three times. Because of the
small yields thgﬁaxtraatian process is very important.
Repeated extrsction over extended perliods was found to in-
crease the yields.

The alcohollie mother ligquor and the insoluble residue
were discarded. Then the combined aqueous extracts were
precipitated with 1 to 1.5 volumes of ethanol and the process
repeated until 8 preciplitate almost completely soluble in
water was obtained. This product was dried in & vacuum
desiccator. Cori (16) repartﬁﬁ,th@ formula as CgHy305,0,
POz, Ba, 3H0; [MES = + 750, |

For use in phosphorylase testis 1t was necessary to
convert the barium salt to & potassium, sodium, or ammonium
salt. For this purpose Cori and Colowick (48) found it most
convenient to use Kiessling's (49) method. The barium salt
was dissolved in a small amount of water and treated with
the calculated amount of 10% KpSO4. The barium sulfate was
then centrifuged off. The remaining sclution was heated |
and subseguently treated with about one and one~half wolumes
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of hot ethanol. Preeipitation of the dipotassium salt

as crystals took place when the solution was left overnight
in the refrigerator. Small crystals could be obtailned at
once by rubbing the sldes of the flask., However, the larger
crystals requlired slow pracipiﬁaticn<er seedling. Addition

" of excess alaéh@i resulted in the formation of the very fine
crystals. ,

Kiessling (49) reported that several recrystallizations
gave a very pure product eontalining two molacules of water
of crystallization. It was found that this method of con=-
verting to the potassium salt was an effective means of
purifying the barium salt, when recrystallization as the
b&riuﬁ(salt was unsgatisfactory.

The structure of the ester was assumed by Cori (16) to
be that of d=glucopyranose-l~phosphoric acids. Wolfrom and
co-workers (50,51) proved this structure by a study of the
chemical behavior of the dipotassium salte.

Experimental part. Because of the importance of the
preparation of glucose-l-phosphate for subsequent experi-
mental work on phosphorylase, ﬁhﬁ'pr@cadura was studied in
detaill. A typleal preparation will be described.

For this work the B-pentascetylglucose was obtained
from three ﬁ&ffarent sources.e Some was the proéuet of
student synthﬁsga in organiec ehamiaﬁry. A large quantity
(600 g«) was bought fram Bastman Kodak, and £ kilograms were
~ purchased from the Corn Products Refining Company.
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Heo difficulty was encountered in making the aceto~
bromoglucose by the asgibn of hydrobromic acid (30-32% in
aeeiie acld) on the pentesacetate. For ithe p#ﬁyaratign of
the Intermediate product, 30 ge acebobromoglucose was dis-
solved in 90 ml. sodium-dried benzene. After refluxing and
removal of the silver salts by centrifugation, the solution
of the Intermediste product in benzene was concentrated as
much a8 possible by evacuation with & water«pimpe Evacuatlion
was continued with a Hyvac pump until the product when left
in a vacuum desiccator remained completely frisble (though
not ecrystalline).l

Thirty and fanrwt@nthﬁ‘gramﬁ of the intermediate product
(obtained from several preparations of the intermediate
product) was hydrolyzed at 25.5° C. in 760 ml. of methanol
by the addition of 32.1 ml., of 5 N HCls In sccordance with
Colowick's suggestion, the progress of hydrolysis was
followed by tests for inorganic-P, using ﬁﬂmla”ﬁ11QHOts.ﬁf
the hydrolysis solutlone. Table 12 shows the progress of
the hydrolysise. |

The hydrolysis was halted at the end of 16 hours. It
was calculated that in 30.4 ge {(mols whe 1088) of the inter-
mediate product, there should be 0.866 ge total P in the

Iin a private commmication Colowlek (48) stated that
their product was friable, although he thought that the
compound might be used in the subseqguent step as & thick
syrup 1f 1t was not obtalnable in the othexr form. In this
laboratory satisfactory results have been obtained by using
the ayrup form of the Intermediate product,
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Table 12
Hydrolysia of the Intermediate Product

Soan
e

Time (hrse) Mge P from Z2eml. sample
0.5 | 0.070
12.5 0320

800 ml. of the mixture. According to Colowick, the
hydrolysis should be run until 15~20% of the %eﬁal P, or
0.150-0.173 g., hag been spllt off. Therefore, a 2-ml.
sample should show 0.3 to O«4 mg. of inarganié»?.

Hot saturated barium hyéraﬁid&l solution was added %o
the mixture until a distinetly alkaline test was given with
phenolphthalein. The alkelinity was checked during the
period of one hour, and frequent additions of barium
hydroxide wers made to maintain the proper pH.

After standing several hours In the refrigerator, the
preciplitate was removed by centrifugation. It was extracted
with water twice over a period of 2 to 3 days. The 700 ml.
of agqueous extract ﬁaﬁ then reprecipitated with 1050 ml. of
95% ethanol and sllowed to stand in the refrigerator for

lBecause of the high solubility of the barium salt in
water, it was desirable to keep the solution as concentrated
as possible. For this reason the barium hydroxide preclipile
tating solution was saturated at a high temperature.
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several hoursa. ‘ﬁantrifugatien, extractlon, and reprecipi-
tatlion yielded & soluble salt weighling 1l.89 g« and giving
a light yellow g¢lear aqueous solution.

~ The specific rotation for a 0.1 M solution of this
barium s@lt was found to be +64.,0° Because the reading was
quite low, 1t was declded to attempt purification through
transformetlion to the potassium salt, by Kleassling's method,
One and eight-tenths grams of the barium salt was dis-
solved in 50 ml. of HpO and treated with 10 ml. of 10% KpS64.
The barium sulfate was centrifuged off. To the heated
centrifugate ﬁas added about 120 ml. of hot aba@iute‘ethanolc
Crystallization, which began immediately, was allowed to
proceed overnight in the refrigerator. The crystals were
then filtered off. The potassium salt was recrystalllized
once more from ethanol, and a mie»awﬁétermination of the
optical rotation was made. The specific rotation was fbunﬁ
to be +78.8° The value reported by Hanes (15) for the
natural product was +78 - 79°.

Green and Stumpf (26) found that for making large
quantities of glucose-l-phosphate the method of Hanes (15)
waa,sugeassfulul In this laboratory the procedure was
followed repeatedly. The yields, however, were uncertalin
and relatively low; the product obtained was very impure..
The difficulty lay in the isolation of the ester rather than
in the enzymie process of 1ts formation, as free-P and

ester~P determinations indicated that considerable
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phosphorylation took place.
Because of the difficulties encountered in the isolation
of the pure product, the enzymic method was abandoned and

the chemical synthetie procedure used excluslvely.

Determination of phosphorylase units

In the literature two different methods have been re=-

. ported for determining the activity of the enzyme. The
fallgaiﬂg is a summary of the pve&aéﬁrs employed by Cori and
Cori (23)

Nauté&limaﬁ glutathione was added to the enzyme 30
mimites before the activity was measured. The reamection
mixture contained 0,016 M glucose-l-phosphate, 0.001 M
sdenylic acld, 0.5% glycogen, 0.02 M glutathione, and 0,05
M glyceropheaphate ﬁuff&r'at PH 6.85+ The tamperatarﬁlﬁas
kept at 256 Ce After 5 to 10 minutes ¢£ 1naubat10n,'the
inorganic-P was determined In an aliquot part. Another
aliquot was hydrolyzed for 5 minutes in N Ho804 at 100° C.;
the inorganic-P found after hydrolysis corresponded to the
glucose=l=phosphate added. The inorganic~P formed was
expressed in per cent of the gluccse=l-phosphate added.

The activity unlts were eéieulated by the eguatlion:

K a,%~laggm§f§“, shere C 1s the amount of inorganie-P present
when the reaction reaches equillibrium and x the amount of
inorganic-P present at timswg, both expressed in per cent of

the glucose-l=phosphate present at time tg. {Thévvaluas were
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maltiplied by 1000.)

The method employed by Green and Stumpf (26) for ex~—
pressing phosphorylase units was gulte different from that
of Cori. These lnvestigators defined 1 unit of phosphory-
lase activity as "the amount of enzyme which catalyzes the
liberation of O.1 mge of inorganiec phosphate frﬁm glucose=1-
phosphate in 3 minutes at 38° and pH 6.0." For the test
mixture they used 5 to 10 units of enzyme (contained in 1.8
ml.), 0.5 ml. of 0.5 M cltrate bufferl of pH 6.0, 0.2 ml.
of 5% soluble starch, and 1 ml. of O.1 M gluecose-l-phosphate,
making the finael volume 3.5 ml. The glueoéeflngheaphata was
edded after temperature equilibPfation. The reaction was
stopped aﬁ a convenient time (86 to 10 minutes) by addition
of 5 ml. of 5% trichloracetic acld and 2 ml. of 2.5%
ammonium melybdate in 5 N HpSO04. The mixture was diluted to
25 ml. with water and an alligquot of the filtrate analyzed
by the method of Fiske and Subbarow.

The method of Green and Stumpf was developed for use
with sxtraatawﬁcntaining potateo phosphorylase and has been
found to be adaptable to the study of other plant phosphory-
lases. ln the present work on the phosphorylase of waxy
maize? the activity 1s reported in terms of the unit defined
by Gieen and Stumpf.

lthe citrate buffer mixture employed for the present work
was prepared according to the directions given by Kolthoff
and Rosenblum (40}. Monopotassium citrate was recrystallized
from water. A Q.1 ¥ solution of the citrate and a 0.05 M
solution of borax were used in the proportions of 25 ml. to
44,1 ml. to obtain the required pH.
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Measurement of Activity in the Qévelapmﬁat

of VWaxy Maize

It was thought that a study of the change in phosphory-
lase activity with the growth of the mmize kernel might
indicate the importsnce and the nsture of the role played by
this enzyme in the development and maturing of waxy malze.
Also, 1t was ﬁﬂnaaﬁary to have a source of phosphorylase
for further study of the enzyme as to methods of concentra-
tion and reactivity. For this purpose, then, the maisze
should be collected at the time in 1ts development when
phosphorylase seemed most sctive or most abundant. The
procedure adopted for a study of tha\ﬁhﬂspharylaae aetivity
'atféérferant stages of growth of the w&xy malze was as follows:

The waxy malze was prepared for extraction by one of two
methoda. In the case of the very young corn, grinding in a
mortar with a small amount of water and sea sand was de-
clded upon as an erfaativa method of rupturing the cells
for extraction of the enzyme. FYor the older, harder corn
grinding in a Wiley mill was used. In both cases the corn
wag then extracted for 18 hours with dlstilled water in the
refrigerator. The weight of water added was equal to the
weight of wet corn extracted. 4 small amount of powdered
thymol was added to each extract éa pravént the action of
microdrganisms. |

At the end of the extraction period the extract was



B Qe
removed from the corn residue by centrifugation in the case
of the milled corn. However, for the early corn which had
been ground in the mortar, i1t was found practicable to
separste the residue by straining through cheesecloth.first.
| The separation of the énﬁyma f?&&-the~watar extract was
aac@mpliéhad by a method similar to that regartad by Green
and Stumpf (26). To remove insctive material (protein and
starch) the enzyme exbtract was heated rapidly to 50° ¢. and
kept at that temperature for 5 minutes, after which solid
ammonium sulféha (20 ge per 100 ml. of axtiaat} was added
while the solution was still warm, %‘he precipitate was
‘eentrifugﬁ& off and discarded. From the centrifugate,
another fra&ﬁianal precipitation with ammonium sulfate
(16 sdaditional g. per 100 ml. of extract) yielded active
enzyme. This preclipitate was dissolved in 0.1 M eitrate
buffer of pH 6, and the solution made up to 25 ml, ZThe
enzyme precipltate d&i not dissclve to form 8 clear solu-
tion, but gave a cloudy suspension which did not settle out
on standing.

This citrate buffer suspension of the enzyme was used
for determination of activity units &egarding to the method
outlined on p. 57. Resulits of this study were caleula#aﬂ
on the basis of the number of phosphorylase units per gram
of corn as collected, and also as the number of phosphorylase
units per gream of total solilid.

For the purpcse of these caleulations it was necessary
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to know the moisture content of the corn. The Bidwell-
Sterling method (52), by éiatiliatian of the water with
toluene into especially calibrated plpets, was used in the
moisture determinations. | |

From the reading for inorganic phosphorus obtained from
the colorimeter and interpreted from the phosphorus curve
for the Instrument, 1t was fsugﬁ,how many milligrams of
inorganic-P were present in 2eml. of the 25-ml, digest.

This digest (made up as described on p.S57 contained 1.8 mle.

of enzyme suspension. Therefore, the set-up for calculating

the amount ef’in@ngania phoaphate formed by all the enzyme

suspension was as follows:

mge P from curve xl§§ x?%%g x,g%,: mge btotal inorganic
phosphate released by enzyme.

This amount was multiplied by ten to find the number of
units present. When the total number of units was divided
by the weight of corn used to make the extract, the number
of units per ge. of corn as collected was obtalned; when
the total number of units was divided by the weight of dry
corn furnishing the enzyme, th@vnnmharfef units per go
of total solid was determined.

Diring the growlng season, August and September, in
1941 and again in 1942, corn was ecollected from the field
at intervals of a few days, and the extracts werse prepared
arxxi tested for phosphorylase as described. Table 13 and

fig. 4 show the data on a series of experiments made in
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the fall of 1942 on waxy maize No., 939, pollinated August 1
anﬁytestaa at intervals unﬁii maturity.

Table 13,

Phosphorylase Activity in Corn at Different
Stages of Growth

Date of : Days after : Molsture f Units/Z. & Units/g.

collection : pollination 3 content : as ¢ dry
3 2 % 3 collected : welght
Aug. 17 | 16 83.2 0.85 5.09
Aug. 24 23 685 0.37 l.16
Aug. 31 30 ~ Bled 0.45 0.95
Sept. 10 40 429 039 0.70
Sept. 21 51 350 0.48 0.74
mature | ) 6.1 0.26 C.28

The corn collected 16 days after pollination consisted
of kernels just 1n the process of formetion, and the julce
'”2$eamed like mere drops of water. Since the molsture content
of this corn was 83%, the total solid was low; and whether
the sctivity were calculated on the basis of units of
phosphorylase per gram as collected, or units per gram of
dry corn, the enzyme activity was high in this early corn.

During the period of gfeatest growth af*thé corn kernel,
the per cent of molsture decreased and the amount of starch
(and therefore, total soliid) inereased. The data on
phasgharylaaa~aaﬁivity showed that a falrly constant amount
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of enzyme could be precipitated from thdse axxraetsy as
indicated by the units per gram of corn aé collected. On
the basis of dry weight, a more apparent decrease in phos-
phorylase was auggeatﬁd, although the increase in total
solids was a contributing factor in the calculation.

It is interesting to suggest that the function of
phasphcrylasa as a catalyst in the synthesls of starch accounted
for its pronounced activity in the early corn (16 days after
pollination) and for the presence of the enzyme throughout
the weeks of starch formation until maturity. |

If these experiments are examined from the standpoint
of deciding ﬁpan a source of active enzyme for concentration
studles, 1t might seem that the sarly corn would best serve
the purpose. However, in view of the fact that the kernels
are so small and @f such high molsture content, it would be
necessary to have avallable a very large supply of corn to
obtain enzyme from this source. It seemed desirable,
therefore, to prepare enzyme extracts for further study
from the corn in the later stages of growth (from 3 to 4 weeks
after pollination).

Concentration of the Enzyme

Introduction

- A systematle approach to the purificstion and concen-

tration of the waxy maize enzyme seemed to be through the
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invﬁatigatiaa of the common methods employed for such
purposea. In a general way, these technigues include pre-~
eipitation, adsorption, and dialysis. ZEach of these
procedures has been used by workers in the field of phos-
phorylase.

Investigators have tried with varying éégraaa of
success to concentrate the enzyme ﬁhﬁ&phmryiﬁs#vfram both
plant and snimal sources. Finally, in 1942 Green, Cori, and
Cori (24) succeeded in preparing crystalline muscle phos-
phorylase. For this preparation a rebblt skeletal muscle
extract was dialyzed, the globulins were filtered off
after adjustment to pH 6, and the phosphorylase was pre~
cipitated by making to 1l.68 M with ammonium sulfate at
pH 7. COCrystals separated after this preciplitate were
dissolved in glycerophosphatew-cysteine buffer (pH 7) and the
solution dialyzed at @3./ These erystals, in the shape of
rodlets, proved to be an adenylic acid complex of phos-
phmryiase.

For all their previous work Cori and co-workers used
dialyzed extracts, although slightly different procedures,
varying g?inaipallﬁ in the léngth.af*timﬁ of dislysis (12),
were ampiey@é for the various kinds of animal tissues. In
most casea, after dialysis, the extracts were filtered or
centrifuged to remove insoluble protein and were stored
under toluene in the refrigerator. It was found that, in

general, such extracts did not form the l-ester unleszs a
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nucleotide was added (19)s. Thus it’was evident that in
animal extracts extensive dialysis removed the nucleotide
necessary for phosphorylase actloh. .

The method of dlalysis was used to tske out organic and
inorganic phosphates, as well as for separation from other
interfering enzymes in animal extracts. However, a loss of
activity was always noted during the process, even when the
operation took place at 5° (. Eleetradiﬁlyaia was also
émployed successfully for removal of phosphates by Cori and
co=-workers (53, 22).

Cori (27) obtained a partial separation of liver phos-
phoryias$>fr0m other enzymes by aﬁaérbing it on 0.5 volume
of Gy aluminum hydroxide, eluting with 0.3 M NagHPOgz, and
precipitating by making the elutions to 0.3 saturation with
ammonium sulfate. The precipitate was ﬁentrifuged off and
dissolved in 0.5% KC1 or EpS04. The enzyme solution thus
prepared was free @fvphcaphqglugcmuﬁasa.

In one paper ﬁafi, Schmidt, and Cori (20) emphasized
.th@ usefulness of adsar?tian'with aluminum hydroxide and
slution with secondary sodium phosphate as & meansa of
obtaining an enzyme solution rich in phosphorylase and
fal&tivély free from the conversion enzyme. They found that
a second adsorption and elution resulted in almost complete
separation of the two enzymes. This adsorption, however,
should follow dialysis for removal of inopganiec phosphate.

An apparent difference between the behavior of animal tisaue
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preparations of the enzyme and the yeast enzyme was polnted
out in this paper. Kiessling (54) reported that prolonged
dlalysis of the yeast phosphorylase extract against 0.3
saturated ammonium sulfate solution dild not affect the
activity of the enzyme. Whether the mucleotide is not re-
me?ad~by the process or whether the ﬁﬂ&lﬁﬁtiﬁ&viﬁ unnecessary
for the action of the yeast enzyme has not been declded.

ﬁanaﬁ {14) in his experiments with pea seeds tried
‘varigua methods of extraction. 4 1% solution of NapHPO4,
and sodlium carbonate at pH 7.5 were uséﬁ but showed no
advaentage over simple extractlion with water at the anslural
acidity of the tissue (about pH 6.2).

Dialysls was used by Hanes as a method of purificatione.
The extract was dimlyzed at 2° C. for 8 hours against 30 1.
of ranning water and for 16 @Qurs against running distilled
water (saturated with thymol)s. A precipitate which formed
during dialysis was centrifuged off. It was found, too,
that protein was precipitated progressively on storage.
Because the active enzyme was adsorbed on this protein pre;
clpitate, it was desirable to prevent the protein deposition.
By treating dimlyzed extracts with kaolin (15-25 g. of kaolin
per 100 ml. of extract, followed by gravity filtration),
clear yellowish filtrates were obtained, with almost the
Qﬁtira-phaaphsrylaaa activity, and no sedimentation was
formed during 3teraga.;

Green and Stumpf {26) used successive fractionations
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with ammanimm,ﬁulﬁate as a method of purification and con=-
centration of potato phosphorylase. The success of their
method could be measured by the fazct that in their final
preparation one unit was equivalent to 0.324 mg. of dry
welght of potato, whereas in the original extract, one unit
was obtained from 120 mge. of dry weight. The degree of con=-
centration was, therefore, over 370-«fold. These investi-
gatom tried other metheds of purification without success,
Alumina adsorption was not effective, as only about 35 to

40 per cent of the total enzyme adsorbed could be recovered /

with varlous eluting agents. They found that dialysis for |
12 hours agalnst running tap water led to small losses, and
that the enzyme wes ilnactivated after pralonged‘éiaiysis
against dlstilled water, though not after prolonged dialysis
against 0.2 M KCl. Complete inactivation of the shzym& was
effected by precipitation in the cold with alecohol.

Experimental

The methods here reported for waxy maiza'arﬁ besed on
those of Green and Stumpf (26) and of Hanes,(14,15) both
of whom worked on potate phosphorylase and used ammonium
sulfate a8 the precipitating sgent. Certain modifications
ﬁf thasa methods are described in the procedures.

In the potato the relationship of protein to carbo-
hydrate is about 1:8 (1.8% to 13.8%), according to Whalley
{55)e Aiﬂ corn the ratio is aypreximaﬁely the same, 10%
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protein to 80% starch and other carbohydrates (56). Because

of this similarity, the findings of CGreen and Stumpf were
used as a basis for the preliminary experimental work
carried out with the waxy malze enzyme.

To determine the smmonium sulfate concentration which
would give the most acﬁiva precipltate, Green and Stumpf
carried out a careful fractlionation of potato phoasphorylass.
The ra#uit& of thelr investigations indicated that the
precipitate obtained bﬁ addition of ammonium sulfate to
O.26 saturatién was relatively inactive and gould be dis-
carded. Their fractionation of snzymgkw&s made on the |
precipitate which was formed between a;zshaﬁa 0«45 smmonium
sulfate satuéati@s. These concentrations were used in the
first work with waxy meize phosphorylase.

The precipitates were tested for activity by the pro-
cedure described in an earlier section of this thesis.?

Two fractions representing O = 0.23 saturation and 0.23 -
Q.52 saturétian were taken for preliminary tests. Of the
0s23 « 0,52 fraction dlssolved in citrate bufrar the
following precipltates were taken: 0.23 = 0.28, 0.28 -~ 0,34,
034 =~ 0,41, and 0.4l - 0,52 saturation. From data on the

activity units contained in each fraction, it was evident

"1in these studies it was found necessary to run
"blank” determinations on the extracts used for activity
tests becamuse of the considerable amount of free phos-
phorus present in these extracts. Data obtained for the
blanks showed that the amount of free phosphorus present
decreased with each ammonium sulfete precipitation
carried out, Blanks were also run on the glucose-l=-phos—
phate and soluble starch as used In the digests for the
activity determinations.
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that the precipltates obtained with the lower concentrations
of ammonium sulfate were the most active. However, 1t was
also observed that in the higher concentrations of ammonium
sulfate the enzyme lost some of 1ts activity, probably from
yra}engad contact with ammonium sulphate during @Qntrifgging
and other operations., Therefore, a slightly different pro-
cedure was adopted for further work in concentration.

The method cf’aﬁngentrat;an followed in thils u@ék ecan
be explained by a description of a typleal experiment on
the concentration of phosphorylase from waxy msize with
data on activity and per cent recovery.

An extract was made by treating 1260 g+ of ground waxy
maize (collected about one month after pollination) for 24 |
hours with 2520 ge. of water in the refrigerator. The
extract was strained through ah&ea#alath, centrifuged in
the Sharples Supercentrifuge twiea; and stored in the re-
frigarator. A@tivity tests were made on different fractions
of the precipitate obtalned from this extract by aﬁdiﬁion of
sammonium sulfate. A test on the original extract indicated
the presence of l4.1 phosphorylase units.per 100 ml. of
extract,

The following fiow-sheet shows the steps in this

fractionation procedures
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fractions tested is #h@mn in table 14,

Table 14
Concentration of Enzyme by (NH4)pS80, Frecipitation

: arigingz extract  : ageivity'af
o — 3 original axtr&et

(Rﬂé}gﬁﬁé sat'n

0 (original) 14.1 100
I0 - 0.39 11.0 78.0
II O = Q.28 , 10.6 (ealed.)
IIT 0.28 = 0439 9.5 67.4
IV 0.28 = 0,34 | 745 53.2
Q.34 = 0.39 14.2 (caled.)

From these data 1t is apparent that fraction II (0 -
0.28) was comparatively inactive and could be discarded,
whereas thq moat concentrated fraction was IV {0.28 « 0.34).
Therefore, above 0.34 and below 0.28 saturation very little
activity was obtained. Fraetion IV gave the most concentrated
suspension, which contained 45 units in 10 ml., or three
times the concentratlion of the original extract.

The emmonium sulfate concentration which proved most
effective for recovery of the enzyme was somewhat lower than
that which gave the most active precipitate of potato phos-
phorylases The fractionation waaknﬂt carried beyond the

concentration described because of the loss of activity
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observed in the extracts as a result of the time~consuming
procedure and because of the relatively low concentration
of the enzyme in the original extraets of waxy maize., These
preparations could be used satiasfactorily for further

studies on the properties of phosphorylase concentrates.

Potentiometric Iodine Titration

Review of literature

Ratural starch is now known to consist of two fractlons,
amylose and amylopection (57). Amylose is the straight-
chain fraction made up of glucose residues connected by
1,4-Q=glucosidic 1inkagss¢ Amylopectin has a branched chain
- structure contalning both 1,4~ and 1,6-linkages. With
iodine, amylose gives a deep blue coloration, whereas
amylopectin 1s blue-violet to reddish. Different varieties
of starches from plant sources eont#in characteristic:
amounts of each of these two fractions (57). Therefore,
in attempting to characterize the synthetic polysaccharides
prepared by phosphorylase actlion, investigators naturally
turned to a method of determining the aﬁﬂant of each
fraction which was present in the asynthetic product.

Preliminsry abssr?atiaﬁa regarding the differences
between natural stareh and the gaiysaaehﬁriﬁas synthesized
by potato phosphorylase in vitro were made by Hanes (15,28).
He found the followling points of contrast between the two
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productss (1) the synthetie polysaccharide was only sparingly
soluble in hot water and retrograded rapidly from solution;
(2) the synthetic product gave a more brilliant blue color
with iodine; (3) the two compounds differed in their action
tawarduﬂ-amylasa. The last, most charagteristie property
of the synthetie polysaccharide, 1ts abllity to be completely
converted to maltose by the éc@ian of A-amylase, distinguishes
it definitely from natural starch, which is only 60 per cent
degraded by this enzyme. Upon this distinetive behavior
Hanes based his assumption that ﬁhﬁ synthetic product re-
sembled most closely amyicamylose, & less pure form of
amylose. o

Haworth, Heath, and Peat {58) used a&s a basis for their
experiments the synthetie starch prepared by Hanes through
the action of potato phosphorylase. Only the insocluble part
of the polysaccharide deposited during the enzyme action
was sbudied; this fraction amounted to 85 per cent of the
total synthetic product. From cbservations upon the be-
havior toward O-amylase, these investigators concluded, as
did Hanes, that the yelys&gahariﬁé resembled most the
amyloamylose fraction of natural starch. They proposed,
therefore, that this synthetic starch was composed only of
glucose residues which were maﬁually united by 1l,4~A-
glucosidic linkages. From methylation studies they esti-
mated that th&.avéragg 1angth‘ar:thﬁ unit chalin was a

minimum of 80 to 90 glucose units,.
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it 1s interesting to note in this comnectlion that Hasaid

and McCready (59) eafried out siﬁilarfaxyarimﬁnts on the

methylation of starch aynth&siﬁad by potato phosphorylase,.

They conecluded, however, that there were no end-groups in

the product and that either the chains formed continuous

loops or the glucose units in the chains were too numerous

to allow the isolation ﬂf‘tetramaghylgluaaae under the econ=-

ditions amgla&sd. anarth, Heath, and Feaf {66) pointed out

that the sample used by Hasasld and McCready was too small

for end-group assay.

More recently Wolfrom, Smith, and Brown (60) applied
the mercaptalation molecular size assay of Wolfrom et al.
(61) to the synthetic starch Fr@y&@&ﬁ‘by the action of
potato phosphorylase. This mercaptalation éaaay.has the
advantege: of giving results which are independent of
branching, whereas the methylation assay measures only the
length of strsaight-chain molecules or of the straight-chain
portions of Dbranched molecules. The results of the experi-
ments indlicated a value of 32 + 1 glucose units as the
initial average dagkée of polymerization of the synthetic
potato starch. | |

The queation easily srises as to whieh fyaation.af
natural atar@h is more readlly attacked by phosphorylase
in the synthesis of glucose=-l-phosphate. In 1938 Euler,
Bauer, and Lundberg (62) reported the results of their
investigations as an sanswer to this gué&tien‘ They found
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that the amylopectin fraetion wes phosphorylated to a much
higher degree than was the amylose fraction. Dialyzed
muscle extract was used for thils worke 1t may be polinted
out, however, that the several methods of isolating the two
‘stargh fractions (used as substrates in these experiments)
have not yet been standardized so that they all yleld
identical productsz.

Knrt Meyer (7) has recently suggested the exlstence of
two phosphorylases, one of which will attack the l,4~bonds
of a p@lyaéaaharida and the other which is specific for
1,6«bonds. Amylopectin and glycogen contain both d=l,4-
and d=1,6-bonds. Through the use of p-amylase, which attacks
only l,4~bonds, 1t can be detsrmined whether or not the
enzyme in gquestion contains both btypes af’phﬁ&@@ggyiase'

If g=amylase 18 allowed to act upon anmylopectin erkglyeagan,
a8 residual daxﬁﬁin ig formed by the rémaval of all exterior
straight=-chain, or 1,4~linksge, portions up t¢ the branch=-
points. The phosphorylase 1s then sllowed to act on the
residual dextrin and will break off the terminal groups of
the branch-points if l,8~phosphorylase is present. The
branches will thus be exposed to further attack by p=amyk se.
If, hﬂwavar, the.ﬁéxﬁrig after the phosphorylase action
8till resists Pg-amylase, it can be concluded that the
branch-points {(d~=1,6~bonds) remain and that a 1,6«phos=
phorylase was not present.

By this method Meyer and Bernfeld (63) reached the
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conclusion that pstata phosphorylase is a l,4«phosphorylase.
Yeast phosphorylsse, however, has been shown to be & mixture
of 1;4~aand 1,6~phosphorylase (7). The muscle enzyme un-
éeﬂbtediy contrins both types of phosphorylase, alﬁhaugh a
purified preparstion cbtalned by Cori was of the l,4-type
only« Xiessling's preparation showed both types of actiodn.
Meyer pointed out that the stability of the residual dextrin
toward 1,4-phosphorylase proves that the enzyme attacks the |
non=aldehydlec end of the chain. In thia’raspaaﬁ it is similax
to f-amylase. |

It has been noted that in all the experiments described
vanly'dslinkagsa have been 1n#®1vaﬁ. Investigations by
Wolfrom, Smith, and Brown (60) have proved that polysaccharides
cannot be synthaaiaa&,byvpatata phosphorylase from P-d-
glueoyyrancae~lapho&phat@, thereby suggesting that S=linksages
are not subject to the attack of phosphorylases.

Framvthaaa observations several interpretations and
esnalﬁsionavmay be derived. It would seem loglcal to assume
that a 1,4~yhasphoryiaaa wauldvaisa»synthesiza 1,4~bondse.
With this theory, the findings of Hanes (15,28) and of
Haworth, Heath, and Peat (58) regarding the polysaccharide
synthesized by the l,4~potato phosphorylase are conslistent,
for the starch synthesized resembled amylose. However, it
wa8 pointed out by Bates, French, and Rundle (84) that
natural potato starch contains both the amylose and
amylapaetin'fractiénag In spite of the difference of
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external conditions in yivo and in vitro, it is scarcely
probable that the l,4~enzyme waald.synthﬁsiaﬁ,l*6~benﬁa in
vivo., The obvious conclusion is, then, that the 1,6-phos-
phorylese is lost during the process of extraction.

Further analysis of the difference between the behavlior
of the enzyme system 1n vivo and in vitro was offered by
Bates et &l. (64). According to their studies, as well as
those of Hassld and McCready (59), agnthatim.gﬁareh appeared
to be essentlially straight-chain, 4All starches produced
in vive have been found to contain mach less amylose than
amylopectin (64). The possibllity that external condlitlons
céasa the &iffﬁraﬂaa in the degree of branching of starch
produced in vitro and in vivo egn be eliminated for two
reasons: (1) External conditions in waxy malize and in
ordinary mailze cannot be greatly different, although starch
free of the straight-chain component, amylose, is produced
in waxy maize as & genetle characteristici (2) it is unlikely
thet within the same starch granule some molecules should
remain unbranched whereas others are very bﬁ&ﬁehea, ir
external conditions determine the degree of branching.

&n investigation of the polysaccharide syntheslized by
waxy mfize phosphorylsse was suggested by the foregolng
studles. Because of the very small activlity of this phos-
phorylase, it was impossible to lsolate a aaffisienﬁ
quantity of th@;pelysaﬁghari&a for fracticnation. However,

a recently developed method for the @&%imatién of amylose
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and amylopectin content, both gqualitatively and guantita-
tively, was reported by Bates, ¥French, and Fundle (84). Tnis
method wéa suggested by the ﬁiffgranaa in the iodine color
given by the two fractions. It was found by these investi-
gators that the amylose component bound iodine in the form
of a complex, whereas the smylopectin component bound 11ttle
or nonée. Therefore, by a potentlometric titration of a
giyen starch with iodine, the type of chaln structure present
could be determined through a study of the iodine activity
during titration. While the complex was being formed with
iocdine (in the amylose fraction), the iodlne activity re-
mained prectically constant; howsver, when the complex
formation was completed, there was & continual rise in the
iodine activitye |

The potentiometric lodine titration offered a possible
approach o a study of small amounts of synthetle poly-
saccharide, such as were avallable In the experiments with
waxy maize phosphorylase. Further interest was added to the
problem by the faect that the starch occurring in waxy maize
itself 1is purely amylopecitin and takes up a negligible
amount of iodine. In view of the fact that all previous
investigations of synthetic polysaccharides grﬂdﬁcéd by the
action of plant phosphorylases have shown only amylose to
be present, a plant phosphorylase system which would éynthﬁ~
size amylopectin in vitro would be unigue. |
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Experimental

The potentiomebtric lodine titration se developed by
Bates, French, and Rundle (64) consisted of dispersing the
stareh in 0.5 N KOH, then maklng the solution C,05 N wlith
respect to KI (eilther by neutralization with hydriodic acid
or by neutralizatlon with hydroechloric acid and additlion of
0.5 N KI), and titrating potentlometrically w th about
0.001 ¥ I, solutlion. The data were then plotted and the
curve analyzed by comperison with the curves obtained for
rayresentative starches snd starch frections.

Bates and co-workers found that the amylose, or
‘straight-~chain, fraction of starch gave én almost flat
curve a8 long as lodine was being taken up to form an
fodine~comploxe. JAfter this complex formation was completed,
the potential began bto risew The amylopectin, or §ranghad~
chain fraction, on the other hand, showed a continual rise
in iodine acbivity when lodine was added. Consequently, the
curve for amylopectin had no flaﬁ perticn, as the potential
conatantly increased with the addition of iocdins. Analyses
of a large number of amylose materisls, amylopsctin
matariais* and whole starches eﬁﬁtainiﬁg both fractions were
carried out by these investigators.

From their analyses several general observations were

made by Bates (65). It wes found that the levellof the

iThﬁ level of the curve, as indicated by the potential,
is a funetion of the iodine activity.
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straight-line portion of the curve could be used ax an
indlcation of the length of the straight chains. The greater
the potential, the shorter is the chain-length, in general.
The slope of the curve is also & messure of the range of
@hainélangthi of the amylose. Bates and co-workers con-
cluded that the lower the potentiometric level of the flat
portion, the longer is the chain of amylose. 'sta?er, -1
glven difference in patent;ial indicates a smaller difference
in ehaia-langth at the high psteﬁtials than at the lower
§stan$i&1$*

It was aiaaeva#$é by Bates et al. that thare is & direct
proportionality between the amount of a givan.&myzos$ present
’anﬁ the length of the straight-line portion of the curve.
Therefore, these ilnvestigators waré‘abl& to work out guanti=-
tative relations which made 1t possible for them to estimmte
the amount of each fraction present in the different starches.,

The experiments with the 1ediné'titratian, as carried
out in this lahonatarf,.w&ra necessarily of a preliminary
nature bscause the method had not been thoroughly standard-
ized. Intarpretétien was subject to the limitations in the
present knswieéga of the applications of this titration to

~starch analysis.

iguggg of chain-length refers to the presence of chains
of varying lengths. The diversity of these chaine~lengths is
shown by the different potential levels at which the lodine-
complex is formed; thus the slope of the stralght-line
portion of the curve is & function of this diversity.
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The digestions investigated were of the type gantainin@
glucose~l-phosphate and a catalytic amount of starch, set up
in an attempt to syﬁthesisé'a polysaccharide which would
glve akeharagtariatie curve by the iodine titration. The
enzyme axtraats'useﬁ in the present experiments were pre-
pared from waxy maize cocllected about one month after
pollination. Extraction of the ground caxﬁ was carried out
for 24 hours in the refrigerator with twice the weight of
water, |
For the first digest (Digeat A) a concentrated enzyme
preparation was made by sua@ﬁméing‘in Qel M citrate buffer
'the precipitate feprasanhing the fraction between 0.32 and
039 ammonium sulfate saturation of a waxy maize extract.
The precipitate from 200 ml. of the orliginal extract was
contained in 10 ml. of buffer. %ith tﬁis»uﬁsyma préparatimn
the followiling dﬁgaat was made upi |
B ml. enzyme suspenslion
0.2 ml. 5% soluble starch
10.4 Wil O.1 i oftrae Durfers PH 6.0
» .
Digestion was carried out for exactly 30 minutes in
a 38° incubator. At the end of this time enzyme action was
‘stopped by the addition of 10 ml. of 0.5 N KOHe The
solution was theﬁ made 0,058 N with respect to KI, diluted
with water to 100 ml., and titrated potentiometrically with
1edine.
For the titration a miero-burette, graduated in 0.0Z2-ml.
divisions, was used. The 0.0009 N Iy in 0.05 N KI sclution
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was added at the rate of 4 drops (0.28 ml.) at a time and
potential rsaﬁinga taken after 1 minnta,'wﬁan equilibrium
was reached. Thus, readings were made at l-minute intervals
throughout the titration.

Ths addition of a catalytic amount of scluble starch
{to overcome the induction phase) at the beginning of the
digestion made the running of & blank on thils starch
necessary. To increase thﬁ-aaaﬁraay of the determinstion,
O.é nl. of starch was measured as four drops from & pipet;
therefore, the blank and the digest each contained this
amount of starche. Fig; 5 and table 15 show the results of
the lodine titration of Digest A.

Examination of fig._ﬁ, which shows curves for the
blank and for the digest, makes &%1&&&@ the fact that the
soluble starch used as a catalyst cantainaﬁ no &ﬁpreaiabla
amylose fraction, as the curve iz like ﬁnat of amylopectin.
After digestion, however, the shape of the curve changed
considerably and resembled that éf & starch containing a
very small amount of amylose or, more likely, & very small
amount of starech containing 8ll amylose of short chain-
length, as suggested by the high Qotential of the stralght-
line portion. An indication of the range of chain-length is
found in the slope of the straight-line portion of the curve.
Bates et al. discovered that a straight-line portion on such
a curve was an indication of the presence of amylose. It is

not unlikely that such & polysaccharide was belng synthesized
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MFE Agarinst M Calomel Half Cell

Q20 €~ Digest 4
A- Digest B
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Fig. 5. lodine [itration of Digesrts A and B
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phosphorylase could not exhibit starch synthesis because
l,4-1inkage abllity is néc@aaéry for the formation of either
amylose or amylopectine.

Ancther experiment was made with a slightly different
enzyme preparation. ﬁha preclipitate representing the
fraction between 0.28 and 0.35 ammonium sulfate saturation
was removed from 200 ml. of an aqgueous extract (also used
in Digest A) and sas?anéa&-ia 10 ml. of buffér' The digest
(Pigest B), which was run for 30 minutes at 38° in a water
bath, contained 5 ml. of enzyme suspension, 0.2 ml. of 5%
soluble stareh, 1 ml. of 0.1 ¥ Kg glucose-l-phosghate, and
0.1 ¥ citrate buffer to a total volume of 25 ml. The starch
- used was the same as that for Digest A. Therefore, the same
blank could be applied. Table 16 and fig. 5 show the
results of the lodine titration of this digest.

Curve B, representing Digest B, on fig. § 1s almost
identical to that of Digest 4, except for the level of the
potential, indieating that the chain~lengths were probably
shorter in Digest B than in Digest A. Data obtained by
making sctivity tests on the enzyme preparation used in
Digest B showed that 0.20 mg. of P was liberated from
glucose=l=phosphate by 5 ml. of the enzyme In 3 minutes at
38°, This amount of phoaphorus would correspond to the

formation of 1.05 mg. of starch (in 3 minutes)l.

~MPhe amount of polysaccharide synthesized was calw
culated on the basis thet 1 mg. of P was liberated in the
formation of 5.24 mg. of polysaccharide. Experiments by
Hanes (15) showed that the actual yialﬁ approdched very
closely the theoretical.
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The digest ariginally~aanﬁaine& 10 mge. of the soluble
(amylopectin) starch. The exact amount of pai&s&ech&riﬁa
synthesized in the 30-minute digestion eould not be calcu~
leted from the data available. The fact that there is
definitely a stralght-line portion of the curve, which must
have been due to some amylose content, indlcates the presence
of l,4-phosphorylase. From the gquantitative determinations
of Bates et al., however, it was found that 1 mg. of amylose
bound about 1.7 mle of iodine sclution. Curve B, hawavar,»
shows only about 0.5 ml. of lodine bound by a minimum of
1.05 mg. of starch. Consequently, it is logical to suppose
that the remalinder of the synthetic product was amylopectin.

A third experiment was run at room temperature. The
enzyme preparation ﬂéntﬁineﬁ the preclpitate formed between
0.28 and 0,39 ammonium sulfate saturation from 500 ml. of
agueous extract. The precipltate was suspended in 0.1 M
eltrate buffer and made up to 25 ml. with buffer. The
digest, Dlgest C, contained the éntir& 25 ml. of enzyme
pre#ayaﬁien, 0.2 ml. of 5% soluble starch, 1.0 ml. of
Oel M Kg glucosew~l=phosphate, and 3.8 mle. of 0.1 ¥ cltrate
buffer, making a total volume of 30 ml.

Five-milliliter aliquots were removed at the beginning
of the digestion for tests on free-FP and for the iodine
tltration. After 10 hours another sample was taken for
titration with ifodine. At the end of 24 hours a Seml.

aliquot was removed for the free~P test, 4-ml. for 7-min.-pP,
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could be made on the basis of the change in potentlometric
level of the curves from that of the original starch
catalyst. However, i1t must be borne in mind thet the
curves of Digestas A and B represent the titratlon of 25 ml.,
or the entire digests, whe&aas the curves of ﬁigset C repre~-
sent the titration of 5-ml. aliquots of a 30=-ml, digest. A
further considersation is the time and veloclity of the di-
gestion as influenced by the difference In temperature.
Digests A and B were run for 30 minutes at 3&0, end Digest
C was run at room temperature for several hours.

The low potential level of the 24=-hour curve for Digest
c inﬁiea%eﬁ long chaim»lsngﬁh. The steep slope shows & wide
range of chain-lengths. ﬁﬁ@ut Os5 mle of the 1odine solu-

tion was reguired for the complex f;iﬂﬁtiﬁna Consequently,
1f 0.39 mge of synthetic polysaccharide was formed in the
aliquot taken, sbout 0.66 ml. of the lodine solution would
be required for complex farmﬂtian in case the entire amount
were amylose. This observation seems to indlcate that the
gbeater part of the polysaccharide waas of the straight-chaln,
or amylose, typel.

It has been found by Hanes (14,15) and by Cori and co=

workers (12) that purification of an enzyme extract can be

1such a conclusion is not inconsistent with the
interpretation given for Pigest B in view of the faet that
the velocity of the reaction at 38° would permit equilibrium
to be reached in a relatively short time; Digest C probably
had not attained equilibrium. As will be pointed out with
regard to Digest D, it is possible ﬁhat‘amglﬂpactin is
formed from amylose as a "dslayed reaction®. In this event
it is conceivable that Digest B had progressed to the forma-
tion of amylopectin, whereas Digest C had not passed the
amylose astage.
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Table 17
Iocdine Titration of Digest €

:+ Initial : 1O0=hr. : 24-hr.
0 042057 0.2002 041903
0.20 C.2124 0.2069 0.1891
0.40 0.2202 0.2147 0.1939
O.80 Q.2319 0,223 0.2041
1.20 0. 2387 0.2319 0.211C
1.40 Q.2414 Qe 2344 O.2135
1.60 0,2437 0.2363 0. 2160
1.80 0.24587 V.2382 0.8279
2,00 : Q. 2475 0.2399 0e2197
2420 Qe 2490 Ce2414 0.2212
2.40 0.2504 ° 0.2487 = 0.2226
260 0. 2517 0.2440 0e2240
2.80 0.2528 0.2452 Q. 2251
3400 . 0.2536 0.2463 O. 2262

brought about by dialysis. A specific advantage of dialysis
is that the process removes excess inorganic phosphate. For
a fourth experiment in this series an aqueous @m&ﬂﬂaa wasg
dialyzed for 25 hours in the refrigerator against 8 l. of
- 0e2 M KCle The mwwmﬁw dialysis precipitate was removed by
centrifugation. The precipitate formed between 0«29 and 0.39
ammonium sulfate saturation was suspended in 0.1 M citrate
buffer and mede up to 25 ml. This precipitate represented
the enzyme present in 750 ml. of original extract.

,ww@ digest (Pigest D) contained 25 ml. of enzyme sus-
penslon, 0.2 mls. starch, 1 ml., 0.1 ¥ K WH&@G&@QW!ﬁWﬁm@ﬁmﬂan
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and 3.8 ml. of 0.1 ¥ citrate buffer, making & total of 30 ml.
Ligestion was at room temperature. Aliguotz were removed
as follows: YOV timﬁviactually leb minutes aftér start of
digestion)==5 ml. for free-P, 5 ml. for iodine titration;
12 hours--gsame as for "0OY time; 24 hours--4nle for determina-
tion of free~P and of free= 4 ester-P, and 5 ml. for lodine
titration. DLata for the ifodine titration of Digest D are
presented in table 18. |
#iz. 7 was constructed from the data of table 18. The
curve for the starch catalyst added to the dlgest was in*v
cluded for reference, as was alao & 0,05 I KI titration curve.
From the phosphorus analyses 1t was calculated that 14.5 mge
‘Gf polysaccharide was formed in this digestion. FYor the 5-ml.
~&liquots the followlng amounts of polysaccharide were syn—
theslized during the time intervals indlcated:
1e5 mine =« 12 NIBasseeereledd mge
12 hrse » 24 hrSeseecss 0,72 mge
1o mine = 24 NI'Secensee2.006 mge
QO = 1.5 MiNeesesncnrsnssrsa0eB32 mge{calod,)
O = 12 NIBescsssosrsecsneleBs mge{caled.)
O = 24 NrSessvevecsnsseess2+38 mgs{caledes)
From these curves 1i can safely be coneladad that some
amylcse was present in the l.b-minute and the l2«hour
aliguots (Curves 1 and 2) as shown by the straight-line
portions of these curves. Curve 3, representing 24~haur'
digestion, is very different im,tygﬁ from Curves 1 and 2 and
resembles closely an amylopectin curve. Calculations and

comparisons with Eaﬁes*'analyaea indicated that the proportion
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l.92
2.00
2.16
2.20

2.40
2.60
2.64
2.80
2.88

Se '
3.12
3236
3.60

0. 2046
0.2107
02173

Q.2224
0.£259

0,2515
0.2335

C.2351
0. 2378

0.2390
0.2401
0.2410

0. 2419
0.2428

Q.24386

0.1936
0.1947
Q.1983

0.2018
0. 2052
0.2082
0.2111
0.2130

0,2152
0.2170

0.2187
0.2202

0.2216

0.2228
012240

0.1931

0.1943
0.1970

0.2015

0.20658

0.2104
0.2138
0.2169

0.2191

0.2213

{" 2229
0.2246
0.2273

0.2297

0.1925
0.1972

0.2010

0.2052
0.2089

D.2121

0.2149
0.2171

0.2181

0.22825

0.2252
0.2265

0. 2276

0.2287

0.2453

0.2527

0. 2606

of amylose represented by Curves 1, 2, and 3 became progres-

sively less as the digestion proceeded.

From the data 1t 1s

difficult to avoid the eonclusion that on the basis of the
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total polysaccharide syntheslzed the proportion of amylo~
pectin increased during digestion. Previous digests (4,
B, and €) have all indicated the formation of some amylose,
However, in Digest D the obvious change in the character of
the starch being syntheslzed was especlally noticeable during
the 24~-hour period. <To hypothesize that branehing had
occurred after the férmaticn of the 3tr§ight~@hain amylose
during the synthesis of an additlional 0.72 mge. of starch
(per 5 ml.), or after two~thirds of the synthesis had been
completed, would not be consistent with the findings of
Meyer (66), who showed that only 8 to 9 glucose units
separated the branch-points of amylopectine ﬁewaver, the
24-hr. curve shows either amylopectin or very short chain
amylose {of 50 glucose units or less) becsause of the high
level of the patantial. On the basls of the calculstions of
stareh formatlion and the am@uﬁt of 1odine tsken up by com-
pareble amounts of typical amyloses (as shown by Bates et all)
if any amylose was present at all, it constituted a very
small proportion of the total amount of the starch synthe-
slzed. Th@'pemainﬁﬁr, then, was assumed to be amylopectin
in nature. |

Another interpretation is conceivable., Since 1t has
been found that the flat portion of amylose curves may
represent either the presence of relstively few long |

stralght-chain molecules or the presence of many relatively

Isee page 77.
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short 3traig&t~eha1n‘mal&cula&, it 1is antiraiy possible
that meny of these unbranched portions were bullt up during
the first 12 hours of synthesis (by l,4~phosphorylase) and
that during the subseguent time thse 1,6—phgapharylagn came
into action and branched the amylose chain, forming amylo-
pectin.

It has been shown by Bates and aanwerkaré that the
existence of starch components with degrees of bpranching
intermedlste between those ef amylose and amylopectin is
very unlikely on the basis of the marked discontinuity in
the abllity of all the possible molecular species of starch
to reaet with iodine. The 24~hr. curve is amylopectin in
character, as has been noted, whereas the l.5-min. and the
12=-hre aﬁrv&a have-amylos@ characteristicas.s An explanstion
alternative to that of “"delayed branching® might be that
the reaction of the dlgest had reversed and that glucosew=l-
rhosphate was being formed, with the possibllity that only
the orlginal soluble starch was left to give 1its original
curve. The unlikeliness of such a proposal is evident in
view of Hanes' findings (15,44) with regard to the equilibrium
ratio of the phosphorylase reactlon. 4t & pH of 6.0, at which
Digest D was run, the ratio of free~P to free- + ester-p
at equilibrium is about 0.86. This ratio was not attalned
at the end of the digestion. Therefore, a reverasal of the

reaction appears out of the question.

It has already been noted thet in vivo waxy malize

R
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phosphorylase

pust contaln both the 1,4~ and the 1,6-compon~-
ent. Meyoer's observations (7) on the possibility that 1,6«
rhosphorylase is often lost in the proecess of extraction of
the enzyme has been mentioned. One primary purpcose of the
present preliminary experiments with the potentiometric
iodine titrstion method was to azcertain whether both com—
ponentsz of the enzyme system werﬁ,érasant in the waxy maize
 extracts.’

From the evidence presented in the experiments described
and from the general observations of numerous Investligators
in the field of starch echemistry, the explanation offered by
the possiblity of "delayed branching®™ seems more plausible
than any other at hand. Acceptance of this theory would
imply the presence of both l,4- and 1l,6-phosphorylase in .
the extract.

Inasmuch as work on the standardization of the applica-
tion of the potentiometriec lodine titration to stareh analyses
is still in progress, an interpretation of the data presented
in the preceding pages is subject to revision. However, it
is apparent that the method has unlimited possibilities asm
a tool in phosphorylase study.

Bates and co-workers (64) consider the procedure well
standardized for the analysis of amylose but are yet un-
‘certain as to the exact behavior of amylopectin in the

titration. .Farthﬁr investigation 18 mnow being carried on

Iﬁayﬁr's method of approach to the subject would
require more polysaccharide than wes available for study.
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in their laborstories.

The results obtained in the present experiments indicate
that this pﬂt@ﬁ#i@matria titration may eventually be used
successfully for the comple te characterlzation of syn#hstia
pelysaccharides and ﬁhaa for the definlte ildentification of
phéﬁghnryiaaaa as of the 1,4~ or the 1,4~ and 1,6-type.
Eaﬁav&#, realizatlon of this application to the fullest
extent walts upon the standardization of the method with
regard to amylopectin.



SUNMARY

1. & method of phosphorus determination adaptable to
the phosphorylase enzyme system of waxy malize was developed
after a critical study of hhg methods reported in the litera-
tures. ZThis problem involved the construction of a photo-
electric colorimeter,; the selection of a suitable filter
- gombination, the calibration of the instrument, énﬁ the
standardization of the method of phosphorus determination.

2. Preliminary studies were made to obtain an estimate
of the role of phosphorylase in the development of the waxy
maize, to show the trend of the equilibrium reaction of
" starch + inorganic-P— glucose~l-phosphate in the presence
of phosphorylase, and to form a basis for further experi-
ments in parifieatian and concentration of the enzyme.

3. Phosphorylase studies involved the necessity of
the preparation of glucose-l-~phosphate (the Cori-ester) in
quantities suitable for use as substrate for enzyme action.
The chemical synthetic (rather than the enzymic) method of
preparation of glucose~l=phosphate was used, and several
aﬁaptationa of the pravioualy.reportad methods are described.

4. The Green and Stumpf method of expressing the
activity of the enzyme in terms of phosphorylase units was
studlied and adapted to thls work.



| Y<1o T

5. Waxy maize collected from the field during the
entire time of growth from 16 days after pollination to
maturity wa s teated by precipitation of the enzyme from
extracts and determination of the phosphoryiase unilte
present. Data for the 1942 corn showed & considerable
actlvity of phﬂaphﬁfyi&se in the earllest corn t@staﬁ {16
days after pollination). Phosphorylase precipitates were
obtained from corn at the later stages of growth; these
precipitates apparently exhibited falrly constant {or
possibly decreasing) activity up to maturity.

6s The techniques reported in the litersture for the
gurifiéatian and concentrstion of the enzyme were téaﬁad to
ﬁatermiaa the method which would be most adaptable to the
preparation of phoaphorylase concentrates from waxy maize.
Fractional precipitation with ammonium sulfate at cone
Gantraﬁians between 23 and 34% of saturation ylelded the
most active preaiﬁitataaa

7« The potentiometriec iodine titration method of
Bates, French, and Bundle was used in an attempt to
characterize the p@lyaiaehariéa synthesized by the action
of waxy malze phosphorylase on glucose~l=phosphate. Results
of the experiments sesemed to indicate that this product con-
tained amylopeectin and, therefore, that the waxy mailze
rhosphorylase had both 1l,4- and 1,6~linkage abllity.
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