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CHAPTER I
INTRODUCTION

An sbsolute requirement in living metter is some mechanism whereby
the free energy liberated in the oxidation of organic metabolites is
trapped so that it can be traneferred and used for the various vitsl
processes which require energy. The work of Meyerhof ('27, '34),
Lundsgeard ('30a, '30b, *'31), Lohmann ('31, '34), Warburg ('39,°41) and
the Coris ('40), served as the foundation for uncovering such e mechanism
vhich depends on the formation of energy~rich phosphate compounde, It
became apparent from their work and the work of succeeding investigatore
thet adenosinetriphosphate (ATP) ie & uniquely important molecule. It
is essential for the biosynthesis of organic molecules, mechanical work
and wvork sgainst osmotic forcee in absorption and secretion.

Ae part of extensive research into the nature of high-energy phoaphateaﬁ
many investigators have studied the reaction catalyzed by hexokinage as

defined by Colowick and Kalckar in 1943:

0" 0~ 0
R - OH + R'* ~0 - P*~ 0 - P*. 0 - P*. O~ —_—
o 0" 0"
Glucose ATP
0= 07 -
R =~ 0 - P+- 0= + R* =0 -P*~0-pP*-0" , gt
o~ 0" 0~
Glucose - & - phosphate ADP
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The enzyme which catelyzes this reaction in yeast has been obtained in
crystalline form by several workers. Yeast hexokinase is a protein with a
molecular weight of 96,600, an isoelectric point at pH 4.5 - 4.8, and cone
tains three atoms of phosphorus per mole. (Kunite and McDoneld, '46). In the
presence of ATP and magnesium, the entyme phosphorylates glucose, fructose
and mannose, The affinity for glucose is much greater than that for fructose,
(K= 1 X 20°% and 7 X 0™ moles per liter, respectively) but Vpay with
fructose is twice that with glucose. The enzyme is stable in the pH range
from 5 to 8, with activity rapidly lost at pH's above 9 or below &,

According to Sols et al ('58), the enzyme possesses highest activity at pH
7.5 with about one~half maximel sctivity at'pH 5.4 and 9.4. Darrow ('S7),
hovever, stetes that the activity at pH 8.5 is at least two times the
activity at pH 7.5.

The equilibrium constant of the reaction as determined by Robbins and
Boyer ('57) 1s 3.86 X 102 at pH 6.0 and increases by a factor of approximately
10 per pH unit in the region of pH 6 to 8.

Darrow has recently developed a more convenient procedure for obtain-
ing a crystalline preparation which is reported to be free from contaminat--
ing pyrophosphatase, phosphohexose lsomerase and triosephosphate dehydrogen-
ase which contaminated previous preparations. (Robbins and Boyer, 'S7).

The enzyme requires magnesium for activity (See Figure 5), This re-
quirement has usually been presented as due to the formation of & magnesium-
enzyme complex and the appropriate Michaelis constant has been eveluated by
experiments in which all other substances (except the ensyme) were present

in excess,
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The demonstration that ATP forms complexes with many positive lons in-
cluding magnesium forces a re-evaluation of the assumption that the magnesium
functions oily as an engyme activator,

DiStefanc and Neumann ('53) studied the distribution of celcium 45 be-
tween ion exchange resin and aqueous solution with and without ATP, They
found that the addition of ATP to & fixed amount of cation &nd resin in-
creased the amount of cation which was removed from the resin, indicating
a calcium-nucleotide complex. Their dats indicated that a mono-metal-mono-
micleotide complex was the mejor form of the complex, at least in dilute
solutions, a

Spicer ('52) while studying the effects of pH, ionic etrength on the
contractile phases of the actomyosin response to ATP found that addition of
calcium or magnesium ions to the soiutions of actomyosin containing ATP
resulted in s decrease in pH, He also noted that in the presence of elther
or both of these ions, there is an increase in the rate of hydrolysis of
ATP at 100°, ‘

Burton and Krebs ('53) estimated the formation constant of MgATP™®
complex by the titration technique. N. C, Melchior {'Sh) by titreting
tetraalkylammonium ATP with apd without sodium or potessium lons found that
in certain pH ranges, less hydrochloric acid wag required to reach a given
PH in the presence of these ions than in their absence, indicating complex
formation, |

Martell and Schwarzenbach ('56) also by the titration method showed
that ATP as well as other polyphosphates formed complexes with calcium

and megnesium ions,




Smith and Alberty ('56) demonstrated complex formation of ATP with
1ithium, sodium and potassium by the titration technique, and Walsas ('58)
by the ion-exchange mwethod found that calcium and magnesium form mono-metal-
mono-nucleotide complexes with ATP and other nucleotides,

Severel authors have attempted & qualitetive interpretation of the
effects of the ATP-magnesium complex on the veloecity of the hexokinase
reaction. Here ('52) found that the optimum Mg:ATP ratio depended upon
the concentrations of alkaline cations and reached unity in the presence of
molar potassium or sodium chloride or acetate, Liebeecq ('53) concluded
that eince optimal actlvity occurred when the ratio of magresium to ATP
vas 1, MGATP2 was the true substrste for the ensyme.

Rauflaub and Leupin ('S6) were of the opinion that the active enzyme is
a magnesium~-protein complex which dissocistes into magnesium iorn and inactive
protein when the magnesium lon concentration is decreased,

Sols et al ('58) found that et high, constent megnesium, the rate of the
reaction lncressed with increasing amounts of A‘.L’P"h. Melchior and Melchior
('58) studied the effects of varying the concentration of magnesium and ATP
on the rate of the yemst hexokinase resction., They found that at constant
megnesium total, the initlal velocity of the yeast hexckinase catalyzed
reaction increased with ATP total until the ATP concentration approximeted
magnesium total. A further increase in ATP resulted in e decreage in
velocity. From the obgervation that excess ATP-% 4nhibits the reaction, they
developed the following rate law:

V /v = (A ?)/ [(MeATe?)  + 013+ o.27(am)
which is valid for a pH range of 8.2 to 8.6 end an iomic strength of 0.3.
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The rate law does not prove a definite mechanism; however, it excludes
any mechanisms which give different rate laws. Several mechanisms vere
found whichk yielded kinetdc equations of the same form as that derived from
experiment, Each of these mechanisms included the formation of a complex
involving ATP”“ and the enzyme, None of these mechenisms permits apprecisble
reaction of magnesium with the active site of the enzyme without ATP, In
view of this equation and the fact that calcium forms & complex with ATP, a
statement by Bailey and Webb ('48) concerning the yeast hexokinase reaction
caused some perplexity. They reported: "The enzyme:wae insctive in the
absence of magnesium lons, and these could not be replaced by caleium, The
activity in the presence of § X 10 3M mgnesitm was not affected by the
addition of an equal concentration of calciuwmy the Ca:Mg antagonism which
is so pronounced in the case of Mg-activated yeast pyrophosphatese is thus
absent in the case of yeast hexokinase."

This statement appears to be based upon a Bingle experiment and should
be examined very carefully before it is accepted as fact, As has been
mentioned, celcium forms & complex of considerable stebility with ATP, and
it can be shown that the addition of calcium chloride to a solution con-
taining comparable amounte of magnesium and ATP will csuse marked changes
in the concentrations of magnesium ion, megresium ATP and free ATP, (See
Figure 1,) This list, incidentally, includes sll the substances which
various authors have indiceted as the species responsible for the change
in the rate of the hexokinase catalyzed reaction with change in magnesium

and or ATP concentrations.




Figure 1 -- Test Conditioms: 18 micromoles of glucose, 1,06 microgramse
of enzyme, volume, 3.0 ml, The concentrations of the molscular species
present in an agueous solution, pH 8 to 9, vhich contain MgCl,, CsClp
and tetrsalkylammonium ATP wvere determined by solving the fo
simultanecus eguations by approximations.

(Am), = (B3) + (Y + (ea2) +  (caamd)

(), = (™) + (narr?)

(ca), = (ca*) + (caare™®) | |

Kagum-3 — (E9) X (are-%) _ y 10°% ,
HATP L_).__lr__l(&w : 1.26 X 10°% aM (K. C. Melchior, 'Sk)

K rmp2 = (MeAT®™2)  — 20 ml  (N. C. Melchior, unpublished
v (™) x (aTP™%) resuite)

Keaarr-? — (caate~2) = 8 "} (N, C. Melehior, unpublished

(ca’ ) x (ame~¥) results)

—

r

ION Concentration mM

r

0.5

FIGURE 1
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It therefore seemed worthwhile to re-examine the effect of caleium
salts on the rate of the hexokinase catalyzed reaction, in order to
ascertain whether or not any effect could be observed; since if the
observation of Bailey and Webb were confirmed, the formulation of the
mechanism of the magnesium-activated yeast hexokinase reaction would have
to be modified to include the new information, However, if the asddition
of calcium salts did change the observed reaction rate, quantitative
measurements of the various rates might lead to a better understanding
of the mechanism of the resction.

A large number of experiments were performed at varying levels of
ATP, msgnesium and calcium, The measured ;Eaction velocity in systems
containing calcium was always lower than that measured in a system

lacking ealcium, but otherwise ideatical.




CHAPTER II

MATERIALS ARD METHODS

PREPARATION OF SOLUTIONS

Water, redistilled in & gless apparatus was used for preparing all
solutions, Carbon dioxide wvas removed from the water by purging with
nitrogen gas for et leeet 12 hours, and the storage bottle was protected
wvith a tube filled with "Ascarite”.

The following meterials were used in “the preparation of the reagents,
Acetic Acid -~ Glacial Acetic Acid, Rhlliﬁckrodt Anslytical Reagent 2504,
lot BRR.

Albumin -~ Armour, lot J-4902 Crystalline Albumin,

Ammonium Sulfate -- Mallinckrodt Anslytical Reagent 3512,

Calcium Chloride -- Mallinckrodt Anslytical Reagent 4160, lot EKS,
Standardized against standard silver nitrate, with potessium chromate as
indicator.

Cresol Red -- Harleco, 879-11.

Glucose -~ Dextrose, Mellinckrodt, C. P., lot YBZ,

Hydrochloric Acid -« Concentrated Hydrochloric Acid, Mallinckrodt
Analyticel Reagent 2612, lot GPY. Standardized against standard sodium
hydroxide, with phenolphthalein as indicator.

Magnesium Chloride -- Mallinckrodt Analytical Reagent 5958, lot CSP,
Standardized egainst standard silver nitrate, with potassium chromate as

indicator,
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Potassium Phosphate, Monobasic -- Potassium Dihydrogen Phosphate,
Mallinckrodt Analyticel Reasgent 7100, lot ZTB.
Potassium Phosphate Monobasic, Potassium Phosphate Dibasic, 0.05 M, pH 7.0
was prepared by dissolving 2.66 g of potassium dihydrogen phosphate
(Mallinckrodt Analytical Reagent T100, lot ZTB) and 5.31 g of potassium
monohydrogen phosphate (Mallinckrodt Analytical Reegent 7092, lot AEL) in
1 liter of redistilled water,
Silver Nitrate -- Mallinckrodt 2169, lot BSY, Standardized against
standard hydrochloric acid neutralized with sodium hydroxide, using
potassium chromate as indicator,
Sodium Hydroxide ~- Fifty-one Percent Sodu;n Hydroxide, Baker Analytical
Reagent, lot 6062. Standsrdization of dilute solutions was with potassium
acid phthalate (Mallinckrodt Primary Stendard, lot APMA), with phenol-
phthalein as indicator.
Sodium Phosphate Dibasic -- Sodium Monchydrogen Phosphate, Mallinckrodt
Analyticel Reagent 7917, lot BDX.
Sodium Phosphate Tribasic -- Mallinckrodt Anslytical Reagent, lot XHM,
Tetraethylammonium Bromide -- Eastman Kodek 1514, lot 21, recrystallized
twice from 2-propancl, Standardized against etandard silver nitrate with
potassium chromate ag indicator,
Triethanolamine -- Redistilled 2, 2', 2" nitrilotriethanol, Eastman Kodak,
1599. Standardized against standard hydrochloric acid, with brom cresol
green as indicator,
Tris (Trishydroxymethylaminomethane) -- Tris, Sigme 121, lot 46-160.
Versene (Disodium Ethylenediamine Tetrsscetate) -- Versene, Fisher Reagent,
lot T771313.




TABLE I

COMPOSITION OF BUFFER-DYE SOLUTIONS FOR KINETIC STUDIES

A. Ionic Strength: 0.11
Salution 0,1 W 0.1 1 0.1 8
Redistilled
Triethanolamine 14,93 mM 29.8 my 59.6 mM
Hydrochloric Acid 1.04 mM 2.09 mM 4,18 mM
Cresol Red 0.03 mg/ml 0,03 mg/ml  0.03 mg/ml
Et), NBr 0.75 M 9.75 M- 0.75 M

B. Ionic Strength: 0,3
Solution 0.3 W 0.3 I 0.3 8
Redistilled
Triethanolamine 15,24 mM 30,48 mi 60.96 mM
Hydrochloric Acid 1.0k mM 2.09 mM 4,18 mM ‘
Cresol Red 0.03 mg/ml 0.03 mg/ml 0.03 mg/ml
Et), KBr 2.1k M 2.1 M 2.14 M

Appropriatc aliquots of solutions were pipetted into volumetric flasks,

The mixtures were made to volume at room temperature (24 - 26°C) and stored

at 4 - 6°, -
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ISOLATION AND PURIFICATION OF YEAST HEXOKINASE (From the Thesis by R. A,
pDarrow ('57). A preprint of this method wes obtained through the courtesy
of Dr. 8. P, Colowick,)

Four pounds (1816 g) of fresh Fleischmann's baker's yeast were crumbled
by hand into smell fragments and spread out in a layer from 1 to 1.5 cm deep
on Whatman No. 1 filter paper which was elevated by a plastie-coated wire
screen, The fragments were allowed to dry at room temperature for ten days
with thorough mixing each day to insure even drying. Five hurdred and
seventy grams of dried yeast were obtained,

Into 1 liter of 0.2 M NaQHPoh vere susgended 332 g of dried yeest., The
mixture wvas placed in a water bath at 37° and alloved to autolyze for 3 nours
with occaslonal stirring, To the autolysate were edded 130 g of celite
(Johns-Manville Celite Analyticel Filter Aid 1-655-A), This formed &
viscous mixture, which was filtered by suction in a Buchner funnel with
Whatmen filter paper No. 42 covered by a layer of celite about 1/8" deecp.

A clear, yellowish filltrate, total volume 420 ml was obtained. The.filtrate
wag storad overanight in the refrigerator, In order to change the pH from
5.83 to b.41, 3 N acetic acid was added, at room temperature, dropwise

with vigorous stirring by meauns of & glass mechanicel stirrer, The scidified
extract was chilled to ice-bath temperature and the precipitste which formed
during acidification was removed by centrifugation in the International
Centrifuge, FR 1, at 4400 rpm in the 840 head, at 0°C for 10 minutes., All
subsequent ateps were carried out at icebath temperature. To the supernatant
was added graduslly with constant etirring, 97.2 g of solid ammonium sulfate,

bringing the calculated emmonium sulfate saturation to 0.h.
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The material was stirred for 55 minutes after the addition of the salt.
The precipitate wes removed by spinning at 4400 rpm (3500 g's) for 20 minutes
in the PR 1, using head 840, To the supernstant (430 ml) were added slowly
and with constant stirring 42 g of s0lid ammonium sulfate. The mixture was
gtirred for 10 minutes after the completion of the addition of the salt, The
copious precipitete was collected by centrifugation for 30 minutes at 4400
rpa in the PR 1, head 840, and dissolved in 40 ml of ice cold redistilled
water, The resulting solution was placed in a dislysis beg and dialyzed
against 1 liter of 0.05 M potassium phosphate buffer, pH 7.0 for approximately
4 hours. The diaelysis was continued overnight against 2 liters of fresh
buffer solution. The precipitate formed dux:ing dialysis wase removed by
centrifugation in the PR 1 at 4400 rpm, bead 840, for 20 minutes. The volume
of the supernatant (91 ml) was adjusted with the same buffer so that the
optical densitj at 2800 A was 0,500.

To the supernatant were added 3.6 g of eolid bentonite (Fisher USP,
No. B-235, lot T73466). Thorough mixing was obtained by the use of a glass
homogenizer. The material was spun in the Spinco {ltracentrifuge, Model L,
rotor 21, at 14,000 rpm for 25 minutes et 29°F. The supernatant was decanted,
and the residue was washed by suspension in 85 ml of 0.05 M potassium
phosphate buffer, pH 7.0 and centrifugetion as before., The supernatant
aolution‘was discerded, and the adsorbed hexokinase was eluted by the
addition of 85 ml of 0.05 M Tris, 0.001 M disodium versenate buffer, pH 9.75.
The mixture was spun for 60 minutes at 14,000 rpm in the Spinco, model L,
rotor 21. The supernatant was decanted and peutralized with 3.G ml of

1M KH2P0)4.
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To the neutralized tris eluate, were added gradually and with constant

stirring, 42.3 g of solid ammonium sulfate, Stirring was continued for 20
minutes after the addition of the salt, The preciplitate which formed was
collected by centrifugation for 12 minutes at 14,000 rpm in the 21 rotor

of the Spinco model L at 29°F, The residue was dissolved in 4.1 ml of 0.1 M
K'Poh s 0,002 M versene, pH 7.0. The insoluble material was removed by
spinning the mixture et 20,000 rpm for 30 minutes in the Spinco Model L, 4O
rotor, The clear supernatant wes placed in s 20 ml Wr containing & Kel F
covered magnetic stirrer arranged for etirring in an ice bath, To induce
crystallization, saturated ammonium sulfate, (adjusted with ammonium hydroxide
so that after four-fold dilution with distilled water, the pH was 7.0 + 0.5)
was added until the solution beceme slightly turbid. Stirring was continued
for 30 minutes after the onset of turbidity. The beaker was covered with
perafilm and placed in the refrigerator at 4°C for 11 days.

Microscopic examination of the materiel in the beaker after this time
shoved an abundance of long needle-like crystals (I). To separate the
crystels, the mixture was spun in the PR 1, head 823, at 2000 rpm at 0°C,
The supernatent was decanted, and the crystals were dissolved in 0.4 ml of
1 M potassium phosphate, 0,002 M versene buffer, pd 7.0, The specific
activity of the crystals was determined and found to be low, therefore the
mother liguor of those crystals wss seeded with crystals obtained from Dr.
Colowick. A second crop of crystals (II) formed which were of high specific
activity., They were dissolved in the phosphate-versene buffer, and neutral
saturated ammonium sulfate was added dropwise until turbidity was observed,

The formation of the crystals (III) appeared to be complete after three days.
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When the specific activities of the crystels (III) and the mother
liquor was assayed, it was found that most activity had remained in solution.
The mother liquor (III) was dielyzed against 0.05 M triethanolsmine, 0.033 M
hydrochloric acid buffer, The dialysate was divided into aliquots of
suitable guantity for our experiments and stored frozen. The specific

activity remained fairly stable for about 6 months.
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TABLE II |
|
RELATIVE ACTIVITIES OBTATNID DURING PREPARATION OF RIGH SPECIFIC L

ACTIVITY HEXOKINASE i

Test Conditions: 18 micromoles glucose, 15 micromoles ATP, 30 micromoles
MgCl,, 12 micromoles triethanolamine, 0.162 micromoles HCl, 0.127 mg/ml
eresol red, volume, 3.0 ml.

Material Micromoles of Acid Produced per Minute per

Milligram of Proteiln

Batch I Bateh II

Mother Liquor I 88 61
Crystals I 19 22
Crystals II 73 134 J
Crystels III - ST i
Mother Liguor III ——- 190 "
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Evaluation of the Enzyme Preparation Used

In order to make sure that the material isolated from yeast after a
pumber of steps actually had the properties of hexokinase, & number of
experiments were necessary, Most of these experiments depended upon the
measurement of the rate of ascid production in a buffered medium as affected
by changes in reaction conditions. It was therefore necessary to make sure
that the method used for measuring acid production was valid,
Spectrophotometric Measurement of Acid Production -- This method was
introduced by Wajzer in 1949 and consists of the spectrophotometric
measurement of the change in concentration of the basic form of a suitable
indicator as & function of time. The method was further developed by
Darrow ('57) and modified by Melchior and Melchior ('58). The buffering
substance is triethanolamine: N(CHpCHnOH)3 + H' = H'N(CH,CH,OH)3.
Cregol red is the indicator, which acts as a weak acid which dissociates
into the colored dinegative ion and hydrogen ion depending on the pH of the
solution.

(CgH,50,0C(C Hy~3~CHy-h-0H)CgHy-3-CH3-k0) "= ;A c6nhsoeoc(0633-3-cn3-ho)§

At 5720 A, the absorption of the dinegative lon of cresol red is so
much greater than that of the mononegative ion, that the observed optical
denaity is proportional to the concentration of the dinegative ion of the
dye and the dirrereme between the optical density of cresol red in a
aufficientlyvbaaic solution to obtain complete dissocistion and the observed

optical density is proportional to the acid concentration of the dye.
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In order to shov that the measured change in optical density is <‘
proportional to the change in the basic form of the buffer, aliquots of vl‘
buffer-dye (described on page 11) were mixed with known quentities of ‘
gtanderd HC1 and made to & known volume. The pH and the absorption |
around the wavelength 5720 A of these solutions were measured at 25°C, ‘
See Table IIT, !'




SPECTROPHOTOMETRIC TITRATION OF BUFFER-DYE SOLUTIONS

TABLE III

19

Test Conditions:

pege 11 were diluted to 100 ml after the addition of acid.

15.0 ml aliquotes of the buffer-dye solutions described on

Buffer umoles of HC1 Optical Density pH
0.3 W 15.68 0.584 -
0.3 W 36.60 0.519 -~
0.3 W 67.98 0.435 --
0.3 W 120,28 0.288 --
0.3 W basic 0.643 12
0.31 31.35 0.590 8.8
0.31 83.65 0.513 8.49
0.31 135.90 0.4ko 8.22
0.31 240,55 0.292 7.81
0.31I basic 0.643 12
0.3 8 62.70 0.598 -
0.3 8 167.30 0.519 --
0.3 8 271.90 O bl -
0.3 8 376.50 0.368 -
0.3 8 basic 0.643 12
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From the data presented in Table III for the solutions prepared from

the Intermediate Buffer-Dye solution, the pKa for cresol red was calculated w
to be 7.84, 7.89, 7.88, 7.89. It wae therefore concluded that the pKas for \
the second dissociation of cresol red was 7.89., The first measurement vas
not given great weight since it wes msde at too high a salt to scid ratlo of |
the dye, From the amounts of amine and HCl1l which had been added the apparent
pKa for the ammonium component of the buffer was calculated to be 7.76, 7.8k,
7.85, 7.86. Again excluding the first solution, the agreement is scceptable,

but it is possible that the observed slight trend was real. This kind of

trend would occur if a small smount of carbon dioxide had been absorbed by
the solutions during the storasge perilod affer distillation of the amine.
This possibility was explored by caleulating the apparent increase in acid
over that present in the first solution as calculated from the optical

measurement, and comparing it with the amount actually sdded. The Dbest fit

to the date was with pKa of the amine 0,03 units less than that of cresol
red, 7.%- “ ‘

On the basis of this value for the difference between the pKa of the H

indicator and the buffer, the amount of acid added to each of the three |
buffers was calculated from the data in Table III end plotted against the i

amounts actuaslly added. The agreement is satisfactory. ©See Figure 2, |




FIGURE 2
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MEASUREMENT OF ACID

‘

T | T
o 300 L S|
>
a
Ll
19p)
S
o 200 |- S —
&)
<
L
© |
«» 100 - W,1,S 1
_I :
S |
3 w,!
< W | | 1 ‘
100 200 300 |

. uMOLES OF ACID ADDED ‘

Test Conditions: Wavelength, 5720 A, slit width, 0,03, 259C. W« wvesk,
I- intermediate, S —strong buffer-dye solutions. Ionic strength, 0.3.
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Method of Calculation ~- Since the relative pK's of cresgol red and

triethanolamine were measured st the lonic strengths used, and the con-
centration of the amine is known, the amount of acid present can be
calculated from the spectrophotometric measurement of the concentration
of cresol red ion,

In a given mixture, the following relationships exist:

log salt

salt - =
Phamine + log = PH = pKCreaol red + acid

acid gpyn

cresol red
Buffer Acid + Buffer "Salt" (amine) — totsl amine.

Buffer Acid - total amine

] Cresol Red (salt)
x - + 1
Cresol Red (acid)

§ Kﬁmine

i

hYKCresol red )

It should be noted that the calculation depends upon the difference
in the two pK's and not upon the absolute value of either.

Tables based on the measurements of the pK's at the ionic strengths
used in our experiments were set up from which could be reed the micromoles
of buffer acid for each opticel density. In experiments in whieh th;
amount of ATP'“ exceeded the amounts of megpesium and/or celcium, the
buffering effect of the uncomplexed ATP‘h wvas corrected for by calculating
the amount of HATP™3 present in the system at each optical density observed
using the pK of HATP = 6.90. (Melchior,'Sh).

Effect of Enzyme Concentration -- It can be seen from Figure 3 that the

rate of product formstion is directly proportional to the amount of enzyme

present,
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Effect of Glucose ~-- Figure 4 shows that the initisl rate of reaction was

reagonably constant (130 - 140 micromoles of acid produced per minute per
milligram of enzyme) over a period until most of the substrate was used up,
after wvhich the reaction rate decreased in proportion to the amount of
glucose consumed in the reaction., In the first 15 minutes of reaction, at
least 1.7 micromoles of hydrogen ion were produced, The rate after 15
minutes was 0.005 micromoles of hydrogen ion produced per minute, (See
Teble IV,) There was no significant acid production after the glucose

was used up, therefore it was concluded that there were no significent
smounts of acid-producing enzymes, such as A??-aae, or phosphatases,

Effect of Magnesium -- In the ebsence of megnesium ion, no acid wae produced.

With increesing amounts of magnesium, there was an increese in the rate

of hydrogen ion formstion., See Figure 5,
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FIGURE 3
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Test Conditions: 18 micromoles of glucose, 6 micromoles of ATP, 12 micromoles i
of magnesium chloride, 300 microgrems of albumin, 0.1 I buffer, volume, 3,0 ml.
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DEPENDENCE OF ACID PRODUCTION
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TABLE IV

DEPENDENCE OF ACID PRODUCTION UPON GLUCOSE

albumin, volume, 3.0 ml,

Test Conditions: 1.98 micromoles of glucose, 6 micromoles of ATP, 12 micro-
moles of M.gc.].‘2 » € micrograms of enzyme, 0.1 I buffer, 10 micrograms of

Time in Minutes

Micromples of
Acid Present

Zero
0.75
1.0
1.5
2.0
3.0
k.0
6.0
8.0

10.0

15.0

2,663
2,968
3.046
3.182
3.378
3.635
3.835
h,156
h.339
4,380
4,380
b, 400
b h21
L. 441
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FIGURE 5

h

THE EFFECT OF MAGNESIUM '
ON ACID PRODUCTION

|
ATPT=2rnM
IONIC STRENGTH = 0.3
25° C ‘
S PH RANGE 8.8-8.I |
< .06 g HEXOKINASE |
0]
o
Q 3.0 | 0 ® o 2«05 mMMGCl,]
C§> o ° |
(o]
1 20po,° (Nomgl,
I'Or_.800000000 N
| | l | l ‘ o

4 8 12 16 20

k MINUTES ‘

Test Conditions: 18 micromoles of glucose, 300 micrograms of albumin, 0.3 I
buffer, volume, 3.0 ml.
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DETERMINATION OF PROTEIN CONCENTRATION (Method of Warburg and Christisn,
41, as tabulated by E, ILayne, '57.)

The optical density of the ensyme dissolved in 18 mM glucose was
read sgainst 18 mM glucose at 260 and 280 millimicrons, The hydrogen
lsup was used with & slit width of 0.1, The protein concentration in
milligrams per williliter is equal to 1,55 X O, D, at 280 minus 0.76
X 0. D. st 260,
SPECTROPHOTOMETRIC MEASUREMENTS

A Beckman Model DU spectrophotometer with 1 cm fused silice cells
was used for all determinations, The temperature of the cells was
maintained constant by the circulation of wéter from 2 constant temperature
bath through hollow metal plates on both sides of the cells, Tap water was
eirculated through the lamp housing to prevent overheating of the lamp,
Factors to correct for variation in the path length and light transmittance
of the cells were determined to aid in obtaining accurate results., In all
kinetic studies, the following conditions were used: wavelength, 5720 A3
temperature 25°C; tungsten lamp; slit width, 0.03.
CELL CORRECTIORS

The ebsorbance of the cells filled with redistilled water was observed
against & reference cell at the wave lengths used in these studies. The
meximum correction was 0.004 density units or 1% of the usuel reading.
PATH LERGTHS-

The readings of a solution of the intermediate buffer-dye in its most

basic form were obtained against a redistilled water blank,

I




The ratio of the optical density of the solution in the reference

cell to the optical densities of the solution in the other cells wae

calculated ueing 1.000 cm a3 the path length of the reference cell, thus

glving the relative path lengths of each cell. All cells were within

0.7% of the eame length.

PREPARATION OF ADENOSINETRIPHOSPHATE

A)

B)

For assay of enzyme -- To 0.234 g of crystalline disodium ATP

(Pabst lot 132) were added 300 miecromoles of triethanolamine, 40.4
micromoles of hydrochloric acid, and sodium hydroxide to obtain a

PH between 8.5 and 9,0. This was made to 25 ml with redistilled
vater, The concentration of ATP was de';;zmined from the absorbance
of an accurate 1:500 dilution at 2590 A, slit width, 0.1.

For kinetic studies -~ Dibarium ATP (Pabst lot 129) was sdded to
Dowex 50 WX 8 cation exchsnge resin in the tetraethylammonium form.
(1 g of ATP per 20 ml of resin.) This mixture was shaken vigorously
for 30 minutes on & mechanical sheker, A few drops of supernatgnt,
wvere tegted for traces of barium by the addition of 1 M HQSOh. I
no precipitate was evident, the supernatant was filtered through
Whatmen No. 50 filter peper. The pH of the solution was adjusted

to a range between 8.5 and 9.0 by the addition of 0,03 M tetramethyl-
amonium hydroxide. The concentration of ATP was determined from the
the absorption of an accurate 1:1000 dilution at 2590 A, 8lit width,

0.1l.




ENZYME ASSAY
Solutione
A) 15 mM tetrasodium ATP, For prepasration, see page 29,
B) 30 mM MgCl, containing 0.0127 mg/ml cresol red,
C) Enzyme sample in 18 mM glucose. (In thie assay, @ change of 5 optical
density units per minute is convenient. The amount of the enzyme sample
used vas adjusted by trial to give approximately this activity.)
Procedure

Exactly one milliliter of solution A was added tc 1.20 ml of solution B
in & Beckman cell which was placed in the cell compartmept of the spectro-
photometer to allow for tempersture squilibPation., At zero time, 1.00 ml
of the enzyme-glucose solution was added to the cell., The contents were
well mixed, and the optical demsity of the solution wes read against e
water blank every 2 minutes for a period of 20 minutes, The rate of the
reaction was determined from the slope of the line obtained by plotting the
micromoles of acid (converted from the opticel density) against time,
PROCEDURE FOR KINETIC STUDIES "
Solutions
A) Enzyme in 18 mM glucose containing 300 micrograms per milliliter albumin,
B) An accurate 2:5 dilution with redistilled water of either wesk, inter-
mediate, or strong buffer-dye solutions (see page 1l) with tetraethyl-
ammonium adenosinetriphosphate of the desired concentration.

c) MgCl2 and CaCl2 of varying concentrations,

i
}
b
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Procedure

Into a Beckman cell were plsced 1.00 ml of buffer-dye~ATP solution
(pipetted with a Kimex A pipette vhich has & tolerance of + 0,6%) and 1,00
ml of engyme-glucose-albumin solution (pilpetted with a Kimax B pipette
which has e tolerence of + 1.2%.) These solutions were usually pipetted
about 10 to 20 minutes before plscing the cell In the Beckmen cell comparte
ment for temperature egquilibraticn, After allowing about 5 minutes for
temperature equilibration, 1.00 ml (Kimax B pipette) of the appropriste
megnesiun and/or celcium soluticn wee added ot zero time to stert the
reaction, The pipette was dreined for 20 geaouﬁs after which a parefllm
cap was placed on the cell and the <zs:n:1t4m1;ai were mixed by inversicu, Three
gells were prepared 8t the semwe time and the resctions were sterted at zero,
30 and 180 se¢cond intervels, The optical density of each sclution was
read every 2 minutes for a period of 20 minutes, The rate of the colore
change was regulated by using the bulfer-dye of appropriate strength, &o
that the change in optical depsity wes about 5 density units per minute,
™he optical density observed was converted into micromoles of acid and the
rate of the resction was determined from the slope of the line obtained
when micromoles of acid were plotted sgainst time, VWhenever a curved
line resulted, the rate was determined from a tengent drawn to the curve
at the point where the pH waz equal to 8.6.
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pil MEASUREMENTS

pH measurements were obtained by use of the Beckmen pH meter, Model G,
using Beckman extension calomel and glass electrodes, For measurements in
which temperature control wes critical, the solutions were placed in glass
vessels with outer Jackets, through which water, controlled at 25°C by
means of a coustant temperature bath, was circulated, Through a rubber
top were inserted the electrodes and a capillary tube by means of which
nitrogen gas was bubbled into the solutions. An additional opening in
the rubber top provided an exit for the gas. The solutions were stirred
by a grounded magnetic stirrer. Readings were taken after allowing
sufficient time for temperature amd electrode equilibration,
PREPARATION OF TETRAETHYLAMMONIUM RESIN

Dowex 50 WX & resin in the barium form was poured into a glass
chromatography column 60 cm high by 5 em in diameter to a height of 45 cnm.
The resin was backwashed with 4 liters of 3 N HC1l at the rate of 3 ml per

minute. It was then washed with redistilled water until no precipitate was

obtained by testing the effluent with 0.1 N AgN03. The reein was transferred

to an Erlemmeyer flask. The supernatant solution was decanted and 10%
aqueous tetraethylammonium hydroxide (Eastmen Kodak 2078) was added until
the pH of the supernatant solution was the same es that of the original
tetraethylammoniun hydroxide - approximetely 1l - as tested with pHydrion

peper. (188 g of the base were required.)
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The resin stood in the base for 24 hours, after which the supernstant
was decanted, and the resin was transferred to the column with 0,1 M tetra=-
ethylammonium bromide, with which it was backwashed until the pH of the
effluent wes about 6.5, The resin wes then washed with redistilled water
until the test with 0.1 N AgNO3 for halide was negative,
COMPARISON OF EtyWBr WITH MeyNC1

In previous work with hexokinase, (Melchior amd Melchior, '58), a
high‘ionic gtrength was meintained by using tetramethylammonium chloride
in the reaction mixture. Tetraethylammonium bromide, a salt of similar
structure, is more easily purified end therefore its use wae preferred,
The following data show that the rate of thé' yeaest hexokinese reaction was
not altered by the use of tetraethylammonium bromide,
Test Conditions:

3 micromoles of ATP, 6 micromoles of glucose, 15 micrograms per

milliliter of Sigma Enzyme, Type III, 3 micromoles of MgCl,, 6

micromoles of triethanolamine, volume, 3.0 ml, .
Relative Rates:

With 0.3 M Me)‘NCl «= 1,00 micromole of acid per minute per micro-

gram of enzyme,

With 0.3 M Ethl\mr -- 1.0k micromoles of acid per minute per micro-

gram of enzyme,




CHAPIER IIIX
EXPLORATORY ENZYME STUDIES

In the first kinetic studies with purified yeast hexokinsse, it was
found that replicate experiments run approximately four hours apart were not
in gquantitative agreement., Investigation of the reasons for this lack of
reproducibility showed at least two effects were present. First, there is
& measursble production of acid when mixtures of AIP and magnesium are
allowed to stand for several hours. See Table V. This amount of acid,
however, is insignificant when compared to the rapid production of acild
which occurs iu the same system in the presence of minute amounts of enzyme.

The second effect was more difficult to identify, but proved to be
due to the very low conecentration of some of the hexokinmse solutions used
in this study. This may be related to the phenomenon reported by Berger
et al ('46) but does not seem to be identical with it, These authdrs
report an immediate loss of hall of the enzyme activity upon dilution
beyond a certain point (4.2 microgrems/ml). Darrow ('57) found thet this
effect was reproduced with his preperatlon when the same assay system
(manometric) was used, but not when his spectrophotometric method was used.
Berger et al ('46) found thet numerous proteins would prevent loss of
activity upén dilution and Darrow confirmed this with bovine gerum albumin

(vhich had no effect on the asssay by the spectrophotometric method).

34
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To evaluate our assay system with respect to the variables time,
dilution and bovine serum albumin stabilization, several dilutions of
yeast hexokinasse were prepared with and without albumin, These solutions
were assayed immediately, then after 4 and 24 hour storage at room temperatureL
(23 - 26°C).

From Table VI, it is clear that the solutions containing albumin
retained enzymic activity more effectively. It mey be of interest to
note that vhile V_ vas zero in the most dilute solutions after 4 and
2k nours, e finite rate of acid production, (181 and 49 micromoles per
minute per milligram of ensyme, reapcctive%y) was observed after 8 to
10 minutes incubation with magnesium, ATP, apd glucose,

It can be seen from TABLES VII and VIII that albumin does not change
the absorption of the dinegative ion of cresol red nor the absorption
maximum of cresol red. It appesrs from the slight change in pH which
oceurred in the more weakly buffered regions, that albumin has a slight

buffering action in the reaction system.




TABLE V
ACID PRODUCTION IN ABSENCE OF ENZYME

Test Conditions: 18 micromoles of glucose, 15 micromoles of ATP, 100
micrograms per milliliter elbumin, 0.3 I and 0.3 S buffers, volume, 3.0 ml,

Time in Minutes Increase in Acid - Micromoles
0.5 mM Mg 8.0 mM Mg
2 0.0 0.0
6 0.0 0.039
10 0.0 0.039
18 0.059 0.1%0

19 Hours 1.124 1.394




TABLE VI

THE EFFECT OF ALBUMIN ON THE REACTION RATE OF HEXOKINASE

37

Test Conditions:

18 micromoles of glucose, 12 micromoles of megnesium,

6 micromoles of ATP, 0.1 I buffer, *100 micrograms per killiliter of
albumin, volume, 3.0 ml, V= initiel velocity.

Comcentration of

V, - Micromoles of Acid Produced per

Enzyme During Minute per Milligram of Enzyme

Storage Assay 0 Hours 4 Hours 24 Hours

0.99 ug/ml 0.33 ug/ml 208 213 115
211# 2hT* 2224

0.39 ug/ml 0.13 ug/ml  20% 131 152
228% 2h2* 219%

0.27 ug/ml 0.09 ug/ml  1lkk 0 0
220% 258% 216%




TABLE VII

THE EFFECT OF AIBUMIN ON THE pK OF CRESOL RED

38

Test Conditions: 15.0 ml aligquots of 0.3 I buffer were made to 100 ml after
the additiog of hydrochloric acid and #100 micrograms of slbumin, Temp-
erature, 25 C, Tungsten lamp, 5720 A, wavelength, slit width, 0,03,

Micromoles of Optical pH pK Cresol Red
Hydrochlorie Acid Density
83.65 0.513 8.49 7.89
0.50k* 8.46* T.90%
135.95 0.4k0 8.22 7.88
0.42g* 8,21 7.91%
240,55 0.292 7.81 7.89 |
0.279% 7.80% T.92%
basic 0.643
0.6L3%*




TABLE VI1I

THE EFFECT OF ALBUMIN ON THE ABSORPTION PEAK OF CRESOL RED
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Test Conditions: 18 micromoles of glucose, 6 micromoles of ATP, 12 micro-

moles of magnesium chloride, 0.1 I buffer, volume, 3.0 ml. Temperature, 25°C

Tungsten lamp, 5720 A, wavelength, slit width, 0.03.

ﬁ

Opticel Density
with 100 micro-

grems per ml albumin

Wave Length Optical Density

Without Albumih
600 0.099
590 0.235
580 0.409
576 0. b7
5T4 0.ks2
572 0.k5k
570 0.450
568 0.439
56k 0.411
560 . 0.372

0.098
0.229
0.392
0.430
0.h3k4
0.435
0.431
0.h21
0.393
0.357




CHAPTER IV \

RESULTS

The following tables give the results of experiments run at two levels

of ATP snd several concentrations of magnesium and caleium, Typical results

obtained in these experiments are presented in Figure 6,




THE EFFECT OF MAGNESIUM ON THE VELOCITY AND IONIC SPECIES WITH 2 mM ATP

TABLE IX

131

Tegt Conditions:

18 micromoles of glucose, 6 micromoles of ATP, 1.06 micro-
grams of enzyme, 300 micrograms of albumin, 0.3 I and 0.3 S buffers, volume,

3.0 ml. Velocity meesured at pH 8.6, concentrations in millimoles per liter.
(Mg)y | Micromoles of Acid Produced per (Mg**) (MgATP™2) | (aTP-b)
Minute per Milligram of Enzyme
Experiment
Series 1 i1 II1
0.0 0 0 0 0 0 1.96
0.5 17 128 116 0.0163 0.484 1.486
121 126 117
119 129 111
1.0 176 190 159 0.0463 0.954 1.030
184 179 166
171 7T 163
2.0 200 202 180 0.294 1.706 0.290
193 208 161 )
161 181 161
161
4,0 188 161 165 2,048 1.952 0.0471
187 171 176
171 179 170
8.0 183 162 187 6.017 1.983 0.0166
179 167 168
160 160




THE EFFECT OF MAGNESIUM ON THE VELOCITY AND IONIC SPECIES WITH 5 mM ATP

TABLE X

k2

Test Conditions:

18 micromoles of glucose, 15 micromoles of ATP, 1.06 micro-
grams of enzyme, 300 micrograms of albumin, 0.3 I and 0.3 S buffers, volume

3.0 ml, Velocity measured at pH 8.6, concentrations in millimoles per liter,
(Mg), | Micromoles of Acid Produced per (g™ (MgATP™2) (ATP-%)
Minute per Milligrem of Enzyme
Experiment
Series 1 II IIT
0.0 0 0 0 0 0 k.90
0.5 81 63 0.0056 0.hokh h.b2
8 61
76
1.0 121 121 96 0.0125 0.9875 3.93
119 125 91
122 124 95
2.0 200 173 135 0.033 1.967 2.97
193 176 153
198 184 1k
k.0 203 195 182 0.167 3.833 1.143
203 247 160
223 167
5.0 191 202 167 0.48 4.52 0.47
198 193 173
197 197 165
8.0 179 194 155 3.081 4,919 0.0
182 190 149 ”
191 186 146
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TABLE XI

THE EFFECT OF CALCIUM ON THE VELOCITY AND IONIC SPECIES WITH 2 mM ATP

Test Conditions: 18 micromoles of glucose, 6 micromoles of ATP, 1,06 micro-
grams of enzyme, 300 micrograms of albumin, 0.3 I end 0,3 S buffers, volume,
3.0 ml, = velocity measured at pH 8.6 = micromoles of acid produced per
minute per milligram of enzyme., Concentrations are tabulated in millimoles
per liter,

Salts v (Mg*) (MeATP-2) | (ca*t) | (ceaTP=?) | (ATP™Y)
1.0 oM Mg 120 0.072 0.928 . 0.081 0.419 0.642
0.5 mM Ca 104 ’
11
1.0 mM Mg 51 0.120 0.880 0.254 0.T4b 0.367
1.0 mM Ca 51
51
1.0 oM Mg 3 0.249 0.751 0.906 1.094 0.151
2.0 oM Ca 35
34
2.0 mM Mg 57 0.601 1.399 0.517 0.483 - 0.1167
1.0 mM Ca 63
66
6
54
2.0 mM Mg ko 0.812 1.188 1.262 0.738 0.073
2.0 mM Ca 57
56
2.0 mM Mg 38 1.072 0.928 2.972 1,028 0.0433
4,0 mM Ca - 32
31
39
b7




TABLE XII

THE EFFECT OF CALCIUM ON THE VEILOCITY AND IONIC SPECIES WITH 5 mM ATP

Test Conditions: 18 mieromoles of glucose, 15 mieromoles of ATP, 1,06 micro-
grams of enzyme, 300 micrograms of albumin, 0,3 I and 0.3 S buffers, volume,

3.0 ml, V: velocity measured st pH 8.6 = mieromoles of acid produced per
mimite per milligram of enxyme, Concentrations are tabulated in millimoles
per liter,
salts V| () | (MeAT) | (Ca™) | (CeATP D) | (ATP-Y)
2.0 mM Mg 103 | 0.046 1.954 0.056 0.94% 2,102
1.0 mM Ca 109
104

2.0 oM Mg TT 0.077 1.923 0.181 1.819 1,258
2.0 mM Ca 70

T
2,0 mM Mg 31| 0.258 1.7k 1.079 2.921 | 0.337
4,0 mM Ca 33

37
8.0 mM Mg bk | 4,136 3.864 2.911 1.089 0.047
4,0 mM Ca k7
8.0 mM Mg 371 4.754 3.246 6.28 1.72 0.03k
8.0 mM Ca 39




FIGURE 6

' EFFECT OF CALCIUM CHLORIDE '
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300 micrograms of albumin, 0.1 I or 0.1 S buffer, volume,




CHAPTER V
DISCUSSION

The analysis of an encyme catalyzed resction can be considered complete
only when the entire course of the reaction can be quantitatively explained.
Understanding of the variables which influence the rate of the yeast hexo-
kinase reaction has not progressed far enopugh to make this gquantitative
explanation 8 practical goal for short term research. In the work reported
here the plan was to study the kinetic effects of the addition of calcium
salts {0 reaction mixtures contalning yeasﬁzhezokimse, glucose, ATP,
magnesium salts, buffer comporents, and (presumebly inert) salts to main-
tain & reasonably constant ionic strength, The major part of the research
has becn concerned with attempting to estsblish & system in whieh such
comperisons would be meaningful.

The first experimental difficulty encountered was the lack of stabllity
of the very dilute solutions of ensyme which were necessary in these experi-
ments, As has been discussed earlier, the addition of a relatively large
quantity of bovine serum albumin appears to remove thies difficulty, dbut its
use does ralse questions concerning its effect upon the other components of
the kinetlc system, At the moment it i1s not possidle to determine whether
it is more meaningful to use a fraction of a microgram of high specific
activity enzyme plus 100 micrograms of & known protein, or to use larger
quantities (five to twenty-five micrograms) of low specific ectivity enzyme

with its attendant uncertasinties of composition.
L6
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These observations of lack of stability are not in agreement with
those of Darrow using a similar enzyme preparstion and assay system. However,
the reduction in stebllity observed here takes place relatively slowly and
would not have been detected by Darrow., The most interesting observation
in this connection is that a considerable part of the %nzyme activity is
restored if magnesium and ATP are added to the glucose-enzyﬁe mixture, That
18, when the components of the reaction mixture are combined, there 1s at
firset no measurable release of acid., However, after a lapse of time wkich
is related to the age of the diluted enzyme solution, acid production begins
and continues during the period of measurement, See Appendix I, Tables XIV
end XV, This apparent increase in in vitro:enzyme activity following exposure
to substrate is of intrinsic chemical interest, and may prove to be interest~-
ing from a biochemical standpoint,

A second interesting characteristie of this resgtion ie the effect of
the ratio of magnesium to ATP upon the kinetic order of the reaction as
calculated in the usual fashion. In a reection mixture containing 2 mM ATP
and b mM megnesium, the rate of acid production (utilization of ATP) is
first order in total ATP over the entire reaction period, during which
more than 50% of the ATP was used. In eontrast to this, in a reaction
mixture identical to that above except that totel magnesium was reduced to
0.5 mM the production of acld was substantially constant over the entire
reaction period during whieh approximstely 50% of the ATP was consumed, In
other words, the reaction wes zero order in total ATP, although the velocity

was significantly lowver.
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These apperently discordant observatione are reconciled if one considers
the molecular specles present in each of these systems, Using the constant
for the formation of magnesium-ATP complex given by Melchior and Melehior,
it ie possible to show that in the first system (excess megnesium) the
concentration of the complex is practically equal to the totel ATP present
at any time and that the reection is really first order with respect to the
concentration of the magnesium-ATP complex, In the second system, ATP is
in excess over the entire range of measurement, the concentration of the
complex changes only slightly, and the observed constent rate is proportional
to the (unchanging) concentration of the complex. It is interesting to note
that toward the close of the cobservation pefiod, the rate observed had
diminished by 7% at a point &t which the calculated MgATP’e concentration
bad diminished by 5%. It should be noted here that the cbserved relation-
ship to the coneentration of the magnesium-ATP complex does not prove that
this complex is the reacting substrate. As Melchior and Melchior have
indicated, the same kinetic relationship would be given by a sequenticl
reaction of ATP'A with the enzyme followed by interaction of the ensyme-ATP
complex with the megnesium ion, provided that the dissociation of the
magneslium~-ATP complex is sufficiently rapid. At the present time, no
information conéerning the rate of this resction is available,

A setond difficulty encountered was thet upon addition of calcium to
the system, the initial rates of reaction of replicate experiments were not
alvays in agreement. In some instances, only after 6 to 8 minutes did the
rates measured on identical reasction mixtures converge toc give comparable

velocities,
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The velocity at pH B.6 was chosen as the reference velocity since at
this pH, the steady-state velocity seemed to have been achieved, and under
the conditions used, the reaction was still In its initiel state; the
amount of substrate present was very nearly the seame as the initial substrate,
Comparison of the resulis at the same pH eliminntes the possibility of
variation in the reaction due to the acceleration in the velocity of the
reaction as the pH optimum of the enzyme is approached. The data obtained
in this researcn 4id not present evidence of the existence of such a
phenomenon, but Sols et el ('58) reported that the rate of the reaction
increases as the pH changes from 9 toward T.4.

Approximately 90 comparisons were madem;f yeast hexokinase reaction
rixtures which were ldentical except for the addition of calecium chloride
to one and not to the olher, In every case the observed rate was lower in
the presence of calcium. BSee Figure 6. Figures 7 and 8 show typical results
plotted as perceut reduction of the rate observed 1n the same system in
the absence of calelwu,

It 1s difficult to determlne exactly the cause ot the reduction of
velocity since when calcium 1s introduced into the reaction systenm, (MgATP'a),
and (ATP’“) decresse, wheresas (Mg*+), (ca*) and (CaATP™2) increase. Bee
Figure 1., The inhlbiticon is largest lu the systems in vhich there is a
substantial fraction of calclum 1z excess of the ATP aveilsble to react

with caleium. (Total ATP minus total magnesium), See Tables XI and XII.
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This would indicate that free calcium ion is a potent inhibitor of
yeast hexokinase ---a conclusion vhich is in harmony with that of Melchior
and Melchior concerning the smell inhibition in the presence of reletively
high concentrations of sodium chloride, but which contradlcts the results
obtained by Bailey and Webb ('48).

It iz very difficult to determine the reason for this disagreement
gince their azegay method seems to be withoub defect, The incubation mixture
contained 10 M MgCly, 0.1.2 M glucose, 10 uM veronal-gcctete buffer - pH
T.2 and enzyme in a gquantliy sulllclently small to glve & linear breakdown
for 7 tc 8 minutes. The reaction was started by the addition of 0,5 ml of
Ha HoATP, the final concentration of which w;s 5.1% @M., The incubztion
nixture (total volume, 5.0 ml) was placed in the water bath at 38°, Saumples
of 1 ml were removed at 1, 3, 5, and 7 minutes and plpetted directly into
.12 ml of 10 N HCl and the orthophosphate wat determined by the Fiske-
Subarrow method.

No specific date were given for the calciunm experiment, The orly
detail presenied was that calcium and megnesium ions were both present

in the incubation mixture in equal concentrations -~ 5 X lO'3 M which

differs from thelr standard ssssy conditions,
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Test Conditions: 18 micromoles of glucose, 1.06 micrograms of enzyme, 300
micrograms of albumin, 0.3 I or 0.3 8 buffers, volume, 3.0 ml,
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THE EFFECT OF CALCIUM
ON HEXOKINASE ACTIVITY
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18 mieromoles of glucose, 1.06 micrograms of hexokinase,

300 microgrems of albumin, 0.3 I and 0.3 8 buffers, volume, 3.0 =ml.
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CEAPTER VI
BUMMARY

A kinetic study was made of the reaction between ATP and glucose in the
presence of highv specific activity yeast hexokinsse, The concentrations of
ATP, llsCJ.z, CaCl, and aldbumin vere varied, It was found that yeast hexokinase
loses activity when stored for several hours at lov concentrations and that
this loss of activity is prevented by addition of albumin,

The addition of calcium chloride decreased the measured velocity under

all conditions tried,

>3




BIBLIOGRAPHY

Bailey, K. and Webb, E, C. 1948 Purification of yeast hexokinsee and its
reaction with BB'-dichlorodiethyl sulphide, Biochem. J., 42:60-68,

Berger, L., Slein, M. W., Colowick, 8. P. and Cori, C. F., 1946 Isolation
of bexokinase from baker's yeast. J. Gen. Physiol., 29: 379-391.

Burton, K. and Krebs, H, A. 1953 The free-energy changes associated with
the individual steps of the tricarboxylic acid cycle, glycolysis
and alcoholic fermentation and with the hydrolysis of the pyrophos~
phate groups of adenosinetriphosphate. Biochem. J., 5kt 9k-107.

Colowick, B. P, and Kalcksr, H. M, 1943 Role of myokinase in transphos~
pmryl‘tmn'n J . 3101. cm., 1"8% 117"1%

Colowiek, 8, P., Ueleh, N SD and Cori, C. Pc 191“3 m'pmryhtion of
glucose in kidney extrect. J, Biol. Chem., 1333 359~-373.

Darrow, Robert Arnold 1957 The purification and assay of yeast hexokinase,
Thesis, Johns Hopkins University.

DiBtefano, Victor and Neuman, W, F, 1953 Calcium complexes of adenocsine-
triphosphate and adenosinediphosphate and their significance in
calcification in vitro, J. Biol. Chem., 200: 759-763.

Hers, H. G. 1952 Role du magnesium et du potassium dans la reaction
fructokinasique. Blochim et Biophys Acta, 8: 42L-h30,

Eunitz, M. and MacDonald, M. R. 1946 Crystalline hexokinase (hetero~
phosphatases) method of isolation and properties., J. Gen,
Physiol., 29: 393-k11,

layne, Ennis 1957 The spectrophotometric and turbidimetric methods for
measuring proteins. MNethods in Enzymelo Volume III by Colowick
and Kaplan., Academic Press Inc., New York, 453,

Iiebecq, C. 1953 The hexokinase activity of rat muscle extract and the
hbmty of the Mg~-ATP complex. Biochem, J., 2__: xxii-xxiii,

Iohmann, K. 1931 Derstellung der Adenylpyrophosphosaure aus Muskulatur.
Biochem, Z., 233: 460-k69.

Iohmenn, K. and Meyerhof, O. 1934 Uber die enzymatische Umwandlung von

Phosphoglycerinsauer in Brenztraubensaure and Phosphosaure. Biochem,

2., 2]3: 60-72. 54




55
Lundsgaard, Einar 1930 a Untersuchungen uber Muskelkontraktioner ohne
Milchsaurebildung. Biochem, Z., 217: 162-177.

Lundsgaard, Einar 1930 b Weitere Untersuchungen uber Muskelkontraktionen
chne Milchssurebildung, Biochem. Z., 227: 51-83,

lundsgeard, Binar 1931 Uber die Energetik der anaeroben Muskelkontraktlon.
Biochem, Z., 233t 322-343.

Martell, Arthur E, and Schwarzembach, G. 1956 Adenosinephosphate und
Triphosphat als Komplexbildner fur Calcium und Magnesium, Helv,
Chim, Acta, 39: 653-661.

Melchior, N. C, 1954 S8odium and potassium complexes of adenosinetriphos-
phate: equilibrium studies. J. Biol. Chem,, 208: 615-627.

Melchior, N, C, and Melchior, J. B, 1958 The role of complex metal ions
in the yeast hexokinase reaction. J, Biol. Chem,, 231: 609-623.

Meyerhof, Otto 1927 Uber die enzymatische Milchsaurebildung in Muskel-
extrekt, Biochem, Z., 183: 176-215,

Rauflsub, J. and Lleupin, I. 1956 Uber die Anwendung von Metallpuffern
bei Fermentreektionen. Die pMg-Aktivitatskurve der Hexokinase
aus Hefe, Helv, Chim, Acta, 39: 832-837.

Robbins, E. A, and Boyer, P, D. 1957 Determination of the equilibrium of
the hexokinase reaction and the free energy of hydrolysis of
sdenosinetriphosphate. J. Biol. Chem,, 224: 121-135,

Smith, R, M, and Alberty, R, A. 1956 The apparent stability constants of
ionic complexes of various adenosine phosphates with monovalent
cations, J. Phys, Chem,, 60: 180-184, ‘

8ols, Alberto, de la Fuente, Gertrudis, Villar-Palssi, Carlos and Asensio,
Carlos 1958 BSubstrate specificity and some other properties of
baker's yeast hexokinase., Biochim. Biophys. Acta, 30: 92-101,

8picer, Samuel 5, 1952 The relstion between the magnesium-pyrophosphste
complex and the actomyosin resction to adenosinetriphosphate,
J. BiOlo Che‘a, mz 301—305'

Wajzer, Jacques 1949 Test spectrophotometrique de 1'hexokinase, Compt
Rend” L'Acad des Bclences, 229: 1270-1272,

Walaas, Eva 1958 Stability constants of metel complexes with mononucleo-
tides. Acta Chem, Scand., 12: 528-536.




Warburg, Otto and Christiesn, Welter 1939 Isolierung und Kristsllisation
:;%roteim des oxydierenden Garungsferments, Biochem. Z., 303!

Warburg, Otto and Christian, Walter 1941 Isolierung und Kristallisation
des Gsrungsferments Enolase, Biochem. Z., 310: 38hk-k21,




APPENDIX 1

PRELIMINARY EXPERIMENTIS

TABLE XIIX
THE EFFECT OF MAGNESIUM ON ACID FRODUCTION

Test Conditious: 18 micromoles of glucose, 6 micromoles of ATP, 0.1 I buffer,
volume, 3.0 ml, MgCly and ATP-buffer~-dye solutions were mixed on the day of
the experiment, The reaction was started by the addition of the enzyme. pH
range was 8.6 to 8.3.

Concentration V, = Micromoles of Acid Produced per Minute
of MgCl, per Milligram of Enzyme
Concentration 0.92 ug/ml| 0.57 ug/ml| 0.29 ug/ml
of Enzyme
0.5 ‘“ ‘&8 - -
b7
l.o ﬂ hadand 71 « -
TO
M
200 “ - -— 70
67
63
s
h,O mM - - 57
57

57




TABLE XIV
THE EFFECT OF CAICIUM ON ACID PRODUCTIOR - I

Test Condit:lom"; 18 micromoles of glucose, 6 micromoles of ATP, 0.1 I dbuffer, volume, 3.0 ml. The selts
and ATP-buffer-dye solution were mixed on the day of the experiment., The reaction was started by the
addition of the enxyme, pH range 8.6 -~ 8.3. max V maximum velocity attained in the particular
reaction.

Concentration Micromoles of Acid Produced per Mimute per Milligram of Enzyme
of Salts
Concentration
of Enzyme 2.86 vg/ml 0.95 ug/ml 0.57 ug/ml 0.29 ug/ml
Vo max V Vo max V Vo max V Vo max V
2.0 mM Mg - -- 70 10 58 58 0 56
" 12 63
2.0 uil Mg
incubated with enzyme - - -— - 0 12 - -
3.33 ﬂ c‘ o 1.7 _— L L - - - -
2.0 mM Mg - - 5.3 13 7.3 15 0 17
1.66 =M Ca 4.5 15




TABLE XV
TRE EFFECT OF CAICIUM ON ACID PRODUCTION -~ II

Test Conditions: 18 micromoles of glucose, 6 micromoles of ATP, 0.1 I buffer, volume, 3.0 ml. The salts
and ATP-buffer-dye solution were mixed on the day of the experiment, The reaction was started by the
addition of the enzyme. pH range was 8.6 to 8.3.

Concentration Micromoles of Acid Produced per Minute per Milligram of Eunzyme
of Salts
Concentration
of Enzyme  0.91 ug/ml 0.46 ug/ml 0,23 ug/md
) Vo max V Vo max V Vg max V
0.25 mi Mg 27 31 18 27T ~ -
31 31
0.5 =M Ng - - 48 48 36 36
29 51
1.0 mN Mg - - 51 63 15 46
36 68
2.0 mM Mg 63 63 66 66 15 55
48 55 58 69 15 58
0.25 mi Mg 13 26 1 22 - -
0.25 = Ng 19 24 21 21 - -
0.21 =M Ca 25 25
i
O




TABRLE XV {Continued)
THE EFFECT OF CAICIUM ON ACID PRODUCTION - II

Concentration Micromoles of Acid Produced per Minute per Milligram of Enzyme
of SBalts
Concentration
of Enzyme 0.91 ug/ml 0.46 ug/ml 0.23 ug/ml

Vo max V Vo max V Vo max V
0.25 =M MNg T.h 23 0 23 - -
0.h2 mM Ca 20 20
0.5 mM Mg 33 33 3% by - -
0.2]1 =M Ca 20 39
0.5 it Mg 35 35 3 - -
0.k2 mk Ca 3% 36
0.5 mM Mg 18 25 T 28 - -
0.84 mM Ca 20 2
1.0 mi Mg 33 33 33 b1 - .-
0.42 mM Cs 48 48
l-o “ k 1h 20 R iand -an - -——
0.84 =M Ca 21 23

22 . 22
1.0 mM Mg 11 1 - - - -
1.67 mM Cs 15 15

13 13




TABLE XV (Continued)

TRE EFFECT OF CAICIUM OR ACID PRODUCTION - II

Concentration
of Salts

Micromoles of Acid Produced per Mimute per Milligram of Enzyu

Concentration

of Enzyme  0.51 ug/ml

V5

max V

S&HR Bk

0.46 ug/ml
Vo mx V
2 25

- -

0.23 ug/ml

Vo" max V

- L4 4

19




TABLE XVI 62
THE EFFECT OF CALCIUM ON ACID PRODUCTION - IIX

Test Conditions: 18 micromoles of glucose, 0,85 micrograms of enzyme, 300
micrograms of albumin, 0.1 I and 0.1 8 buffers, volume, 3.0 ml, The enzyme
solution and ATP-buffer-dye solution were mdded separately., The reaction was
started by the addition of the salts. %*Reaction started by the addition of
the enzyme,

Concentration Vo = Micromoles of Acid Produced per
of SBalts Minute per Milligrem of Enzyme
2 mM ATP 5 mM ATP
0.5 mM Mg 170 om
176
1.0 =M Mg el3 179
224 i75
2.0 md Mg 235% 256
237 250
228
4,0 mM Mg 231 304
’ 238 284
8.0 =M Mg 221 251»
250% 251
247 245
240
1.0 mM Mg 105
0.5 mM Ca 106
1.0 mM Mg 65
1.0 M Mg 37
2.0 mM Ca - 37
5.0 mM Mg 56
2,0 mM Ca 60
51
L0 mi 48
41




63
TABLE XVI (Continued)
THE EFFECT OF CALCIUM ON ACID PRODUCTION - III

Concentration v o~ Micromoles of Aclid Produced per

of Salts Minute per Milligram of Enzyme
2 oM ATP

8.0 mN Ce 38

38
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