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INTRODUCTION

Pyruvate kinase (PK) is an enzyme of the glycoe
lytle pathway which catalyzes the conversion of phos-
phoenolpyruvate to pyruvate, coupled to the conversion

of ADP to ATP:

H
= - H
W& == C00™ 4 ADPZZ ATP +ul - - OO~
OPO3H, o
rhoaphoenolpyruvate pyruvate

Recent observations have brought into focus quese
tions regarding the nature of control mechanisms regue
lating the level of PK activity in various tissues,
Thesa observations have stemmed from investigations
of a human metabollic disease assoclated with altered
PK activity levels and from studies of the enzyme in
various tisaues of animals, especially as assoclated
with different metabolic states,

In 1954, Selwyn and Dacle (1) wers able to divide
a8 group of familial diseases, nonspherocytic heﬁolytic
anemia, into two groﬁpa: type I in which addition of
glucoss to incubating erythrocytes decreases the amount
of homolysis observed in 448 hours at 37° C.; and type
IT in which added glucose has no effect, It was sube-
sequently shoﬁ% (2,3,4) that sbnormalities existed in
the quantities of glycolytic intermediate metabolites
in the erythrocytes of the type II disease, Valentine



and co-workers (5,6) demonstrated that the defect in
this condition was specifically a decreased or absent

PK sctivity in the erythrocytes of affected persons.
redigree analysis and the finding of intermediate PK
levels in parents and other relatives permitted classia
fication of this disorder as a Mendellan autosomal reces=
sive trait, An additional observation of importance
with regard to the involved genetic mechanism was that
the leukoeyte PK levels were normal in these patients

and thelr relatives.

Koler and collaborators (7) extended these obser-
vatlons to another serles of patients and noted the
ssme reletionship between normal and affected persons,
and between erythrocytes and leukocybes. INo differences
by ion-exchange chromatography could be demonstrated
between the enzyme of elther cell type obtained from
pormal subjects and that obtained from subjects with
the anemim. In addition, they showed that human leuko=
oyte and erythrocyte PK were different proteins by se=
veral chemical criteria, Comparison of the chromato=
graphlic patterns of tryptlic peptides of highly purified
enzymes from normal erythrooytes and normal leukocytes
by these workers permitted the suggestion that the two
forms of PK were similar, but not identiecal, in their
primary structures., The structural studies were limiw

ted, however, by a paucity of pure material; thus, a



more precise definition of the nature of these structu-
ral similarities and differsnces was precluded, These
findings led the authors to agree wlth the earlier suge
gestion of Parker and Bearn (8) that the PK deficiency
type of nonspherocytic hemolytlc anemis may be due to

a sontrol gene mutation,

The hypothesis of a control gene mutation in this
diseasse might bs challenged by evidence contalned in
two reports: a report by Busch (9) of a famlly in which
PK activity is decreased in both erythrocytes and leu-
kocytes; and a report by Waller and Lohr (10) that the
enzyme from patients with the PX deficlency differs
from that of normal individuals in its kinetic proper-
ties., The challenge from the former report could be
met by proposing that Busch's family has a different
disorder, The report of kinetic differenceé, if confirme-
ed, would support the hypothesls that the lesion is
due to a structural gene mubtation, but this might also
be explained on the basls of 1ts representing a differ-
ent disorder.

Epstein (11) has listed several points which he
feols must be considered in applying the concept of
control gens mutation to human disease. He emphasizes
that the facts known about many hereditary diseases in
man can be adequately explained by hypotheses based on
structural gene mutations. He argues that, before a

structural gene mutation can be discarded in favor of



a control gene mutatlon as an explanation, the involved
protein must be shown to bs unaltered in primary struce
ture.

weber and assoclates (12) showed that the level of
PX activity in rat liver homogenates 1is reduced in the
disbetic state and returns to nesrly normal levels upon
the administration of insulin. That thls rise 1s block-
ed by sctinomyecin, puromycin, or ethicnine was interw
preted to indlcete that the insulin effect is mediamted
by de novo enzyme synthesis (13).

Taneke and coeworkers (1l) studied the effect of
disbetes, insulin, and various diets on levels of PK
gctivity in liver and muscle of the rat, They found
various tlssues contained two different forms of PK.
The type which occurs as the only form in skeletal muse
cle, heart, and brain was designated as type M, Liver
and kidney contained, in addition to type i, a second
type whigh they called type L. It was demonstrated
that only the type L enzyme weas affected by the meta-
tolic state of the animal, in that its level fell with
starvation, high protein diet, or diabstes. This level
rose toﬁard normal with insulin administration. Iuscle
PEK levels were unaffected,

Tanaka and associates (1l) showed that the type L
enzyme migrated 1ln three bands on stareh block electro-

phoresis. Von Fellenberg and associates (15) had pre-



vionsly demonstrated the exlistence of multiple elec-

trophoretic forms of PK from rat tissues on agar gel

electrophoresis. The relationship between these two

studles 1s not clear at this time, due largely to the
fact that different eiectrophoretic gystema were ome

ployed.

The above-mentioned investigations have brought
about several interesting questions regarding pyruvate
kinase a8 it occurs in man: How many forms of the enzyme
oceur in different (tissues? What is the distribution
of the different types in these tissues? Apre tissues
other than the serythrocytes involved in the PX deficien-
¢y enemia? What is the relationship of these different
forms in terms of structure and function? Is the PK
of individuals with the anemia identieal to normal PK
in structure?

The pursuait of answers to these questions will,
at the outset, reguire the establishment of methods for
detection of different forms of the enzyme in humen tis-
sues, and of a scheme for isolating the various forms
in quantity and purity sultable for the appropriate
studies of structure and function. Of special importance
is the need for a procedure which will supply PX from
the erythrocytes of persons with the deficleney, in
high yield and purity sufficlent for investlgatlion of

its primary structure. Progress toward accomplishing



these requirements will be described in this thesis,

The saltingecut characteristics of erythroecyte PK
under various conditions and its heat stability have
been studied. The occurrence of PK in several human
tissues and the behaviour of the enzyme from some of
these upon ilone-exchange chromatography have been inves=-
tigated, These experiments have resulted in the estab-
lishment of procedures for the purificastion of erythroe
eyte PK and the detection of multiple forms of the enzyme

in different tissues,



MATERIALS ATD METHODS

Materials

Carboxymethyl cellulose was obtained from Blo-Rad,
carboxymethyl Sephadex C-50 medium from Pharmacla, and
dextran type 1000 from Sigma. Reagent dithiothreitol
was purchased from GCalblochsm and reagent grade betae
mercapboethanol from Lastman or Matheson Coleman & Bell.
A1l other chemlicals were reagent grade. Distilled, dew
ionized water was used in all experiments.

Lnzyme Assey

PK assays were done at 37° C. according to the lac-
tic dehydrogenase linked assay method of Tanaka et al.
(6), using a Cilford model 2000 spectrophotometer. One
unit of PX i1s defined as that amount of enzyme which
converts one micromole of substrate per minute. Sube
strates and rabbit musele lactic dehydrogensse essenw
tially free of pyruvete kinase activity were obtalned
from Sigma,

Ceneral Methods

211 pH determinations were done on undiluted solu=
tions at room temperature with a Beclkman model G or moe
del 76 pH meter, using Beckman standard buffers for re=
ference, Centrifugation was done in refrigerated cen
trifuges; unless specified otherwlse, angle head rotors
were used, Optical density determinations were made

using quartz cuvettes with a 10 mm light path in a Zeiss



PMQ II spectrophotometer; the appropriate buffer was
used as reference., Visking 8/32" tubing was used for
dialyses,

Effect of Sulfhydryl Compounds on Enzyme 3tability

Freshly drawn blood from & normal donor was trea-
ted as described in the following seetion on purifica-
tion of the enzyme. 235 ml of packed erythrooytes were
hemolyzed by addition of water to make a volume of one
liter and Tiltered three times on a Buchner funnel,
using S&8 202 filter paper. ¥inebty per cent and 10
per cent saturated ammonium sulfate solutions, 0.1
molal in dibasic potassium phosphate and adjusted to
PH 7.5 with concentrated smmonium hydroxide or sulfuric
acid were used for fractionation of the hemolysate.,”
Phase separatlons were effected by centrifugation at
4% C. The following fractions were taken successively:
the L0 per cent saturation precipitate; the 10 per csnt
saturetion supernatant; and the 35 per cent saturation
precipitate, The resulting precipitate was washed twice
with 35 per cent saturated ammonium sulfate by centri-
fugation and dlssolved in 0.003 M potassium phosphate
buffer at pi 7.3, Insoluble materisl was removed by
centrifugation.

The resulting enzyme concentration was 0,53 units

*The method of caletlating emmonium sulfate concern
trations 1s described in the appendix.



per ml, Samples were welghed into dialysis tubing which
had been sosked in the phosphate buffer, These were

then dialyzed at 6° C. for 29 hours against 500 ml of

the phosphate buflfer containing beta-mercsptosthanol,
dithiothreitol, or no sulfhydryl compound; the dlalysis
solution was changed at 18 hours. The dialyzed solutions
were recovered guantitatively and assayed for enzyme
activity. The composition of the different dialysis
solutions and the caleulated recovery of enzyme actl-
vity are shown in teble 1.

rPuriflcation of PE from Trythrocytbes

211 procedures were carried out at 4 to 6° C.,
unless specified otherwise.

Step 1. 500 ml of blood were drawn from a normal
donor and collected in a plastic bag contalning 10 ml
of a 15 per cent potassium EDTA solution. After sto-
rage in the cold for 36 hours, 100 ml of a 0.85 per
eent sodlum chloride solution contalning 6 g of dextran
were added to the blood, After settling in 2 one liter,
glass beaker for L5 minutes, 270 ml of plasma and pare
tially clumped leukocytes were drawn off by suction,

The erythrocytes were mixed with 280 ml of an 0.85 per

cent sodium chloride solution containing 6 g of dextran,
allowed to settls, and decanted as before, The settling
in dextran was repeated, and the erythrocytes wers wash-

ed three times by mixing with an equal volume of 0,85



TABLE 1.

10

EFFECT 07 SULFHYDRYL COMPOUNDS ON ENZYME STABILITY

Buffer composition

Number of

Per cent

determinations recovery

0.003 ¥ potassium phosphate pH T3

0.003 M potassium phosphate pH 7.3
0.01 ¥ beta-mercaptoethanol

0.003 ¥ potassium phosphate pH 7.3
0.001 ¥ beta=mercaptoethanol

0.003 ¥ potassium phosphate pH 7.3
0.00065 M dithiothreitol

4

v
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per céent sodium chloride solution and centrifugation
with 2 swinging bucket robtor at 500 x g for 15 minutes.
The resulting packed erythrocytes contalned 7.75 x 106
erythrocytes and 1350 leukocytes per mm3, Hemolysis
was effected by addition of an equal volume of eold
water to 330 ml of erythrocytes, followed by inversion
of the vasseliavery minute for 15 minutes.

Step 2. Various proportiona‘of a 90 per cent sa-
turated ammonium sulfate solutlon, 0.1 molal in dibssle
potassium phoaphate and adjusted to pH 7.1 with concen-
trated ammonium hydroxide, were added to 10 g aliquots
of the hemolysate in small beakers, Addition of the
salt solution was done on & bop loading balance with a
pPasteur pipstte. After gentle mixing, the resulting
suspensions stood for 30 minutes. mach was assayed for
PK sectivity, and the samples were centrifuged for 30
minutes at 17,000 x g. The resultlng supernatant s801lu=-
tions were assayed for enzyme activity., The proportlons
of salt sclution and hemolysate, and the assay results
are shown in table 2. The aliquots, the remaining hemo-
1ysa£a, and 53,2 g of the phosphate buffered, 90 per cent
saburated ammonium sulfate solution were combined to
make & suspension of such composition that the ratio
of salt solution to hemolysate was 0.152., The suspen=
sion was held for 15 minutes and centrifuged for 45
minutes at 16,000 x g. 851,5 g of the phosphate bufa



TABLE 2.

DETERMINATION OF SOLUBILITY OF PK IN AMMONIUM SULFATE
SOLUTIONS AT pH 7.1

Ratio of 90 per cent 3Suspension Supernatant Ratio of
saturated ammonium assay assay assays
sulfate golution

to hemolysate

0.181 1.027 units 0,959 units 0.933
«239 .918 HAV S 343 ik .918
«298 1.110 <87h « 787
«340 1.071 952 .889
1418 1.110 949 .855
92 1.090 656 .602
. 565 1,060 .306 .288
658 +969 .136 +140
«759 1.071 065 061

.881 L2 +OL8 .051
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fered, 90 per cent satursted smmonium sulfate solution
wore added to the resulting TLO.h g of supernatant solu=-
tion and the resulting suspension stored in the cold
for 7 days.

8tep 3. The suaspension from the previous step was
centrifuged at 16,000 x g for one hour and the superna-
tant decanted by pouring. The precipitate was resuse
pended in one liter of pH 7.1, 0.1 molal potassium phos~
phate, 55 per cent saturated sammonium sulfate solution
and centrifuged for one hour at 16,000 x g. The wash-
ing was repeated with 930 ml of a 50 per cent saturated,
and 950 ml of a AO per cent satureted ammonium sulfate
solution, 0.1 molal in potmssium phosphate and at pH
7.1l The resulting precipitate was resuspended in 250
ml of a pH 7.1, 10 per cent saturated ammonium sulfate
solution, 0.1 molal in potassium phosphate; after 15
minutes, this suapension was centrifuged for &5 minutes
at 16,000 x g. This was repeated with another 250 ml
of the 10 per cent saturated ammonium sulfate solution,
and the 10 per cent saturated ammonium sulfate superng-
tants combined.

§E22,k3 Aliguots of the supernatant from the pre-
vious step were hested rapidly to various temperatures,
held at constant temperature for 5 miputes, and rapidly
cooled, This was repeated with aliqucts of the same

solution, mede 0,1 molal in bets-mercaptoethanol, The



i

results of assays for enzyme activity done on the cooled
aliguots are shown in figure 1. The remeining 390 ml
of solution were made 0.1 molal in beta-mercaptoethanol,
neated to 60° C. in 6% minutes, held at that tempers-
ture for 5 minutes, and rapidly cooled. The resulting
suspension was centrifuged at 16,000 x g for 45 minutes
and the 410 ml of supernatant saved for the next step.
Step 5. Aliquots of the supernatant from step b
were brought to 33, 36, 39 and [42 per cent saturation
with respect bto ammonium sulfate by the addition of
pH 7+1l, 90 per cent saturated smmonium sulfate solution,
0.1 molal each in dibasic potassium phosphate and beta
mercaptoethanol, The resulting suspensions werse held
for 30 minutes and centrifuged at 17,000 x g for 30
minutes, The results of assays of the sugernatant are
shown in table 3. The remaining supernatant from step
I, was brought to 42 per cent saturation and centrifuged
at 16,000 x g for 30 minutes after having stood for 30
minutes. The precipitate was washed once by suspension
in 2 per cent saturated ammonium sulfate and centrie
fuged as before. The precipitate was suspended in pH
5,2, 10 per cent saturated ammonium sulfate solutilon,
0.1 molal each in potassium scetate and beta~mercapto-
ethanol; the suspension was centrifuged at 16,000 x g
for 30 minutes, ylelding 84,5 ml1 of supernatant upbn

decantation.
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Plgure 1. Effeat}of heat on PK activity., The first
point of each curve represents the assay on material
not subjected to high temperatures, Determinations

were made in 0.1 molal beta-mercaptosthanol (XeewX-w

~X=we®) and without mercaptosthanol (. " : » Ve
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TABLE 3
DETERMINATION OF PK SOLUBILITY AFT'R HEAT DENATURATION

Fer cent saturation Suspension Supernstant
of ammonium sulfate REsay ansay
33 «690 units Oeli}0 units
per ml per ml
36 726 165
39 «596 030

L2 626 068
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§Egg‘é. Aliquots of the supernatant from the preceding
step were rapidly brought to I8, 50 and 52° ¢., held 2t cone
stant btemperature for 5 minutes and rapidly cooled., Results
of assays on the cooled suspensions are shown in table I,
The remaiping supernatant from step © was heated to 50° C.
for 5 minutes and rapidly cooled,

2tep 7o "liquots of the suspension resulting from heat

trestment ir the previous step were taken to determine the zo-
lubility of the enzyme at several salt concentrations, This
wasg achieved by the addition of pH E.2, 90 per cent saturated
eammonium sulfate solution, 0.1 molal each in bebta.mercaptoetha-
nol and potassium acetate, followed by standing for 30 minutes
and centrifugation at 16,000 x g for 30 minutes, The suspen
slons and supernatants were assayed; the results sre shown in
table 5, The remsining 71 ml of suspension from step 6 were
brought to 28 per cent saturation in ammonium sulfate by addi-
tion of the same 90 per cent szturated ammonium sulfate solum
tion, held for 30 minutes, and centrifuged for 30 minutes at
16,000 x g, The supernnatant was brought to L0 per cent satue
ration and centrifuged as hefore. The resulting precipitate
was suspended in 20 per cent ssturated ammonium sulfate, 0.1
molel each in beta-mercaptoethenol and potassium acetate, at
pH 5.2+ Afber 30 minutes, the suspension was centrifuged at
16,000 x g for 30 minutes and the supernatant taken.

A sommary of the purification procedure appears in table

6.
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PABLE L, EFFECT OF HEAT ON PK AT pH 5.2

Temperature Assay after Heatling
not heated 3.36 units per mli
48° ¢ 3.40

50° 3.36

520 2.89

TABLE 5, SCLUBILITY OF PK IN AMMONIUM SULFATE SOLU-
TIONS AT pH 5.2

Per cent saturation Suspension Supernatant
ammonium sulfate assay assay
28 2,11 units 2,62 units
per ml per ml
32 2,72 1.53
34 2,55 0.61
ha 2.30 0.03
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TABLE 6., SUMMARY OF PURIFICATION PROCEDURE
Speeific%%*
Volume PK Protein Yield activity
Step 1 , | ,
hemolysate 560 m1 805 96% mg 0.013 units
units per ml per mg

Step 2

gsuspension .

after 7 days 1370 8o 1044
Step 3

supernatant 1270 3

55% wash 1000 0

0% wash 930 11

0% wash 950 35
10% supernatant 195 522 65

Step L

supernatant

after heat L10 h82 60

Ste

% suspension 660 159 57

L12% supernatant 660 2
2% wash 335 2

10% supernatant 85 296 1,5 37 2.1

Step 6

suspenslon

after heat 83 235 29
Ste

7 supernatant 90 22l 28

l,0% supernatant 108 3
20% supernatant 110 202 0.26%% 25 Tol

*hemoglobin,

determined spectrophotometrically as

cyammethemoglobin.,

*method of calculsbing protein concentration is
discussed in the text.

##%that purification was achleved in several steps where
protein concentration could not be conveniently determined
was apparent in that appreciasble amounts of precipltate

were dilscarded,
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Oecurrence of PK in Several Tissues

Tissues wers obtained at aubopsy within 12 hours
of the death of a middle aged white male who had dled
either of exposure to cold or ascute alcoholism. These
were held at 62 ¢. until processed further, which was
done within 36 hours in each case. After removal of
adherent connective tissue, each was diced with s scel-
pel and homogenized in a Virtis homogenizer at low speed
for 30 minutes at 0 - 2° C, with twice the tissue weight
of .05 M potassium phosphate buffer at pH 7.y and .01
¥ in beta~mercaptoethanol, The resulting homopenates
were centrifuged at 40,000 x g at 0 - 2° ¢, for three
hours. The supernatant fluid was decanted end passed
through a glass wool plug to remove the lipid layer
which had floated to the top of the fluid., Fach super-
netant was then brought to 807 saturation with respect
to ammonium sulfate by the addition of the appropriate
gmount of solid salt over 20 - 30 minutes at O to 2° C.
The resulting suspensions were then stored at 6° ¢.
Tigsue weilghts and ylelds of PX are shown in table T.

In order that PX from erythrocytes could be compare
ed to that obtsined from these tlssue preparations, a
gsample of blood from a normal donor was treated 1n the
following manner: freshly drawn blood was centrifuged
for 20 minutes at 1500 x g for 15 minutes at 4° C. and
the plasma and white cell layer were removed by decan=

tation. The erythrocytes were then washed with 0.9%
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TABLE 7. OCCURRENCE OF PX IN SEVERAL TISSUES

Total PR in Total PK in

Tiasue Wet welght homogenate ammonium sulfats
supernatant suspension

Skeletal

muscle 50 g 16,400 units 8,190 units

Heart 50 g k,300 3,970

Liver 50 g 1,030 690

Kidney 50 g 1,240 1,600

Spleen 19 ¢ 50 1185

Brain W g 3,710 3,130
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sodium chloride by suspension and centrifuged as before.
The wéahing procedure was repeated twice and the cells
lysed by addition of two volumes of cold water. Asrter
mixing by inverting the tube every minute for 15 minutes,
the resulting hemolysate was centrifuged for 30 minutes
et 15,000 x g at 4% C. Solid smmonium sulfate was added
to 80 per cent saturation and the resulting suspension
stored at 6° ¢,

Carboxymethyl Cellulose Chromatography of Liver PK

5 g of carboxymethyl cellulose were stirred with

500 ml of water at room temperature for 30 minutes.

50 ml of a solution 1 ¥ inp sodium chloride and}l M in
sodium hydroxlde were added and stirring continued for
30 minutes., After 2 minutes, the suspension was taken
from the fastesettling materisl by pouring. Fines were
decanted by pouring after 20 minutes. The exchanper
was stirred for 15 minutes with i liters of water and
the fraction settling between 3 and 30 minutes taken,
This step was repeated, and the material was washed on
& Buchper funnel using Whatman number 1 filter paper
with 1 liter of water, four times. It was then washed
with 500 ml of a pH 5.28 buffer made by dissolving
23,55 g potassium scetate, 3.60 g acetic acid, and

1,69 g beta-merceptoethanol in 6 liters of water. The
exchanger was suspended 1n 300 ml of the acetate buffer

and 2llowed to settle for 30 minutes. Ixcess buffer



was poured off and the materisl resuspended in a velume
of bdffer equal to that of the sefttled meterial. A 0.9
% 15 ecm glass chromatographic column, fitted with a me-
dium porosity sintered glass filter disc, and cooled at
6° ¢. by means of a water jecket and circulating water
bath was used, The column was prepared by pouring the
suspended exchanger into the column and extension tube,
allowing it to settle to 1 cm by gravity, and packlng
with air at a pressure of 10 pounds per in? to a helght
of 10 em, BRuffer was pumped through the column at 20
ml per hour for 20 hours prior to loading; & Milton
Roy WMinipump was employed, 2 ml of the ammonium sulfate
suspension of liver homogenate wes dialyzed against

500 ml of the acetate buffer at 69 ¢, for 18 hours; the
dielysis solution was changed at 12 hours. A brown-
colored precipitate was removed by centrifugatlon at
20,000 x g for 30 minutes at 4° C. The resulting 7.1
ml of solution contained 2,45 units of PK per ml; 3 ml
were losded on the column.

Iinsar gredient elution was done uslpg two vessels
of @ Varigred system (Buchler Instruments). The mixing
vessel contelned 100 ml of the acetate buffer described
apove and the reservolr 100 ml of the same buffer made
Ce3 M in potassium chloride. 5 ml fractions were col-
lected in a fraction collector at 4-6° C.; the flow

rete was 20 ml per hour,

2l
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Carboxymethyl Sephadex Chrometopraphy of PK from Liver,

Kidney,; Skeletal Muscle, and Frythrocytes
Citrate-phosphate buffer wss prepsred by dissolving

15.13 g eitric seid, 20.26 g dibasic potassium phosphate,
and l..69 g beta-mercaptoethanol in 6 liters of water and
adjusting the pH to 6.0 with 10 M potassium hydroxide,
This buffer was used for preparing the lone-exchange mée
terial, dislysis, and as the beglinning buffer in elution
of the columns,

12 g of carboxymebhyl Sephadex were added slowly
with stirring to L liters of water and allowed to stand
for 2l hours. The material was then washed by stirring
for 30 minutes, settling for 30 to 60 minutes, and de-
canted by pouring, using each of the following in suce
cession: I 1iters of water; 2.5 liters of 0.5 X hydro-
chlorie acid; L liters of water, three times; 2.5 liters
of 0.5 N potassium hydroxide; li 1iters of water, thres
times; and 1 liter of beglnning buffer, three times.

The exchanger settled to a volume of 250 ml; an equal
volume of bheglinning buffer was addsd, and the materisl
was stored at L° C. until pouring of the columns,

Columns of the type deseribed in the previous secw
tion were used at 6% C. The columns were filled with
buffer, and suspended exchanger was added to an extene
sion tube, ~After 15 minutes, flow was begun by opening

the bottom of the column, The material settled to a



heipht of 11 to 12 om, 150 %o 250 ml of beginning
balfer wore passed through the golumn st about 10 ml
par hour prior to loading,

Ine ml Crastions of the saronium sulfate suspele
giona of llver, kldney, and skeletal mumcle homorenstes
were dlelyzed apsimst 507 ml of the beplioning bulfer
rop 20 nours #t 6° (.: the dialysis sslutlion was chanped
st 12 hours, £ % ml Irastion of the amsorium sulfote
suapension of the erythrocyte rreparestion wes similarly
ddalyzed, The dlslyzed anspensions were sentrifupged et
20,000 x g Por 30 minutas st L9 2. befors losding, The
column losds were ss Toliows: liver, 1 =1 conteining
Se9 P¥ units; kidrey, 1 ml contelping 5.0 ¥¥ units: ske.
latal musele, 0,17 ml contelning 5.0 PL units; and
srythrosytes, 3 ml Q&ﬂtﬁiﬁiﬂ?lﬁng P oanits,

ttter elublion with at least 15 wl of bepinning
buifer, rradient elutliorn wes bazun, using 2 chanbers
of & Verigrad pradient appspstus, The reservolr ¢ove
tained dopinning bufler which hed bsen sdjusted o pF
To2 with 10 ¥ potassiuz hydroxide, The kidney, liver
and skeletsl mussle ooluuns were sun simulteneously;
the s parstus described in ripore 2 was used so thet
¢he developar for esch golumn flowed From 2 QOUMON FPfe
Atent device, containing 225 =1 in sach chamber,
pump wes used for elution of ths epythrosyte coclumrg

100 ml of hulfer wes ir saoh chamber of the gradient

2
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Flgure 2. Apparatus for varying the hydrostatic head

on & chromatographic column. The assembled apparatus

is shown in section; the parts are: a., 1 mm inside dlaw
meter Teflon tubing; b. vacelne cap; Cey oy Zey 1+ Ty=
gon tubing of various dimensions; d. Pasteur plpette;

e. 1} mm inside diameter glass tubing; h. cut end of plas-
tiec syringe bsrrel, Parts c¢. and f. are of such dimen
sions that a small c¢learance is left botween parts e, and
f. The hydrostatic head across the column is varied by
reising or lowering the pasteur plpette assembly in the
glass tubing which has been carefully mounted so that 1ts
long axls is exactly vertical, The efrluent tubing Irom
the apparatus is adjusted over the fractlon collsctor

so that the syringe barrel end contains the amallest vol-
ume without emptying completely., One such assembly was

used for each of ths columns sluted from the same resere

volr,
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device. TFractions of 2 to L ml were collected in a ree
frigerated fraction collector at flow rates of 8 to

12 ml per hour,

29
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RESULTS AND DISCUSSIOHN

Effect of Sulfhydryl Compounds on Inzyme Stablility
Erythrocyte PX is unstable upon dialysis against

low ionic strength phosphate buffer at neutral pH. The
enzyme 1s partially protected against loss of activity
under these conditions by dithiotireitol or betas-mer
captoethanol; this protection ls dependent to some ex-
tent upon the concentration of the sulfhydryl compound.
These findings suggest that some inactivation of the
enzyme 1s due to oxidation of cysteine residues. The
use of sulfhydryl compounds during procedures for puri-
fication of this enzyme is indicated when low ioniec
gtrengths are to be used.

Purlfication of Erythrocyte PK

Protein concentrations were calculated from optical
density readings at 280 millimlcrons and from the assump-
tion that the PK at e concentration of one mg per ml
gives an optical density of 0.5 st this wavelength.

This assumpbtion is based on published extinction coefa-
ficients of 0,54, 0.5 and 0.53 for PK from skeletal
musele of rabbit, man and rat, respectively (16).

Purificetion of human erythrocyte PK has been re-
ported by Koler et al., (7). Comparison of the final
specific activity of 7.1 unlts per mg, in this paper,
with the formerly reported value, is not possible because,

in the latter instence, protein concentration was deter-



mined by alkaline hydrolysis and reaction with ninhy-
drin. The previously reported overall yield was 0.8l
per c¢ent; in that procedure, losses of about 90 per
cent were encountered in each of two steps consisting
of procedures at low lonic strengths. It ls suggested
that the higher yleld (25 per cent) in the present pro=
cedure can be attributed, to some extent, to the avolde
ance of steps at low lonic strength.

Attempts to esteblish a procedure in which predew
termined ammonium sulfate concentratiana were used were
unsuccessful. This was probably due, at least in part,
to the influence of the great relative asmounts of hemoe
globin and the verisbility of the PK to hemoglobin ra-
tios in different hemolysate preparations. The heat
stability of the enzyme seemed to be affected by the
concentration of protain, also., Because of these diffie
culties, 1t was decided that the pgreatest efficiency of
salting out and heat denaturation techniques could be
achieved by determinations of these characteristics on
aliquots of the solution during the purification pro-
cedure., This would not have been pqasible without a
simply performed, rapid enzyme assay. With these con-
aiderations, it is anticipated that the method desecribed
can be applied to the purification of PK from other hue
man tissues.

At the stages in the second and fifth steps where

31
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the enzyme is present as a suspension at salt concene
trations rendering it insoluble, it is stable to loss
of activity during storage for several days. Thls sta=-
bility should sllow the accumulation of greater smounts
of PK at these stages of purification, This would be
an advantage in terms of efficlent utilization of time
as greater amounts of enzyme are prepared, In addition,
attempts to erystallize the enzyme should be enhanced
because greater protein concentrations and volumes large
enough to be effectively processed could be achleved.
Ion Exchange Chromatography of PK from Different Tissues

The resolution of the apparent components of liver
PK on carboxymethyl cellulose shown in figure 3 could
be improved nelther by use of a more gentle ionic stremngth
gradlent nor by the use of phosphate rather than acetate
buffers. Comparison of»ﬁhe behaviour of liver PK on
carboxymethyl cellulose, usling an ionlec strenghh Ero=
dient, and on carboxymethyl Sephadex (figure L), using
a pH gradient, shows the superior resolving power of the
latter, with the buffer systemsa employed,

That at least two chromatographic forms of the enzyme
are present in liver and kidney can be seen in figure L.
The relationship between the different chromatographic
zones from the several tissues can be mors precisely
established by rechromatography experiments, This chro-

matographic system may have some application in proce-
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Mgure 3., Chromatography of liver PK on carboxymethyl cel-

lulose.
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™gure L. Chromatography of PE from several tissues on care
boxymethyl Jephadex, The 1llins marked with wvertical bars ine
dlcates the eoffluent pH,.
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dupes o be employed for the purificstion of PK Mrom

different tissuss,
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SUMMARY AND CONCLUSIONS

Sulfhydryl compounds protect human erythrocyte
pyruvate kinase against loss of activity during disly-
sis against phosphate buffers at low ionic strength.

It is inferred that thé enzyme contains cysteine resi.
dues vhich must be kept in the reduced state for maine
tenance of enzyme activity,

‘ A method of purifying erythrocyte pyruvate kinase
is described which results in a preparation with a spe=
eific activity approximately equal to that reported
previously and a thirty-fold inerease in yield. The
nature of the procedurs is such that it is anticipated
that it can be applied to the purification of pyruvate
kinase from other tissues.

A chromatographic system has been established which
resolves at least two zones of pyruvate kinase activity
from liver and kidney homogsnates, The chromatographilc
patterns of pyruvate kinase from liver, kidney, skeletal

muscle, and srythrocytes are compared.
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APPEMDIX
CALCULATIONS FOR MAKING AMMONIUM SULFATE SOLUTIONS

Traditionally, the concentrations of ammonium sul-
fate solutions used during salbing out procedures are
expressed in "per cent saburation;" for example, equal
volumes of protein solution and 8 solutlon saturated with
ammonium sulfate are mixed and the resulting solution
taken to be "50 per cent saturated."

Gireen and Hughes (17) have discussed the difficule-
ties encountered in this method. The concentration of
a saturated solution varies with the temperature; at 0°,
s saturated ammonium sulfate solution is 3.9 M; at 25°,
it is L.1 M. Furthermore, such a system does not result
in a linear relationship between "per cent saturation”
and salt concentration as expressed in molarity. Second
order volume changes invalidate the assumption inherent
in that system, that the addltion of one gram of salt
increases the volume by the same amount, regardless of
the concentration of the solutione.

Gresn and Hughes (17) have given & table which pre«
sents grams of smmonium sulfate necessary to take one
1iter of solution from one "per cent saturation" to ano-
ther, meanlng by "per cent saturation," per cent of l..1 M.
wpom these values the fraction of the solutions by welght

which 1s water has been calculated and 1s given in the



Lo

third column of table 8, Similar calculations have been
made for solutions mede with ammonium sulfate and diluts
aqueous solutions, substituting the weight of solution
containing 1000 g of water for 1000 g. For example, the
value for 40 per cent saturation and 0.1 molal dibasic

potassium phosphate (FV 2 17l) was obtained by:

Byog = 1000 + 17.4
= 1000 + 17.4 + 243

The calculated values, termed here "B values," are also
given in table 8,
Ir wy and Wy grams are taken of solutlions having B

values of El and B, respectively, upon combining them

2
(w1.+ wz) grams of a solution having a B value of 83 is
obtained, in accordance with the equation:
Blwl"‘ ana

1+ Y

By =

which, upon rearranglng,

w - B w B w
1¥ "2 2 BN S,

--——-‘—-+ -~

dividing by wy,

w - B B w
le 2= 1,42 2
w

)
By

i-‘g tmﬁ
¥
i L'm
]
=t



multiplying by By,
(%"B@ﬂL; By - By
w
and rearranging gives

2 . By . B3

L | By . B2
The use of the derived eguation is illustrated in
the followlng examplée:
To make a 140 per cent saturated solution from & 10
per cent saturated solution and & 90 per cent sstue

rated solution, the proportions are calculated as
follows:

ooz = Biog -~ Blog = L7 o 805
w104 Bloz = Bood .805 . .602

‘11.‘.2 : .700
«203

b

B values for & solution with no emmonium sulfate
and for solid ammonium sulfate are 1 and 0, respectively.
© values for s "per cent saturation" not given in the

table can be obtained by interpolation,
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TABLE 8., 0 VALUES POR DIFFERENT SOLUTIONHS
Ammonium
TAmetlin e miiwh ta Solationsn | ireron
one kilogram 1 2 3 I

10 56 7 J9LB 948 J9hT
20 11 «898 899 L9000 899
23 Uy BTh 876 87T <875
30 176 »850 853 .853 .0852
35 209 827 .830 .331 .829
Lo 243 .805 .807 .808 806
L5 277 783  L786 .787 .785
50 313 762 J765 766 .T63
55 351 JTho  WJ7hh WS L7h2
60 390 W719 W723 W72 WT2D
65 430 599  L703  L705  LT01
70 k72 H79 683 685 6B
75 516 560  L66)  J665 662
80 561 by 645 J6L6 643
90 662 bo2 606 608 6oL
100 767 566  J570 .572 .568

*ammonium sulfate is sdded to these solutions, corres-
columns: column 1, water; oolumn 2,
molal each in

ponding to the last L
0.1 molal dibasic potassium phosphate or 0.1
¢ and mereaptoethanol} column 3, 0.1 molal
potassium phosphate and mercaptoethanol;
e 0s1 molml potassium acetste.

potassium acetat
each in dlbaslic

column
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