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A STUDY OF PHOSPHOFNUCTOKT}TASE ACTTVTTY IN TA,YTI{ROC]TES

ABSTRACT

Hu¡nan blood tn¡as col].ected and süored in a standard acÍd-

citrate-de>órose medii:¡a (acn) and aeid-citrate medir¡m (At) at 5oc.

Phosphofructokinase (pf'f) activity ,¿,ras neasured in hemolysates

prepared from these bloods by coupli.ng the enzJ¡oe activity w.ith

diphosphoprÍdi¡re nucleotide reduction and measuring the optical

densiüy changes at' 34a ry|r itr a Beclsnan o;uartz spectrophoto¡netero

ïn all- hemolysates of bloods stored in ACD, there was

a decrease from the initial pFK aetivity of 7O-8O% by the 25i"h day

and 8o-9o/" by the 35th day, Á, sinr-ilar decrease was observed in the

bloods stored ín AC but, the changes occumed earl-ier, pFK became

rate-lindting in the eataborism of fructose-6-phosphate at the

tíme gþcolysis fails in stored er¡rbhrocyteso

The high initiar leveI of pFK aetivity in blood i{as pro-

longed by the addi.tion of adenosine to the ACD and. AC ¡nedla. For

35 days AC prus adenosi.ne was superior to AcD as a PFK preservativeo

The addition of adenosine to brood during storage resulted in a

regeneration of PFK aetivity" ftperiments with hemolysates, preÉ

pared from blood stored in ACD¡ preserved. in ad.enosine, inosine,

ribose-5-phosphatee and adenosj-netriphosphate suggest a pathraay of

adenosine meÈabolism i¡r the er¡rLhroc¡rbe, The mechanisr¿ of the

protective action of adenosine on PFK j-n the erybhrocybe is eonsidered

from the above findingçu

l"S" BBOrÍNSTONE.
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II'TTA,ODUCTI0Tü

1\ro enz¡me systems ín riving tissues are responsible for
the degradation of carbohydraùe for energy purposes, glycorysis and.

the tricarbo:ryl5.c acid cJrcleo Glycoþsis is the enz¡matie energy -
producing mechanism r,rithin the erybhrocybe" rt is krown to fair
afber blood has been stored for two weeks und.er convenüiona1

conèitions,

Recentþ, Blanehaer (to Z) and, pappuis et aI (3) frave

posturated that the site of this fairure }ies somewhere in the gþ-
colybic scheme whereby glucose i.s transformed. into fructose d.iphos-

phate" A study of phosphofructokinase (rFK ) rras therefore been

undertaken in an attenpt to rocaùo this site and deals w-ith ühe

following problems:

(r) The developnent of a specürophotonetric assay neùhod

for measurÍng PFK activity"

(z) Obse¡rrations on the rate of pFK acùiv:tty in henoþ-

sates of fresh and stored red celJ.g.

(¡) A comparison of pFK activity and the known grycorybic

behaviour of stored bloodu

(4) The possÍbility of regenerating pFK activ-ity by Íntro-
ducing addÍüives to the preser:vative med.ia"

$) hvesÈigaüÍons into the pathway of utili. zabíon of such

an additiveo
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GT.OSSART OF TTRI\{S ATTD ABREVLA.TTONS

AC - acid-sitrate mediu¡r"

ACD - acid-ciürate-de..cLrose merli u&.

ACA - acid-citrate-adenosine ¡nediunro

ACDA - acid-citrat e-dexbrose-adeno sine meòiun,

aden, - adenosine"

AD.Ð - adenosinediphosphate"

ATP - adenosi-netriphosphaùe"

tr""...-bloodrr - blood preserved in the medir¡n indieated"

DPN - diphosphop¡æidi-ne- nucleotj-de.

DPN.H2 - reduced diphosphopy:ridine- nucleotide.

F-6-P - fructose-6-phosphate"

FDP - fructose-l'6-phosphateo

G-3-P - gþceraldehyde-3-pho sphate"

GPD - glyceraldehyde*J-phosphate dehydrogenaseo

Indigenous enzJmes, ind.igenous enzJm.e actiulty- refers collectively

to ühe eryt,hrocybe enzJnnes:aldolase, triosephosphate isómerase e '

a¡rd GPD,

inos, - inosine"

PFK - phosphofmctokinase"

PGK - phosphoglycerate klnaseo

Preserved, stored - these terms are used interchangeabþ"

R-5-P - ribose-J-phosphate"

Ru-5-P - Ribulose-5-phosphate"

fI - triosephosphate isomerase"



SECTION rIT

RETTE/í 0F TIÍE TJTffiATURE

The purpose of this seetíon is to provlde a brief back-

ground to the subject naterial and is divided. as follows;

MEfHODS OF 5TUDT OF ER,YfHROCITE ACTTVITT

rnvestigation into the properbies of the erybhrocybe by

previous workers has followed two general method.s¡

(Å) sùudy of the intacü red. ceLL in its own pr¿srna sp

in another nediumo

(g) study of henoþsates prepared from ùhe i.solated red,

celIs,

Each of these meühods has its own advantages and.'ìimif¿!{ens, Method

å' being generalþ enployed in sùudying over*.arl ceLL activities and.

Method B for stu{ying specific reactionso

Method A has been used by HapapoÉ (z), Engelhardt and

TojubÍnova (ez) an¿ Parpart (9, zg) Ín their studies on the rate of
gþcoþsis in stored red cells as measured by the rate of disappear-

ance of glucose from stored brood and the rate of lactic acid, form-

ation, the passage of ions in and out of the red celI, the osnotic

and dj.nensÍonal changes in erybhrocybes dr:ring storage and. the uia-

b-ility of sùored cellsu

Method B, the study of hemoþsaùes¡ has been employed by

Dische (3O, 3]-n 32) fo study the enzymic breakdororn of adenosÍne bythe

erybhrocybe" Branchaer (Lrz) has e,nployed th:ls method to measure
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the rates of activity of various gþcolybic enzJmes. The Ìrypothesis

presented is that the henoþsate reflects quantitativeþ the activi-
ties of the intact red celI" The naÍn advantage of this neùhod is
the abiliùy to isolate and study individual ceJ-luJ-ar enzJ¡¡ne reacü-

ions and to i:rtroduce any desired interrediate of red ceLL activity
or other material that may otheriqise be excluded. from the reactive

ceAl content by the se¡ni-perneable ceLL membpå,nso

GLYgOLYSIS AND V'IABTLTTT OF THE ffiYTHROCWE

ïnvesüigatÍons j¡to the biochenical nature of the ery-

throcybe htre increased during the past two generations as a result

of the probrem arising out of the preservation of r+trole blood for

transfusion during the troo r,úorld 'r¡rârso The red brood ceIL has a

Iife span of approximately 120 days in ùhe hunan to¿y (4)n There

is a loss in viability of erybhrocybes preserrred in the standard

aeid*cj-traÈædexbrose mediue (¿CO) at 50Ç" as has been shown by

the post-transfusion survival of these cells (fr6)o Associated

with this loss is the failure of the red cells¡ abirity to utilize
glucose in the production of energy (3r7r8og)"

Glycolysis has been obsenred Ln blood since pavy noticed

in 1854 Èhat glucose disappeared i¡ shed blood and the blood beca¡ae

aci¿ (tO). tepine i¡troduced. a tern gþcolysis in 1890 (fO),

More recentþ it has been considered that gJ;ycoþsis i_s the najor

systen by whieh the red ceLL produces energy to nainüain itserf (10,

11¡ 12¡ 33)" &rzymes simil¿¡ to ilrose known üo nake up the glyco\ybic
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schene Í¡ muscle (ffrp) have been exhibited. in the erythrocybe

(flg. 1) in studies of the intact ceLL (LL,I2) and hemoþsates (2),

this eaergy rnechanis¡n maintains itself at a nornal rate for tr¿ro

weeks in süored blood, but by the third week there is an S.nrpairmenü

in its ability to eatabolize glucose (3)"

InvesÈigation into the failure of süored erybhrocybes to

maintain glycolysis has shown that there is an increase in accumu-

laüed pynrvate in sùored erybhrocybes (1413) and a progressive de-

crease 1n the ability of these cel1s üo reduce added. pynrvate (f),

However, it has been shown that the enzJmûes dÍsposÍ:rg of tríoses in

henolysates prepared from stored red ceIls. persist at a trigh level

activity for more than three weeks (tre¡" Tbe suggestion has there-

fore been made (1r2r3) that the site of gþcotybic failure in sbored.

erybhrocybes oceurs in the steps leading to the transforuation of

glucose to fructose-lr6-diphosphate (gie. IrA). This study was under-

taken to investigaùe the actiuities of one of the enzymes in these

steps, phosphofru.ctokinase (pff), in fresh and stored. red blood cellso

ASSOCÏATED CARBOHYÐRATE MüZN4ü STSTB6 IN lHE M,]TI{ROC]TE

Trn¡o other carbotqndrate enz¡rme systeras assoeiated rrrith gIy-

coþsis (fig" 1rÁ,r8, and C) have been described (3hr35036r37) and have

been for¡nd to be present in the erybhiocybe (3Oo3Zn36)" A brief des-

cription of these enzJrne systems (33oShotO¡4L) is gÍven below with

special enphasis on the catabolism of pentose by these pathways:
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The pentose cvcle (tig, lr0): Startj¡rg r,rith ribose-5-phos-

phate (n-5-p), an equiAibrir¡n ¡ai:cLure êf R-5-P and ribrrloss-!-phos-

phate (Bu-5-P) is forted þy the aetion of an enz¡m.er pentose isome-

rase (pI)" Thi-s mi-:<bure of B-5-P and Bu-5-P is transfornred by the

enzJrne transketotase (TK) to sed.oheptrrlose-7-phosphate (S-f-P) and

gþcerald.ehyde-J-phosphate (G-¡-p), The forr,ation of fmctose-6-

phosphate (F-6-P) and. a tetrose phosphate (n1-4-ptt) is a result of

the activity of the enzyme tra¡rsaldolase (tL) on S-?-P and G-J-pu

These reactions, respectiveJyrare deseribed below:

PI
B-5-p 

--..ås 

Bu-5-Pæ

TK
n*5-P I nu-5-p -.-:ì3 S-?*P # G-l-P

1A
s-7-P / c-t-v n- F-6-P I nt-4-po

F-6-P is then catabolized by way of the glyeolybie scheme

(gig" lrA). lhe net resultrenergeticalJy¡ is the build-up of higtt

energy bonds in the fonu of ATP'

The lle:<osemonophosphate Shunt (fig" lrB) : Glucose-6-phos-

phate can be directþ oxidized. enzynatically to 6*phosphogluconic

acid (6 pC) Uy a triphosphop¡ridine nucleotide speeific dehydrogenase'

6 Iü is then decarboxylated enz¡rmatically to Bu-5-P and carbon dioxide"

An equilibrir¡n ni:rbr:re of Ru-5-P and R-5-P is forrned by pentose

isomerase and the caüabolism of pentose from ühis point follows that
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of the pentose cycle described aboveo

the early ïrork of Dische (¡O) *itt hemolysates of ery*

throcyUes r^ras a pioneer step in the recognition of üwo enzy:nic

syst,ems relafed to glycolysis in the degradation of earbohydrate

ín living tissues" He found that adenosine added to hemolysates

of red.blood ceIls resulted in esterificaùion of inorganic phos-

phate and the disappearance of the ribose of the nucleotideo

R-5-P¡ tríose phosphate, FDP and a gJ-ycolaldehyde phosphate aecu¡am-

ulated" Dickens (33) working with a crude yeast e¡cbract pstul-
ated the existence of a schøe for ùhe stepv,rise orcidation of glì¡cose

that is nov¡ k¡rown as the He¡rosenonophosphate Shr¡¡lt (figrt ), The

presence of this shunt i¡ other living üissues has been reported

(tn]¡43o¿¿) and recently a study of oxidative glyeolysis in hunan

erybhrocybes has been reported by Dubovslçy a¡rd, Sor¡ka (l+Z)" The

existence of an additional cycle, called the rrPentose-C¡rclerrby

Horeeker (glù o has been recognized in a variety of living tissues:

erybhrocybes (32)n ÏLver (36), and yeast (40¡, The postulated

system (fig" lr0) confÍrms the views of Dische that ribose, split

fron the nucleotÍderi-s phosphorylated, broken down into smal-Ler

fragments, æd then resynthesized to henose esters"

STUÐIES OF TI{E CHARACTBISTICS OF PFK IN PTANT ANÐ

Ai{I¡{At ITSSI'ES

fFK (fig. 1) is the enzyme responsible for the formation

of fructose-Ir6-¿iphosphate (fnp) from fmctose-6-phosphate (F-6-p)"
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rts actii¡:ity has been obsenred in plant and a¡rjmar tissues and the

purified enzJme has been exbracted from these materials. Meyerhof

(15) noted i.n yeast and. muscle that adenosinetrfphosphate (ATP) was

required for the formation of FDP" By neasuring ùhe phosphate ùrans-

ferred and isolatlng the FDP for"nedrOstêr# et aI (16) sfrov¡ed that

muscre exbracts cataryze this reaction, Dische (t7) ou""rrred. the

presence of PFK in red blood cellso Þagelhardt and Sakov(I8)

showed that PFK was highþ sensitive to oxiùizing agents" Meyerhof

and WíIson (fE) noted a 2A-4O% decrease in PFK activity on the ad*l-

tion of octyl alcohol and its homologues to a brain preparation of

PFK, -tiilorking with PFK prepared fron rabbiü nuscle, Racker (eO) Aeve-

loped a method for the spectrophotometric measurement of PFK aetlvity

in a series of reactíons leading to the breakdornm of F-6-p to J-phos-

phogþeeraùe (3 PCi) and the accr¡mulation of reduced diphosphopyridine

nucleotÍde (oeN.H2)" He also proposed a nethod of PFK measurement

using the series of reactions of F-6-P to FDP to dlhydroxyracetone

phosphate (Ott¿p) to alpha glycerophosphate with the concument oxi*

dation of reduced DPN (DPN,H2) üo oxidized DpN" The inportance of

ATP as a substrate ùo PFK i¡¡ addition to F-6-P has been reported ia
that no FDP is formed from F-6-P in the absence of ATP in yeast and

animal tissue exbracts (ZtrZZ), Taylor (n,Zù prepared an aqlleous

e:cþract of PFK from rabbit muscle rrrith the enzwe content equal to

Li6 of the exbractable proteÍnu Using a test system sìmil¿¡ to that

of Backer (aO) ne found. that PFK was lnactivated upon ùlalysÍs aad
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that it reqrlired bivalent nagnesiun ions (I4g"//¡ t"r its activity"

Meyerhof and Geliazkana (29) for¡nd that they could. naintain failing

glycoþsis in brain tissue homogenates by repeated addition of

ATP, Muntz (e5) prepared. PFK fron braj:r tissue, He pointed out

the necessity of the presence of an excess of both substrates, F-6-P

and ATP, for opti-nr:m PFK activity" Decreasing eiÌ;her substrate

from the optimun resulted in a decrease of acti-vity" Using the ex-

traction method of Taylor (n), tir¿g and l{ardy (e6) frave succeeded.

in isolating a PFK preparation more active than that of Taylor

fron rabbit musele, I¡rosinetrlphosphate (tfp) and uridinetri-

phosphate (Utp) eorrld replace ATP as substrate.

STUDIES I,\lfTH ÄDENOSINE .A.ND IlS trFECT 0N TI{E ffi,15'l{R00ff'E

Ðische (30¡, r+orking wíth hemolysates, early demonstrated

that adenoslne is uti.lized by living tissue, first by a splitting

off of the pentose and then by the phosphorylation, degradation,

and reforaation of the pentose to hexose phosphate" I¿ter ßZ) nø

postulated the exlsüence of two closeþ related cycles in the ery-

throeybe capable of degrading glucose to QO2 and of catabolløing

pentoses" In more recent studies, hankerd and Altnan (59159) trave

forrnd that adenosine forms a substrate for the regeneration of the

essential energy stores of the red ceII and that adenosine may

substitute for glu.cose in meùiatittg the phosphate exchange in the

red. ceIlu Gabrio -* -ek (39r6At6L) have sboú¡n that incubatÍng sùored
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blood r^¡ith adenosine resulted in regeneration of organic phosphates,

improvement in osmotic fragility, an inerease in intracellular Kl,

and an Í-mprovement in post-transfusion viability as compared trith the

control rrACD-bloodrr,

ENZn IE-SUI3STtuA,T E RIX,ATIoNSHIPS

A consideratj-on of certain aspects of substrate-enz;rrne

relationships is necessary to aid in the explanation of ihe effect

an ÞI'If oniirrì*rr 6f adenOsine addition to stored blood.vtt ¿r¡\ ¿vvIvIvJ'

Substrate has been defined as the material upon which

enz¡rmes act (t5), Hower¡er substrate may act not only as the base

material for enz¡rme activity, but it rnay also protecl; the specifi e

enzJrme against destructive forces in the reao'',ion medium. The

classical experimenü, reported by Berger, Slein, Colov¡ielc and Cori

(l*6) u best illustrates this point" They found that they could

achieve a four-fold purifieation of crude yeast hexokinase by lett-

ing a concentrated crude solution stand. in the presence of its sub-

strate, glucose. In experiments where glucose was not used, hexo-

kinase was destroyed by proteolybic enz¡rmes" These conclusions are

confi-rmed by McDonald (47) :-n a description of hexokinase pre-

paratÍ-on rt¡hich states that the protective action of glueose pre-

vents the inactivation of hexokinase by tr¡rpsin'
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}ffiTHODS

The general plan of experÍmentation vras to eollect series

of bloods, subjecü these bloods to predeùeræined cond:itions of stor-

age, and to apply various tests to samples of those bloods" A

detailed descri.ption of the handli:rg of the blood, the tests applied

and the preparation of a]Ì materials employed fol-lows' Table I de-

scribes the preservati.ve media used in the various series and the

additives introduced to stored blood"

PR.EPARA,TIOII OF PBESERVAT$TE }ÚODIÂ

Preparation of the Acid-Gítrate-De>cbrose Medlr¡m

Acid-citrate-de:ctrose mediun (¿CO) was prepared accordíng

to the specification of the Canadian Red tross Socieùy (4S) as

follows:

lO grans de:cbrose

41"6 gra,ms di.sodite acid citrate

These were dissolved in double distilled water (OOt¡l) an¿

nade up to a volume of 200O nilliliters. The ratio of whole blood

to be eo1-leeted to preservative medir¡ra was caleulated to be four in

one and the required. volume of presenrative was transferred into the

collection flasko

keparaùion of the Adenosinetri-phosphate Medlum

Preparation of the bacterial fi.lte4: ATP, introduced, to

preserved hemoþsate, could not be sterilized in the autoclave
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because of the labil-ity of its tenni¡a1 hydrogen phosphate bonds"

Thereforee aliquots of ATP were sterilized by running then through

a bacterlal filter.

The filter candle was prepared by the follotring methods

used by the Department of Bacteriology, FacuJ-ty of Medicine, University

of Manitoba (49)" The canùLe r{as sterilized in the steam autoclave at

20 por-md.s, l30oCo, 2O minutes and then d.ried., It was placed in a

muffle furnace and heated r:ntil it becane glor"¡ing red (at approxi-

nately 900oC" ) and then cooled" Three voh¡nes of DDFrtr were passed,

through the filter in each direction and then the r^¡hole apparatus

was assembled, The apparatus was sterilized i¡r the autoclave and.

dried, It rras then ready for use.

The efficiency of the viral filter was checked by pass-

ing through a baeteria in broth suspension" After filtration t'his

broth v¡as incubated for 72 hours af 37ot" and tested at intervals for

signs of bacterÍaI grorrbh by the Bacteriologist, St" BonJ.face

HospÍtal" The tests were negatÍve"

Filtration throrrEh the bacterial filter: The naterial to

be sterilized was dissolved in a ni¡¡-i¡nr¡m volume of DDIiI and passed

through the filter. The filter was v'rashed u'ith suceeeding smalL

volumes of DDll" The mouth of the collection tube was fl¡^med and

sealed with a sterile capu Vo]-r¡mes of solution r¡Iere exbracted r'rith

sterÍIe needle and syringe and transferred to sterile bottles for

use iJr the hemolysate preparation.
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PN,EPÁRATTO$ OF BIOOÐ FOB TESTING

Collection of Blood for keservation

Blood was collected in such a nanner as to avoid elott-

ingn hemolysis, bacterial and chemical conta¡ai¡ationo Al-L materials

and apparatus used were previously sterilized i¡ a stea.m autoclave

aL L5 pounds pressure, ILOoC. for 20 minutes"

These included 16 gauge needles, a graduated flask con-

tainirrg the preservatíve medium (t/4 *e volume of blood to be

colLeeted), rubber and metal cap to the collectÍon flasku suction

trap and aLL its connections, and rrrbber hosi-ng'

Si:*een gp.uge needles were used for taking venous blood"

When the flow of blood from the donor to the collection flask was

slow, a slight suction was applied to the flask to shorben the

collection time and Èhus avoid clotting. the collection flask was

gently swirled. throughout the collecüion period so that the blood

would. be admixed i'nith the preservative medium and elotti¡g'*ras ühus

prevented" Collection ti¡ae was 4 - I minutes" The rubber cap wag

swabbed r,rith cotton soaked wj-:+'h 7ú alcohol and covered with a

metal screr¡r capo The flask was then plunged into an ice-water bath

to a height equal to the level of blood in the flasko trlhen the

tenperature of the flask and its contents had faJ-len to ùhat of the

bath, it was placed in a refrigerator maintained at 5 f toC" .rra

stored,

Anotber portion of the fresh blood was co].lected ùirectly
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into a üube containing heparin and a saruple of this r^ras i¡nmed:iately

tested for PFK activity"

Transfer of Blood fron the tollection F1ask

i¡rto Preserr¡ative Bottles

In series B and Crwhere blocd was preserved in media other

than ACD, the method of collection nas sjmilar to that described

aboveo The blood was first collected in a graduated flask and then

pred.etermÍ-ned a¡¡ounts ïrere transferred into snall-er bottles contai¡r-

ing the d.esired presenrative variation' Iü was posùulated that by

collecting a single sa.mple of blood in one container and then sub-

diulding this a more accurate comparison between the various pre-

senrative media could be roade than if the blood from the donor r,,¡as

collected directly into the bottl-es containing the various medla'

This method assured the introducÉion of aliquots of a r:niforn sarnple

of blood into the various prese¡wative bottles and avoided the

possibility of variation in composition i¡ successive portions of

blood from the same donoro

A stock acid.-citrate (AC) solution of the required

coneentration r'ras preparedu A vo}¡me one-half that nortalþ required

for presenratLon (or I/8 the vo}:me of blood to be collected) was

transferred into the collecüion flask' This volìlne was sufficient

to prevenù clotting. I:nto the preservative bottles were plaeed 1/8

the volr¡ne of the sa&e AC solution that contaiaed.rin addition, an

a.mount of the presenrative addltives that would equal the desired
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coneentrai:ion when the bottles ïrere filled v¡ith blood to the desired

volunen I¡'lhen the blood was transferred into the preserwative botüles,

the predeüernined final concentration of presenrative plus ad.ditive

ioras attained.

In aLL the bloods tested i¡ series Br 40 ml' of the stock

AÇ soluüÍon was transferred into the collection flask' For the ACD

preservative 25"O mgu of oven-dried. d.exbrose (cooled in dessicator)

were transferred into the preservative bottle and rvere dissolved i-n

At solution to a final volume of 10 ml" For the At,{, preservative,

a simìIar procedure as the preceeding vras used w1th 285"0 InSo of

adenosine being dissolved in the AC solutisn" For the ACDA pre-

sefl¡ative s 25uO mgo of dried dextrose and 285.0 mgu of adenosÍne

was ùissolved in the AC solutionn The resultant blood-preservative

nixbure, upon the transfer of At blood to each of these bottles,

would have a finaL volrrme of lOC ¡nlu containjng 80 mI" r'¡hole blood

in 20 mI, presernative'

In oÈher blood,series B, where dl-gþceraldehyde was used

instead of ad.enosine, and in series C, r*here various concentrations

of ad.enosine were added, the procedure was sj¡rilar to the above"

The preser¡¡ative bottles containing the various meèia

were tj-ghtly capped r,rith porous paper and loosely covered u:ith

a}gni¡u:m foil. These were sterilized in a ste"m autoclave at 15 lbso

pressuree at 1IOoC" for 20 mi nuteso trrtrhen they v¡ere removed a tight

seal was ¡nade with the alr:ni¡r¡n foil. Tight fittÍng rubber caps
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for ühese bottles were also sterilized'

The ¡nethod.s of taking the blood and collecting it in the

collecting flask r¡Iere as described aboveu The procedure used i-a

transferring the blood from the flask to preservative bottles will-

now be set forth: (a11 materials mentioned, except the bloodrwere

prwiously sterilized ín a stea.n autoclave al L5 lbsoe lIOoC., for

20 minutes.)

A,fter the blood was taken the flask r+as inverted several

times and. gentþ shaken to ensure a thorough rui:dng of the eontents"

The cap was swabbed w"ith a cotton ball soaked in 7Q% aLeohoL. An

air bleeder that reached to the bottor¿ of the flask was introduced

through the rubber capo A 13 gaWe needle, attached by an adapter

to a rubber tube u¡ith a bell-bottom drain at the other end, was

introdueed through the cap' The flask was inverbed and attached to

a vertical sta¡d" The flow of blood was controlled by releasíng a

clamp on the rubber tubing" The paper and foil coveri.ng W€r€ r'€-

moved from the presenrai;ive bottle' The bottle was placed under

the eolleetion flask, the belt-bottom drain placed over it and the

ttÂC-bloodrr was allowed to ru¡l'in,'to a predetermined IO0 n-lo level"

During the transfer the bottle rvas gently swirled to ensure a mix-

ing of the contents, The bottle was i¡nnediateþ capped, inverted

several ti-nes, and placed. in an ice-water bath. Transfer of rrAC*

bloodrr to the other three bottles was completed iq successive

operations as the above. The bottles were then sfored in a



L7"

refrigerator operated. at 5oC. lùnploying two oeople, both the taki.ng

and transfeming of blood 1'¡sF completed in approximately 15 ni:rutes

after the start of the blood flow from the donor. ThÍs nethod

proved to be efficÍent from the point of view of sterile technique,

and the absence of hemolysis and clotting"

Sampli¡ae

A method of taking a sample of blood from the presenrative

bottles for PFK assay and planned to avoid the possibilities of

conta¡nination of blood, hemoþsis or activation of its glyeolybic

nechanism Ís described belou¡u After the first sarnple had been takent

i"e" after the rubber cap had been pierced with a needle, a piece

of cotton soaked. in 7A% alcohol was placed. on the cap and sealed

ruith parafíl:m covering,

The bottle was renoved from the refrigerator and plaeed

in an ice-water bath of a vo}¡me that was greater than the height

of blood in the bottle and below the level of the cap, The bottle

was inverted and gently shaken untÍI a homogenecna mi¡r&ure was obüained

within it. The parafll¡r and cotton vrere re&,oved and the cap was

swabbed with cotton soaked tn 70% alcohol, A sample of blood was

gentþ rernoved from the inverted bottle using a sterile 21 p.tt.ge

neeCle and sterilo syringe" The bottle l{as plaeed j¡rto the Íce-

u¡ater bath, oovered urith a piece of cotton soaked in 7O/' alcoholrand,

sealed with a parafiLue covering and placed in the refrÍgerator

at 5ot" Using this nethod, contarnination l,¡as avoided. in bottles

sampled nany times over a period of as long as 90 days; hemolysis
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as a result of handling was at a aini¡n:n, æd glycoþsis i¡ the ce]-ls

was retarded. by proviðing an environment aî 5oC. at aLL ti¡resn

Addition of Adenosine to Blood Dr¡rins Storaee

In the methods described below for adding adenosine to

blood during storage, a contror portion of the same blood v¡as always

kept, w:ithout addÍng adenosine to it for use in comparing the effects

of the added adenosine.

The desired weighù of adenosine was transferred Ínto a

bottle in a n:ininrum of DIInl, sterilized and the bottle sealed as

above, A predeternined volr¡me of blood nixed h¿th ACD ruas aseptí-

aal-ly transferred from preservative bottle using a syringe and

nee&Le into this bottle. The csntents were wel1 ¡nixed and the

bottle stored at 5o0o

heparation of Hemolysate for Sùorage

The henolysate was prepared in such a nÌanner as to avoid

the possibilities of conta¡rinatlon and deterioration of the sample.

Blood was colleeted into ACD and transferred into a 50 nl" constricted-

neck centrifi:ge tube, (as described above - Method.s I[¡2,). The

blood was centrifirged at lO@ X gravity for 10 ninutes in the re*

fri.gerator (5oC.)" The supernatant plasma, ACD solution a¡d surface

layer of red cells were aseptically r¡'ithdral.nr with the aid of suction,

A volune of sterile DDlf equal to that of the packed red cells was

introducedu The contents of the bottle r{ere weIL mixed, alternately

frozen and thawed three üi¡ses to effect complete hemolysis and then
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þlaced in the refrigerator at 5oC, for storage.

Preservative materials were inüroduced in a si¡nilar ütanner

as described above (Methoas fI, 4. ) " The desired volr:ne of henoþsate

was aseptically transferred to a sterile bottle containing the naterial

dissolved in a nini¡nr¡m of Dlftf. The reliabilit¡r of the aseptie method

employed was illustrated in the unsuccessfi¡I attempt to culture arqr

bacterial growbh fnom sarnples of henaoþsate, prepared in the described

maffier¡ in nutrftive broth and. plates ineubat ed, 72 hours at 37oC.

PHOSPHOFRUCTOKTNASE ASSAY

PFK roas measured in henolysates prepared fron preserved

rsd ce11s, using the reactiore shown ín Figure 2" I¡¡ devising ühe

nethod, Ít ruas ass¡:¡red that the properties of erybhrocybe PFK ¡rere

sj-nilar to those of the muscle enzyme (ZOrZ4rZ6)" In the assay

systen conditions were so arranged that PFK was the rate-Iiniting

enzJrne in the series of reactions leading to the reduction of DPN,

wlrich was detected by an increase i¡e optical density at, 3hA q¡ in a

Beciman DU quartz spectrophotoneter" F-6-P and ATP were the sub-

strates in this sysÈem, The cofactor of PFI(, nagnesium, r+as added

to ensure optimun activity of the enzJ¡meo The erybhrocybe has been

reported to be deficient i-n al.dolase (Z) and therefore crysta3-li:re

aldolase was added to assure the removal of FDP as rapidþ as if

was for:m,ed. Potassium fluoride røas added to inhibit the enzynLø

enolase (ff) tnus assuring the accunulation of DPIfrIi, by prevenü-

ing its removal Ín tbe reduction of pynrvate to lactateo
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Method

The prese¡vative bottle was carefulJ-Jr shaken and the para-

fiIE l.,:ith the cotton rüere renovede T'he nrbber cap was swabbed. ïr:ith

a cotton baLL soaked in 70% aLcolnoL. The sainple of preserrred blood

was asepti.cal-ly removed r^¡ith a sterile needle and syringe (see

sAl'{PLrlIG, this section) and suspended in a centrifuge tube contain-

ing an ice-cold I"l5% KCI solution" the cel-ls were washed three

times in the centrifuge at 5oc. w-ith r"r5iÉ rc]- solution. 1o make

the hemoþsate, Ouz rd-. of a 5Q/, washed cell suspension in potass*

ir¡¡r chloride solution was frozen and thawed three times, Ice-eold

DDInI r¿as added to 14 mI. and the stroma removed by centrifugation

at 1000X gravity for fifteen minutes at 5oC.

The mat,erials used in the assay are shor¡¡n in Table 2

indicating the order that tlrey were added to a seü of ¡aatched I cnu

light-path cuvettes. The blar¡k cuvette contained aLL materials

erccept tbe added DPN" The final volume was 3"35 m3-" and volume

changes due to additÍons during the assay were comected to this

figure" The final pH was 8u5. The celJ- housing of the spectro-

photometer was maintained at a temperature of 36 t 0,5oC, by

prlnping water through it fnon a constant temperature bathu

Afber the addition of each of the last ffve materÍa1s

(TaUle Ð the changer in optical density al 34O l¡ was read at one

ninute j¡terr¡als in the speetrophotomeùer against the blank" Temp-

erature equilibration rn¡as compleüe before Á,TP was added to initiate

the PFK reaetion"
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The readtngs were plotted on a graph comparing the time

elapsed with the changes in optical density, Àpproprj.ate correct*

ions were made for changes in density due to dirution resurtj.ng

from the addition of maüerials to the curettes. Corrections lùere

arso made for variations in the concentration ofcerr materiar

present by coraparÍng the hemoglobin ooncenùrations of the hemoþsates

(see Besults)" The hemoglobin concentraüion in the henoþsates rvas

determi¡ed as follows:

The meÈhod used ïras an adaptation of the cyanhemaüi.n method of King

(50¡. To one mI, of henoþsate rras add.ed { rnI" of 0.I25N HCI.

This solution rsas allowed to stand ten rcinutes, and then I mI, of

6Ø maCU added" This solution ',qas transferred to I cm, Light-path

cuvettes and the optical dênsiüy, using a DD¡I bLank, rras read at

540 mlr, slit wldth 0"02 rnm', orl ühe Bec}man ÐU quartz spectrophoto-t'

metero A typical value of henoglobin concentration of lJuz grans É

j.n the heraoþsate was chosen as a standard. In each of the hemolysates

tesùed, the slope of PFK activity was corrected by comparing its
heraoglobin concentration vrith that of the typical value.

PREPARATION OF MüZEqES AND SI'BSTRATES

Preparation of A]-dolase and GPD

0rystalJ;ine aldolase rùas prepared f rom rrinced rabbit

muscle accordirg to ùhe method of Taylor (¡f) rnA GPD according to

the method of Cori (52¡. These purified materials were Jyophilized

at - 75oç. and stored in vacu.o a+, - ãAoC, The enz¡rmes renained
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stable for more than two years when preserved i¡ this state,

The aldolase preparation r^¡as tested for PFK and GPD

contard¡atÍon using the substrate-enzyme system descrÍbed in Tab1e 3,

I and II" The pr:rity of GPD was determined by tesüing for PFK and

aldolase contaninatíon using assay systems I and, tl (taute 3)" The

general principle followed in these tests ruas to provide subsùrates

for possible conta¡ninants of the eruzyme and otherwise eomplete fhe

system leading to the reduction of DPN (fig, Z)' Conta.nination of

GPÐ and aldolase u:tth PFK or w'ith each other would lead to an i¡-

cr€âs€, in optical density at 34O ry"

In the test systems, readi-ngs v¡ere taken after the addi-

tion of DPN and after the addition each of the rcaterials following

DPN in the order }isted in Table 3." f¡r test system I, the absence

of PFK contanrination in both the enzJm.es tested I^,as shown by

the absence of ÐPN red.uction foJ-lowing the addition of F-6-P and

GPD. Aldo1ase was shov¡n to be responsible for initiating DPN re-

duction by the additÍon of FDP (Fig. 9, I)u In test syste¡a II

aldolase was shor,vn to be free of GPD contemination by the absence

of DPN reduction 5n a system containing DPN, F-6-P, IÐP and aldolase"

GPD addition resulted in a prompt increase in optieal density

(fig. 9, II)" In test system III GPD was shown to be free of aldo-

lase activity in a system containi:rg DPN, F-6-P, FDP, and GPD

(Fig" g, rrr)"
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Preparation of Substrates

The substrates FÐP, F-6-P, the substrate ATP and the

additiveR-5-PI{ereoriginallyboughtinthefortofthebarir¡m

salt, To avoid. introducing ions into the assay system that do not

normally occur in the red. ce].ls, ühe barir¡m ions were exchanged

for potassium ions' This was perfolened using Dowex-5Q caüion ex-

change resino This resin has a ud}Ii-equivalent exchange value of

4,86 per gran dry r,reight (SÐ. Six gra"rns of resin l'fere traJlsferred

into an ion exchange colurnn" The resin was washed rrrith DDtrtr and lN

l{Cl was passed. through the colunr¡ to remove adsorbed ions and sat-

urate the column r^dth þdr"ogen ions" The coh:¡nn was r'¡ashed vt:ith DDI¡Í

until the excess (non-ad.sorbed) frydrogen ions were removed'' Tlris

psint was considered. to be reached when the filtrate was neut'ral to

pII ind.icator paper, The column was then saturated vrith potassir.¡m

ions by passing through a solution of IM KCI" The excess ions were

removed by washing with DDtrd' The colun¡r was now considered ready

for proceeding with the process of exchanging the barir¡n ions for

potassiun ions in the desired naterial" The substrate salt ¡ras

dissolved. i¡r a u'¡-ini-mun vohme of o.lN Htl and passed through the

colunn, The co}mn was then washed lrrith suceessive voluaes of DIfui

to ensure removal of aLL the substrate and until the requÍred

voluee of filtrate was achieved' The solution i'¡as then tested for

the absence of barium"

ÜrystallÍnesodlump¡rruvatewaspreparedaccordingtothe

nethod of lard.y (64) frorn pyruvic acid' A pure white powêer was
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obtained after recrystalLizing three times"

keparations of OLher .{ssav Materials

Phosphatebu[.ler:ThepreparationofO"lMphosphatebuffer

was a modification of the nethod. d.escribed by Ur¿breít (fù" Solutlons

of 0"L!1 %Hrc¿o and o,I[f ffi2rc¿* were nixed. to a pH of ?'/+ (¡neasured

electrometricaLLY).

Cvsteine:tysbeinevrasprepared'dailybeforetheassay

was begun'

Ad.iustments ln PH

ÏnallcaseswherepHadjustmentsweremadeelectrometríc-

aIþ in solutions to be used in the assay, KOH and 1ICI solutions

were used for this Purposee

PHTSICAL AND CIIU'ÍTCAL TÂ5TS APPLTE) TO THE TN'YTTIROTTTE

It has been shov¡n (zrs) that some physical tests applÌ'ed to

preserved blood can be used as an index in esti¡rating the condition

(i.e" viability) of these cells' .A nr¡mber of physieal tests were

.therefore applied. to blood stored. j¡r various med:La to compare the

changes iJr PFK activity rrith physical changee in the cells" chen'ical

tests were mad.e to fo]-lor¡Ú' the variation in the concentration of

various ceII constituenfs.

Mechanical FraEiIitY Tests

Themechanicalfragilitytestsi^rereperfortned.by}tr"J'M"

Beatonasaphysiologyprojectinhissecond.yearintheFacultyof

Med,ieineattheUniversityof}4anitoba"Themethodfo].lowed¡¡as
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that described. by Shen, Cast].e and flLening (55)"

Osmotic FrasilitY Testq

The os¡roüie fragility tests were earried out by lulr" T"S"

Anderson as a physiology project i¡r Lris second year in the Faculty

of Medieine at the University of }faniùol¡a' The method followed

was that outlined by Shen, Ham and Flening (56)"

Mean Gorpuscular Henoblobin Concentration Determi¡lations

The ¡rean corpuscular hemoglobi¡ concentration (M"C.H"C" )

has been shown to be a rellable measì¡rement of the ehanges in red

ceLL siøe during storage (?)" It was calculated from ùhe hemoglobin

concentration (n¡) and hematocrít (Hcrit") of rçhole blood samples as

follows:

M"t"HoCos Hberalasf Ï 100
Hcrlt'" T6

He¡natocrit Ðeter"rni.nations: The hematoerit rn¡as measured

usÍng a Wi¡trobe, constant bore, graduated tubeo This was filled

r^rith a sampLe of blood to a nini-nun volume of 7576 of the tubets

capacityo The tube was centrifuged for 30 ¡ainutes at Jr00O ropolll.

ALL sanples were tested in d.uplicate" The deviation of results

between duplicate sarrples was not more than I O"5%"

The hematocrit was calculated as fo]-lows:

HematocrÍt (asft) *@ X lOO
Tota1 vo}rne of samPle

Hernoglobin Coneentration Tests : Hemoglobin concentration

of the whol-e blood was measured aceording to the cyai*renatÍ¡ nethod
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of King (50¡.

Tota1 Adenine Defer"minations

The total adenine concentration in whole blood and plasma

was measured spectrophotonetrically according to the method described

by Albalrm ç! e](¡Z)"



SETTION V

RESUTTS A\]D ÐTSCUSSION

The results of this study will be presented under the üop-

ícaI headings related to the for¡r series of bloods tested. As

presented in detail beIow, these deal with the PFK assay in fresh

and stored blood and the factors affecting iü, the effects of

additives on PFK activity in stored blood, and the tests of PFK

activity in stored hemolysaÈes.

THE PHOSPHOFRUCTOIGNASE ASSAY AND THE FAClCIRS

THAT trFETT THE ASSAT

pFK .A,ssav

PFK raras measured in hemolysates prepared. from fresh and

preserved red cells, using the series of reactions shot,'¡:r i-:r Figure 2'

In the assay system ùhe con*itions were so arranged that PFK rn¡as

the rate limiting enzlme in the sequence of reactions (Fig" 2) Iead-

ing to the reduction of DPN, This was detected by an increase in

optical density at 34O y (62¡, Series of tests vrere carried out to

estahlish Èhe valièity of the method" The results will be presented

belor,¡ in the section rrResrrlts of Testing the Method,tl

the typical assay for PFK actÍvity is shown in Figure J"

In this exanpJ-e and in aII the hemolysates studied there !ùas a

prorapt linear increase in density upon the ad.di.tion of ATP (Fig" 3,

slope B) due to the reduction of DPN by Ð-gJyceraldehyde-l-phosphate

fonned. from F-6-P and ATP by the reaction shov¡n in Fig' 2. I'lith

each hemolysate tested, the rate of DPN reduction was estimated from
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the slope of the section of the assay curr¡e corresponding to curve

B in Fig" 3. frrzy:ne activity was expressed in rn-icromoles DPI$ reduced

per gram henoglobin per ninute using a molar exbincfion co-efficienf

of 6.3 x 103 GÐ"

In all the speci-¡nens of rIÀCB-bloodrr tested there r^ras a

decline in PFK activity during storage at 5@0, as illustrated i-n

Figures L0, 1I, l2o and 1.3, The decline in all these bloods was

approxi-nat,ely 50-60Í fron the in-1taI value by the 15th day of

storage; 7O-SOí, by the 25t]n day¡ æ-9M by the 35i"h day after the

beginn-ing of storage as compared w'ith the fresh blood sample

tested from the same donor" In these samples, studied at later

date (FÍg, IL), PFK activity was onþ 10É of the original activity

on the 45th day and J-ess thaL l% on the SOth day after storage.

Indisenous &lzyme Activítv

It has been reported thaÈ the erybhrocybe IeveI of aldolase

activity is low when compared r^rith the h-igh levels of GPD and PGK (2).

Therefore i-n the orùlnary assay the hernolysate sysüe¡n vüas fortífied.

with crystaltine aldolase (tf) to assure the removal of FDP as

rapidly as it was fo¡med by the activity of PFK" ïn a se¡rarate

assay, the indigenous level of activity of red ceIL enz¡nnes below

PFK in the glycolybic scheme (atdolase, Tf, and GPD) after periods

of storage (series BrC, and D, Table 1), was examined by om{,b.ting

crystal-l:ine aldolase in the assay system and FÐP was the suhstrate

added" A t¡lpical assay is plotted in Figure J, curve A" As is

shorvn in A, Figures 10, 11, and 12, the level of activity iJI I blosds
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tested in series ArB, and. 0, remains faÍrþ constant d.uring sborage.

Sections A and B of the same figures illustrate comparisons between

the levels of PFK activity and the levels of indigenous enz)rme

activity below PFK in the same hemolysates prepared from fresh and

stored blood" these illustrations show that PFK activity falls

belor* that of the inùigenous enzJ¡mes in stored erybhrocybes afLer

14-18 days of storageo This i-s ùhe tine that glyeolysis has been

reported. to fail in stored. erybhroeybes (3)"

Results of Testine Èhe Method

In devising the present assay, it was assumed that the

of thePFK enzyme in the blood þ¿s sinilar properties to that

muscle enøJ¡me (eO)" To establish the validity of the

it r¡as necèrssary: (1) to shorv that PFK was in fact the

enzyße in this system; (e) to show that DPN.II2 accr:mulation was

actually being measured by the changes in optical density i¡¡ the

spectrophotometer; (3) to demonstrate the necessity of each of the

materials used in the assay system excludi-ng those of the buffer

and DDùl; (A) to test the effects of heruolysate preparation on PFK

acüivity; (¡) to exhibit the reproducibitity of the resirltsu These

are considered in detail below:

@ If it could be shorn¡n ühat the gly-

colybic enzJnnes in the henoþsates below PFK (aldolase, TIe a.nd GPD,

Fig, 2: II, IlI, and IV respectively) could dispose of an added

excess of FÐP, ühe product of PFK activity, at a faster rate tha¡¡

assay method

¡¿ts-] imi tlng
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it r*¡as being forrned, then it could be said that pFK activity was

rate-ri.miting in this series of reactions. FDp (I,4 nd") r+as ad.ded

to the assay system after PFK activity had been j.nitiated approx-

ínateþ 25 ninutes earlier" There was a prompt linear increase i.n

the rate of DPN reduction as reflected in the changes of optical

density aþ 31+O gr (sloRe C, Figs" 3r5e6, and 8).

The increase ín the rate of DPN reduction indicated thaÈ

the enz¡mes in the test system belor^r PFK are capabre of handring

FDP at 5-I0 ti¡res the rate j-t is produced by the henolysate PFK

acti',rityo This finding iuas confj-r"rned in all the hemolysates tested

(stope C in Figs" 10¡LLe and 12)" Sinee the slope after FDP ad.di-

tion to the assay was relatively constant over a period of 0-I2

ureeks in aLL hernolysates it was considered that the enzJe'le systems

below PFK remain relatively intact after prolonged storage. Frrrther

evidence to illustrate this point is presented below"

Ðoubling the F-6-P added to the assay system produced no

furbher increase after DPN reduction had been iniùiated for sorne

tine (Fig, l+e cuzve 2, slope B),

The above tests show that the slope of the }inear density

increase foJ-lowing ATP add.ition (slope B, Fig" 3) was indeed a

rneaeur€ of PFK aetivity, since neither coneentration of substrate,

nor the subsequent reacfion disposing of the product of FDF i.ras

rate-limÍting in the reduction of DPN"

In other tests, to show that PFK was the ]imiting factor
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Ín üh:is series of reactions, duplicate assays were performed in
wh:ich a control pair of cuvettes contained the assay materiale and

the tesf pair contained aIL assay naterlals excepü F-ó-P. The con-

troL and. test assay are sho.,vn in Figures 4, currres I a¡rd J respecü-

iveþ. There i¡ras no reduction of DPN Ín the test cuvettes (Fig" 4,

curve 3e slope B) r:ntil FDP was add.ed to them (Pig, 4e cuflre 3e slope

C). This inùicates that PFK is ùhe Llnriting factor in this series

of reactions and no reaction occu-rs if its substrate is not present,

Inl.a.s the optical density chanee a neasure of DPN reduction?

The spectrophotonetric assay method for measuring PFK actÍvity
(described above) by arranging conditions so that PFK was the rate-

tiniting enzJrme leading to the reduetion of DPN by GPD was similar

to the methods of Racker (eO) anA Line (26), To show conclusively

that the accumul¿,tion of DPN"H2 was beÍng measured, sodium pyruvate

was added to the cuvettes aü the end of the assayo There r¡ras an

i-m¡nediate drop Írr the optical d ensity (Figs. l+15,6,7 , and 8) caused.

by the rapid re-oxidation of DPN"HZ in the reductÍon of p¡æuvate to

lactate by lactic aeid dehydrogenase activity (fig" lrÄ) to approx-

Ímateþ the same value as at ùhe beginning of the assay" This

i¡amediate response to p¡rnrvate addition was observ'ed in all sanples

of henolysates tested either fresh, or up to 80 days storageo

In some of the assays, the changes in optical density

were followed at 4I0 ¡np, The stab].e values observed at this v¡ave

Iength confirm the conclusion that the changes observed at 3hO ml:-
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were specÍfic to DPN-ÐPN"H2 transfor"mations since both conpor:nds

have the same exbinction eo-efficÍent at 4I0 mu" their isobestic

point"

r

(i) ¿rsenaËe: Tests were carried out to cornpare a system

w'ith and without added arsenate, The omission of arsenate re-

sulted. in a decreased rate of DPN reduction (Fig" J, curve 3¡ slope

B) as compared lrith the dupllcate sample containing the usual assay

materials (Fig. 5, cr:rve 1, sl-ope B), Oùher tests showed. that the

addition of phosphate in the concenùration used in the assay system,

as a buffere l¡ras found not to interfere rrlth the stiinulatory effeeù

of arsenate (Fíg, 5, cvnre 2, slope e) bf conparing assay systæs

Írith (fig" 5e 1) and vrithout (Fig" 5, 2) added phosphaten

(iÍ) tvsteine: I(rirnsky (66) has reported that glutathione

and cystei-ne are activators of muscle GPD and that cysteine addition

resulted in a 20-fold increase in enz¡me aetivity as compaf,ed w'Íth

no ad.d.ed. cysteine" To en"ur" the rapid removal of glyeeraldehyde-3*

phosphate (G-3-P), cysteine has been i¡rcluded in the assay systeno

The effect of cysteine and glutathione wes compared in duplicate

samples of henoþsate by including cysteine in one and an equi-moIar

concentration of glutathione in the othero fhe inclusion of

cysÈeine resulted in a more rapid reduction of DPN (¡'ig" 7¡ 1) as

compared. to the system ruhere glu'bathione replaced it (fig" 7 o 2) 
"

i{hen cysteine roras add.ed. to the cuvettes 20 ¡ninutes after glutathione
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the result was a pronpt increase in the rate of DPN reduetion (FÍg"

7n 2),

(iii¡ lfaenesiìm: l,Iagnesium ions have been reported as co-

factors for PFK (ZO)" .0.aission of magnesium ions in the assay

system resul-ted in no reduction of DPN"

Did the method of hemolysate preparation introduce a bias

inüo the exoerj-mentqgl The possibility that the method of hernoþsate

preparation (vis å rris the washing of the ceJ-ls) might introduce a

bias into the ex¡periments rvas considered" It was thought that

washing the cells rclght result in the selection of the hardier

celJ-s by causing the osmotic and mechar¡-ical hemolysis of the ones

v¡hose ceLL wall were r^¡eakern To discover whether sueh was the case,

the follow'ing test ruas done on various samples of blood, both fresh

and after varj-ous periods of storage, One half of each of the

samples was washed in the nanner previousþ described. (see Method.s)

and the other half was i¡neùiately centrifr,rged, the supernatant

liquid removed by suction, and the hemolysate was prepared in the

usual stannero The results (Table 5) shoi+ed that there was no

difference in PFK activity in the celJ.s washed or unwashed, wtrether

in fresh blood or blood stored for 28 days.

? The ability to reproduce

results, one of the measures of reliabiliiy of an ex¡perinent, was

investigated beÈween individual samples cf the same bloods and r.'r:lth-

in eaeh series of bloods r.rh,ere a variaÈion l{as introduced.o t\nlo
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forr:rs of reproducibillty $rere examined:

AnahôÍca1 reproducibility: This can be defined as the

effectÍveness of the analybical ¡nethod to reproduce

results, i,{ithiJr experSmental error, in duplicate samples.

Biolosieal reproducibilitr¡: This may be defined as the

characteristic of specific biologÍcaI reactions to be

reprodueed ín living samples of sj¡n:ilar tissue from

different donorsu

At intervals, two separate samples of the same blood were consecu-

tively v¡ithdrar,srx from the same bottle of blood, treated in the

typÍcal rnanner for assaye and assayed for PFK activity, The results-

l'ete'Lwo paral-lel slopes v¡ith identical values for the rate of DPN

reduction (fafte 6)" This shov¡ed that the r.rethod was analybieally

reproduci.bleo The reproducibility of results between various

bloods r^¡ithin the variou.s test series has been reporbed., in part,

above and wiLL be present,ed below in thts secti.on" The resuLts of

the various bloods tested within each series were si¡ail.ar (Figs,

10111112, and l3), indicating that the activitJ/ studied was bio-

logicaI-ly reproducible"

(i) Henoqlobin concentration: To further standardLze

aLL assay results, corrections were made for slight variations in

the nr¡¡nber of red cells used for hemoþsate preparation, Hemoglobin

concentration was considered to be the best method of estimating

the amount of red cell ¡raterial present i-n the hemolysate since it
r¡ras a direet Beasurenenü of the nr¡mber of cells usedo The slopes of
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the rate of DPN reduction were corrected. i-n each sanple ùo a typical

hernoglobin of L3"2 #" %o

1o test the reliability of this procedure, assays Ìrere rLrn

on a number of hercoþsates usi.ng various dilutions of ihe sa¡¿e heno-

lysate to see if the rate of PFK activi-ty was indeed. proportioral to

the hanoglobin content, A typical test is shornm in Figure 6" The

dilutions of the hemoþsate used for the pFK assay that exhibited

the aetivity of curr¡es L, 2o and 3 had an opticar density of 0,26þ,

0"198 and 0"132 respectively when measured in the spectrophotometer

for hemoglobin concentrationu The results, illustrated in Figure 6,

sropes B, show that the hemoglobin content accr:rateJy reflects the

amount of ceLL nraterial pesent in the hemolysate. 0n the other hand,

variation i¡ the henoglobÍ¡ content of hemolysates prepared at

various dates during storage bore no relationship to the changes in
PFK activity,

Discussion

The study carried out on hemolysates shov¡ed that the

erybhrocybe PFK enz¡me was similar in properties to that of the

muscle enzJ¡Ineo PFK iJ¡ the blood converted F-6-P and A?P to FDP

and ADP" The absence of either of the substrates resulùed in no

change in the optical density i¡ the assay merliu¡n,

Since gI)¡colysis continues at a constant rate d¡¡ring the

first 2 weeks of storage in acÐ (l) in spite of the sharp drop in

PFK activity noted here, it is rurliJreþ that PFK lirnits the over-all
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rate of erybhrocybe glycolysis d,uring this intepvaro supporting

this conclusion ís the obsenration that the removal of FDp was a

much slower process than its formation by PFK (Fig" IOrILrtz)

during the ffrst 16 days. Thereafter PFK activity fe1l berow ùhat

of the enzynric reactions utilizi.ng FDP, indicating that pFK became

p¿f's-fim'lting at about the time that gþeolysis usually begins to

fail in preserved erybhrocybes.

TI{E EFFF,CT OF ADDITTVES TO PR,trSffi,WD BI.OOD

ON PFK ACTTVITY

!úith the establishunent of the nature of PFK activity in
fresh and. stored btood, attempts were mad.e to prolong the period of

high activity of thi.s enz¡nae exhibited in fresh bIood" Two additives

to the blood preservative medÍu¡n were used: dl-gþceraldehyd.e and

adenosine.

The Effeet of Glvceraldehyde AdditiV_e.

on PFK Activi-ty in Preserved Blood

The suggesüion has been nrade that, the failure in gly-

coþs5.s in preserved blood occìlrs somewhere above the triose stage

(Lu2o3 r) " ft was thought that gl¡rceraldehyd.e night circumvenÈ

fhis block or failure and provide substrate naterial for glyeolysiso

PFK could then be stimul¿.ted by the reformation of the triose into

he:<oses, thus providing substrate for this enzJ¡rneÞ In these tesÈs

(faUte 1) there was no beneficial effect observeCo It nras obsenred,
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that PFK activity was lower in blood preserved rutth glyceraldehyde

as compared to the sa¡le blood in ACD only" In additÍon the cells

shov¡ed 1-ess resistance to osmotic hemolysis and greater mechanical

fragility (taUte 4) and there was spontaneoue hemolysis visible in
the preservative bottles after 1l¡ days storageo

The Effect_of Adenosine Added to lhe-Pfeservati.rre

Medir¡n on FFK AcLivitv i¡ Preserved Bloo!

fntroduction: Various effects have been assribed to the

addition of adenosj-ne to the preservative med:Lun on the activiti-es

of the erybhrocybes (38g39059)" Adenosi¡re rn¡as ad.ded. to the pre-

servative medi.a to discover whether PFK activify was sinrilarly

affected" A number of pkrysical tests (osmotic and. mechanical

fragility, ceIL size) rorere nad.e on the sane sam.ples assayed for

PFK activity to compare the metabolie changes extribited by PFK

aetivity with the physical changeso

A prelimìnary test was applied to blood that had been

süored four weeks, An aliquot of rrA0D-bloodrr was aseptÍcally with*

drav¡n and transferred to a boütle conüaining sterile adenosine

solution (eO ¡Ug/i,) and stored for another weeko The presence of

adenosine in the trA0Ð-bloodlr resulted i¡ a regeneration of PFK

activity to f87% (Fig" 8e 1) of that of the same trAtÐ-bloodrt (Fíg"

8, 2)" Preli:ni.nary tests wiùh three concentraÈions of adenosine

$ nll¡t,o 10 ml'4/t and 20 nûM/t) showed no adverse osmoti"c effect on

erybhrocybe structr:re nicroscopical3y"
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The series of tests that followed (series B and C, Table 1,)

diverged along a nr:mber of lines. Adenosine was added to the pre-

servative medir.m at the beginntng of storage and blood was eollected

into media conùainings a) ACD, b) AC, c) AcA (5 nt't/t aden.), a) lcDa

$ ø,¡/t aden*)o Each of the preceding sa.mples acted as controls for

the ones that fo]-lowed in the order describedu Varlous concentrations

of adenosine in the presenrative meùia !,rere comparea (Jr10¡ æd

20 rnWL), Adenosine u¡as added at various days after the beginning

of storage to all the bloods being tested, A comparison was ¡nade

among the various samples of the same blood by running sj¡trltaneous

PFK assays on various dates of storage. The effect of adenosine

on the level of activity of the indigenous enzJ¡mes was also measi:red

in a nr¡mber of bloods"

The addition of adenosine to the preservative med'ir¡m or

to stored bIood., resrrlted in an increased PFK activity in all the

henolysates tested as compared to the control sample of the same

blood to dnich no adenosine r+as added, The detailed results

follow"

Setiee-B (Fiec- 11.14. and 1Ã): In th,ose sanples of

series B where fresh blood was added to a preserrrative med:lu¡n

containing adenosine (tO rrf//¡') t PFK activity decreased slowl.y as

compared to the ACÐ and. AÛ control blood.so PFK actlv,ity in tt4g{-

bloodstr renained above that of rrA0Ð-bloodsrr for approximately six

weeks and in TTACDA-blood't for eight weeks (nigs" t4 and 15). The
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general pattern exhibited by the PFK activity in these rradenosine-

bloodstt lras e sustained h-igh leveJ- period of activity for the first
two weeks, a gradual decline in the following three u¡eeks and a

sharp decrease thereafter.

0n the fth day thi-s rras reflected. in an activity of L5Ø

of the control (tSØ/c) rrACD-bloodtr or a 5% cr.op from the activiüy

of fresh blood (5%Æ). On the Z0bh day, when "A0D-bloodstr roere

hú/t and below the leve1 of inùigenous enzyne activity, the

"adenosine-bloodstt exhibited an actirrity Zæ%/C or 75-8O%/L 0n

the 35th day, rnrhen "A0D*bloodslt were less than 2O",4/Ts rrACA-bloodsrt

rrere equal to them and rr.A.CÐA-bl-oodstr eyJribiùed a value of \OVÁ/C

or \O-5A%/I and were approximately equal to the leve1 of Í-ndi.genous

enz¡nne acti-vÍty" The results in series C-2 (Fig" If, tt[Çtr[-1gtt)

where IO tnl'Vt adenosine was in the ACDA preservative meðium, rrrere

siraJlar to those in series B, confinaing tlris general patterno

Series- GllFieso 12"16. and 17)e 5 nWL of adenosine was

added to AC and .A.tD preservative in series C and the differentia.tj.on

in PFK activity, as compared r',rith the AC and ACD controls, rtras not

as distinctu However the activity i¡r the rradenosine-blood-srr remained

higher than the ACD and At controls for a period, as in series B, but

then dropped to the sane leveI" As can be seen from these graphs

(Fig"" 16 and If, ttAgDA-5tt) s the crxwes of aetivity in the adenosine

bloods over a period of seven weeks, are al¡nost para3-leJ. to those

of the ACD controls at a slightly higher level and faLL to tho same
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leve1 by that ti-:neo

In series C, where 20 ß]'I/L of adenosine r¡as introduced.

initial-ly in the preservative medium, a vari.a*tion to the above pat'r,ern

appeared (Fig, 1?, "ACDA-2On), There hras an in:itiaI increase in pFK

activity above the activitjr in fresh blood, 0n the 20th day this

eo¡ralled I35f. of the activity of one da;r old tr¡\CD¡blood'r taken at

'the same ti¡ne and remained above this levet for approximately four

weeks" The leve]. dropped. to 5jfi by six i¡eeks but renained above the

indigenous enzjm.e level for seven i.¡eeks and still ¡naintained a level

of 30% at the end. of ten r,¡eeks storage,

In series C, an attenpt was made to follov¡ the passage of

total- adenine nucleotides from the plasma to the red ceII by cal_cu-

lating the red cell- eontent from xßeasure¡nents of the plasnra and v¡hole

btood contents (SZ) ^ Only a quaU-tative i-ndication v¡as gathered

from these tests that there r,¡as an inerease i¡ red cel-l nucleotides

in the adenosine bloods" The method used appears to lack specificity

in that too many oiher substances absorb thj.s wave lengthn

In the tests with vari-ous concentrations of adenosine in

the preserwative meùium (A'cl, ACD / 5 nIq/L, AcD l lo eM/L, AtÐ I 2O ñ,VLs

AC # 5 nI[,/L, and AC I t0 r//y'I') tne effects '¡¡ere sj-rai-Iar (Figs o JJas

L5e l-:6, and 1?). The Cegree of regeneration of erythrocybe PFK

activÍty in these bloods and the duration of this effect varied

directly urith the concentration of adenosine present, The effects

were transient and by the l+5tLt day aII the bloods but that
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containing ACD * ZO nlt/¡. adenosi.:ae had reached ühe rrA0D-bloodrr level

of PFK activi.tyu

the effect of added adenosine on certain physical character.-

islics of erybhrocybes: toncurrenù physical tests b¡ere caffied out on

the same samples of blood (series Be l+s5s and 6) to see if adenosine

exerted a protective action on the erry-bhrocloes as reported in the

literature (6Or6f), In*vi!-ro. tests have shorqR that osmotic fragility

$e¡o mechanical fragitif $S), and ceIL size of the erybhrocybe

(7), *ru knovm to reflect the viabil-ity of stored erybhrocyLes (?)

and its ability to maintain glycolysis (7r8), A defi¡rite proteetive

action r^¡as exhibited by the rradenosine-bloodsrf , As shown on Table [,

osmotic fragility, mechanical fragility and the increase i-n cell

size were less in the tradenosine-bloodsrr as compared to the other

bloods tested after 28 days of storage. The results of the tests on

ühe effects of adenosine on cell size were confinned in series C-2,

The Effect of Adenosine Added to Preserved Blood

Durine Storaee on PFK Acüivity

The addltion of adenosine to stored blood at varÍous

dates after the begÍnning of storage resulted in a prornpt re-

generation of PFK activity" Ir series C-1, (Fig" 16, "ACD+

adenosine") 5 nrlt/f, adenosine was added. totrA0D-bloodrt on the ZZnd.

day of storageo There Ïras an increase of AOú/C in the pFK activ:ity.

Si-:ailar results (nig. 16, TIACDA f adenosinert) were obtained vfüth 
?þ,::::,;.

equÍ.no1ar addition of adenosine to trA0DA-bloodrr originally corøt{in-

ing 5 mI./L ad.enosine, Four weeks following the addition tiifl¿:'

!:,'
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activity had fallen to the same level as the original ttA0D-bloodrr"

A further ad.dition of adenosine to these bloods on the 40bh day

resulted in an increase si-nilar in nagnitude to the previous in-

crease a¡td was followed by a rapid desline in activity (Eig" 16,

ttACD / adenosine'r and. "ACD.A f adenosinerr)"

'ldhen 5 ßM/L adenosíne were added to preserved blood

originally containing 10 alfi/t added adenosine, results were sìmilar

to the above (Fig. U, ULO I adenosinett)' However, on the 23rd

day of storage, when 5 ¡n$], of adenosj-ne was added to tt[CDA-bloodtl

contaiai.ng 20 NL adenosine added on O day, the result vras a

prolongation of the hå$h leve1 of activity in the blood (FÍg. 17,

ttãO / adenosinetr)u It remained above the first day level for

more than sj-x weeks following storage and did not fall below the

Índigenous enzylne level til} ten weeks later'

The leve1 of indigenous enzJme activity in the bloods to

v,¡hich adenosine '¡¡as added v¡as r¡naffected. by this addition (Fig' 8,

curve 3, slope A) and remai¡red constant for ten weeks at the same

Ievel as the rrA0Ð-bloodrro

To investigate the possibility that adenosine was having

a ùirect stimulatory affect on PFK activity i¡ the henolysate

assay system, adenosj.ne of equimol¿r concentration present in

henoþsates prepared. fmrn 20 ßIq,/L'TACDA-bloodrt v¡as added to the

assay system after activity had been initiaÙed for some time by

ühe ad.dition of ATP" There was no effect on the rate of ÐPI\ü
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reduction and the slope of activÍty was unartered" rt l{as con-

cluded that no direct effect was being exerÈed by ad.enosine in
the assay system.

Discussign

The effect of adenosine added to 'ACD- and Ac-brood.srr nay

result fr"oml

a) A direct proteetive action of adenosine on pFT( by

some ur¡known mechanis&,.

b) A substrate protective action of adenosine on pFK,

A direct protective act:þ¡Lo:f adenosine on pEl{-activiüy;

Â prelirninary test, whereby adenosine v¡as added to the pFK assay

med:ium, sho¡,¡ed that there uras no direct effect of adenosine on

PFK actívity" However, the possibirity that adenosine may have

sone direct protective effect on PFK in the erybhrocybe has not

yet been excluded by these e:perinentso

-4. substrate protective acùion of adenosine on PFK

actilGl'Þl: The effect of adenosine add.ed to 'rAcD- and AC: broodsrt

on PFK aetivity appears to be of a substrate nature" The

transitory effect that coul-d be regenerated on further additÍon

of adenosine and the similarity in the slopes of progressively

decreasing PFK activity in 'rA0D-b1ood'r and the rtadenosine-bloodsrl

support this conclusion. The observation that adenosi-ne had no

effeet on the enzJnnes responsible for the removal of FDP lends

further support to the possibility that adenosine added to stored
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blood proiected PFK activity by providing ATP a-nd/or F-6-P as subn

straten

PFK is known to be a labile enzj¡rne (see Review of titerature)

inactivated by a variety of conditions including a low pH nedium

and various oxidizing agents" If substrate is provided by adenosine

catabo'lized in the erybhrocyt,e, it could protect t"he enzym.e a.gainst

such inactivation"

The effect of adenosine on PFK activity and on some

physical characteristics of the eryt'hrocybes reported here was

similar to its effects on a n'¡mber of factors in stored erybhrocytes

reported by other i'rorkers, incluùing: rate of glycolysis, pst-

transfusion surrival, osmotic and mechanical fragilities, and cell-

size. Rubùr?stei-n jþ-a-1 (39) haw shonn that the rate of glycolysig,

as measured. by the increased accumulation of lactate, I¡ras increased

by the addifion of adenosine to ACÐ. They showed, as did Þankerd

and. Altman (55r59)rthat there Ïrlas a regeneration of organic Þhos*

phates and ATP in the red ceII upon the addition of adenosine to

the preservative med.iunfln Gabrio and co-workers (39160) trave

d.emonstrated. that the rrstorage lesionstr (increased osmotic and

mechanical fragilities, increased cell size, depletion of organic

phosphates, and decreased post-transfusion surry-ival) of stored

erybhrocybes vtere reversed upon the addition of adenosi¡re to the

preservative med.ir:¡n, Successive additions of adenosj¡e to the

presenred. blood prolonged the d.uration of these effects" These
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aìrthors suggest that the effect of adenosine is by way of a build-

up of the essential energy stores in the erybhrocyùe" They suggest

(39û9), as di-d Dische (lZ¡ t that ad.enosine is dea¡rinated, the

ribose phosphorybieally cleaved, and that the pentose phosphate

catabolized to hexose and triose phosphates resulting in a neÍ;

gain of ATP. An investigation i-nto the pathway of adenosine utilizalion

as related to PFK activity is presented below"

EXPIfr,T}4EIfTS hj:ITH PBESMVÐ H}I'TOLYSATES

Introductien

l"lhen the effects of adenosine on PFK activity added fo

stored blood had been obserrred, the problem of locating the pathway

of uti.lÍzation of adenosine was explored" Becently various auühors

have described the exlstence of a pentose cycle in vari.ous Llrring

tissues: red cel:L(l8¡, yeast (llù, liver OA¡o and bacteria (4t),

Adenosine is metabolized by r.ray of this cycle to such gJgcolybic

intermediates as F-6-P and triose phosphate (nig, 1), It was

postulated therefore that adenosine night be meùabolized by way

of a si.milar series of reactions by red ceIL enzytnes of a

sj¡niIar nature to those of this pentose cycle (fig, lr0)" The neù

gain to the glycolybíc scheme would be approxiraately 2 moles of

F-6*P for every 3 noles of adenosi¡re metabolized and a resultant'

gain in energy of approxÍmately 4 moles of high*energy phosphate

bonds as ATP (l6tlrt). If such a eyele does exist in the red ceIL,
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then the intemredia.te products of adenosine catabolism, inosi.ner,

R-5-P and .ii.TP shou-ld exlribit ¿ sì mi f¿y eff eet on PFK activity as

adenosine when added to the red ceIL" However, the red ceIL is

i-rnpermeable to R-5-P and ATP" It rqas decj.ded therefore to sùore

hemolysates aseptically prepared from rrACD-blood.rr and observe the

results of adding these materials to hemolysateso

Besults: Series D (Fies. I?. 18. 19 and 2O)

Hemolysate was prepared from trA0D-bloodrt (see Methods)

and stored at 5o0o The henolysate PFK activity (Fig" 13, If) was

compared with that of the ttÄCD-bloodrt (nig, 13, I) fr"o¡l whieh Ít

had been prepared over a. peråod of 3 weeks. The slope of PFK

actívity over the storage period was sin:-ilar in both cases, although

the activity in the hemoþsate decreased rnore rapidly after the

first few days (Figs, 13, I and 13, If) perhaps because of the dis-

appearance of substrate. .A.denosine was added to henolysate prepared

from "A0D-bloodÍ and the effect on PFK activity (Figs. 18, Ip
nD-z I adeno'r and 18, IIgrtÐ-3 / aden"'r) was similar to that observed

in 'fA0D-bloodt' (l'ig" t6, ttACD I adenosinetf )" There was a transient

regeneration of PFK activity" By three weeks after the addifion,

PFK hed falIen to 20% of the regenerated value"

l{ith the observation thaü the hemoþsate PFK enzylrle

activity curve closely resenbled that of rtÄCÐ-bloodn l'¡ith and with-

cut added. adenosine (fig" 18), this system was accepted as reliable

for coraparing the affects of added B-5-P and i¡osine with added
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adenosine to hemolysates, fhe addition of ATP ¡'¡as included in the

series as rsell to see if the build-up of ATP was the resultant major

effect of the adenosine (eer6f) uti¡-zed by the celLs"

Hemolysates prepared fron trA0D-bloodfr were aseptically

transferred. into five bottles' One sarople was the control henno-

l-ysateo Each of the other four bottles contained one of the foll-ow*

ing substances that would equal a final concentration of 20 nM/L

when the hemoþsate was added to it: adenosiner R-5*P, inosine and

Alfø

In a prelfuninary test added adenosine and R-5-P were

coaparedo Both had sjmilar effects on PFK (Fig" 19 Ip nD*þ # adenortr

an¿ rtÐ-4 I n-5-Pß), The additions resulted i-:n a protongation of

the high level of PFK activity in the hemolysates for 20 days and

then d.eereased rapidly to the level in the control hemolysate by

the 40ùh day"

AdenosÍne¡ R-5-Pe and inosi-ne had similar effects upon

the pFK activity of the other hemoþsates tested. (Fig" 19, II

nD-5 / ad.en,tt, and nÐ-5 / R-5-P¡ and ttD-J f inos"n)" There was

a regeneration of PFK aetivity to a nini¡rum of 2OOi6 of the cont'rol

hemolysate" The aciivity in each specific ease decreased slowly

for a r,¡eek and fell off rapiùLy for the follovring ten days' The

rrA1p-hemolysatett (fig" I93 IIe nD-5 t ATPrt) showed an Ínj.tia1 rise

in PFK, but this feII off rapidly during the first week to a level

equal to that of the control hemolysate and there lÂras no change in

the ten days that followed.
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DisStigsrgr¡_

Since the products of adenosine cataholisn, inosine¡ R-5-P¡

and. ATPrwere found to have similar effects on PFK activity i-n hemo*

þsates as does adenosi¡e itself, it is }lke}y that a pentose cycle

nechanism exists in the er¡rbhrocybe. Tiris finding supports the

observations of Dische (32) and more recently of Rub:i¡rstein sþ aI-

(le¡'

The proteetive actíon on PFK edrj-bited j¡r the experiments

i^¡ith hemoþsates, as weII as l,rith the intact cells, appears to arÍse

out of the production of more .A,TP as a high energy substrate for

PFK activity" This conclusion is supprted by the observati-on that

adenosine, inosinee and B-5-P all show a simi.lar initial rise in

PFK when ad.d.ed to hemoþsatesras does ATP and an increased ATP

produetion resuf-ts from their catabolism" The more prolonged effect

of adenosine, inosine and R-5-P as compared with ATP may arise from

the following sources:

a) It urayt;ake time for the build-up of additional ATP

fron the catabolisn of these substances via i;he pentose cycle and

gtycolysis and this could result in a continued supply of ATP

r¡¡¡tiI the substrates disappear. ATP added di-rectly is i¡¡nediateþ

available as substrate for PFK and may thus disappear earllero

b) A specifie adenosinetriphosphataseo larown to be

present in the erythrocybe, nay be acÈive in the preserved hemolysate"

the action of this enz)rme may cause the breakdo-wn of the added .A'TP
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and may result in the rapid removal of this substrate"

c) .A.s previously noted, the catabolisnr of 3 moles of

pentose can result in the formation of 4 ¡noles of hr-igh energy phos-

phate bonds as ATP, Comparing the results, therefore, of an equi-

molar addition of Ä.TP a¡d any of the above pentose-containing sub-

stances could be erroneous in that more substrate as ATP ís aetually

being formed as a result of the catabolism of the latter'

d) The formation of f-ó-P fron R-5-P rnay have some

additional protective action on FFK activÍty üo that of ÄTP by sone

unknoiøn mechan-ism.
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SIJ}MARY OF RESULTS

Introductio_n

This study of phosphofructokinase aetivity in erybhrocybes

was underbaken in attempt to locate the site of gtycolybic fai-lure

(ZrfO) i¡r stored blood" Prerious research (ZrE) estabtished the

possibility of locating this site in the steps leading to the brþakdor,,¡n

of glucose to FDP in the glycolybic sche¡¡e. The possibility of

PFK being this site was therefore investigated. The objeetives were

as follor"¡s:

I, To develop a reliable spectrophotometric assay pro-

cedure for measuring PFK activity in hemoþsate of whole blood,

2n To study PFK activity during prolonged periods of

storage in fiAúD-bloodrr and compare iùs characteristics r^¡ith the

knorvn glycolybic behavior of sfored bloodo

3" To atteropt to prolong PFK activity r.çith adCitives to

the presenratj-ve medium and correlate this r^rith effects on other ceIL

characteristicsø

l+o To identify the action of substances that pronoted

the prolongation or regeneration of PFK activ:ity in stored blood,

The plan of the experi.nent r.ras organized into four

series of experiments patterraed after the four objectives listed

aboveo In all series a portion of each norupl human venoÌ¡.s blood

was collected into an ACD bottle, This portion of the blood col-Lect-

ed was used es the control sample throughout all the series of
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elcperitnent so

Serfes A rnras conducted to establish the reliability of the

PFK assay and to establish the behavior of PFK in the red eells

during storage,

Series B u¡as carried out to attenpt to prolong the i-trltial

high leve1 of PFK activity observed in fresh bloocl, Beside trACD-

blood'r additional blooC was transferred into bottles conteining ACD

plus 133 m¡,f/i, af-efJ'ceraldehyde¡ AC plus . 66"5 mlt/L glycerald.ehyde

and 16.5 ¡n¡.t/t, ¿exUrose, ACD plus 5 ßM/L adenosinee ACD I tO nM/f

adenosine, LC I 10 m¡Vt adenosine and AC. Concurrent tests on the

physical changes in the celJ-s rorere conducted on the change Ín

osr¿otic fragility, mechanical fragility, and ceIl size of the stored

b1ood"

Series C was undertaken to exanine the nature of the effect

adenosine had on the PFK actiuity of stored blood, r'¡hether it r,¡as

temporary or prolonged, whether various concentrations of adenosine

had differing effectso In addition to ¡naintai¡ing rrA0D-bloodtf as

control, blood r'las collected in AC, AC plus 5 nlVL a¿enosine, ACÐ

plus 5e 10, and 20 ffi/L adenosineo Also, aliquots of each of these

bloods r+ere subdivided at various dates during storage and were

aclded to botüles containi-n1 5 rnM/L aderosíne" The indigenous

enzJnne leve1s rrrere roeasured as rnrell as PFK activity" To follow

the passage of added adenosi.ne, total adenine nucleotides Ïrere

measured in the whole blood and plasnao The red cell content r,¡as
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being testedo

Series D was caruied out to discover the pathway of

adenosine uüilization by the red cel l" Hemoþsat'es rilere prepared

from ACD controls stored at, 5oA" and. these r^rere eonsidered eontrols

in the experlments that follor¡¡ed." To indj-vidual sainples of these

hernolysates were added one of each of the follor^ring: adenosine ,

20 nM/L; R-5-P¡ 20 rrþr/Ltinosiner20 nM/LtitTPszO ßM/L, These henolysates

were stored. at 5oC" and. then PFK aetivity was measured during storageo

The sr¡nmary of results i.rill be presented in the following

order:

1o Reliabi-Lity of the PFK Á.ssay

2o Decreased PFK Aetirnity ín Freserved Blood"

3. fndi.genous Þrzyme Actiuity i¡t Stored Bloodu

4n The Effect of Added Glyceraldehyde on PFK Activ:lty in

heserved Bloodu

5n The Effect of Added Adenosine on PFK Activity in

Stored Blood"

6u The Pathr¡'ay of the Adenosine Effect on PFK Aetivity-

fuperinents'¡rith Sbored Hemolysate,

Reliabilitv of the PFK Assav

The spectrophotometric method of assaying PFK activity in

hemolysates prepared from sbored blood has been exaroined from a

nwrber of poi-nts of view, and has been shom to be reliable by the
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following results:

a) Und.er the cond.itions of the assay ít has been shovcn

that PFK i-s the rate limiting factor in the metabolism of F-6-p

to 3PG and therefore in the reduction of DPN" Without the addiüion

of substrate F-6-P no PFK activity is observedo rt has been shown

that neither the concentratíon of substratg nor the subsequent

reactíons disposing of the product FDP, were rate Lí¡riting,

b) The accr:mulation of DPN.H2 has been shor^¡n to be the

substance measured by the spectrophotometer in the âssafø

c) tnlhen duplicate samples of hemolysate prepared at the

same time from the same bloods were assayed for PFK activity, the

resu]-ts varied by less tnan # 2%, Ttris figure is well within the

experi-nrental lim:its of error of { 5/"" The pattern of changes in

PFK activ:i.ty in ACD stored blood was similar in all blood tested.

The fi-¡nctions of the fol-lowine mâterials have been

demonstrated¡

a) Arsenate has been shor,'¡:o ùo increase the rate of DPN

reduction in this system. This effect is attributed to the

simplification of the glycoþsis of G-J-P to 3PC..

b) Cysteine promotes the rapid reduction of DPN in the

systemo Accumulation of the latter substance is aLnost non"+

apparent in the spectrophotometer when the former is ommitted from

the assay system. The effect is attributed to the requirøent
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of --sH groups by the enzyrrre GPD and to the inactivity of thls
enzyrae in its absenceo

c) The systera required acided magnesiua ions, F-6-p and

ATP to firnction" I,fagnesir:n ís a cofactor to pFK, ATp and F-6-p

are substrates for PFK activity and ATP was used. to initiate DplrÏ

reduction in this assay systemo

d) The lor.r indigenous leve1 of aldolase in erythrocybes

ruas foturd to be ¿'ìimiti¡¡g factor i-n the assej¡ when pFK activity
was Lrigh during the first trvo weeks of storage" crystalline

aldolase rsas added to the assay system to assure the prompt re-

moval of FDP formed by the action of PFK activity,

Hemoglobin concentration is a reliable measure of the

concentration of cellular materiar (i"e" enzyne material) in the

henolysate prepared from the erybhroc¡rbe. In hemolygates prepared

frorn the same blood sanple the rate of pFK activity varied directþ
with the hemoglobin content.

Decreased PFK Activity in keserved Blood

Fi.fteen separate sarnpres of brood. were colrected into

ACD preservative solutíon and tested over a period. of 0-12 weeks

for PFK activity. I:n aLL there \^¡as a similar pattern of decreased.

PFK activity during storage" The fresh blood exh:lbited a high

level of activity" rn fifteen days Èhe activity d.ropped" 50-60%,

7o*So% in 25 days, So^gof" þgr day 35 and. go-LwØ in 90 dayso



55"

In series B and C, where AC as well as ACD was the pre-

servative medir:n, the decrease in PFK activÍty followed a similar

pattern as the above, but the changes occurued earlier.

The sigrificance of these results, indicating that the

decreased PFK activity in preserved blood becomes an iraportant

factor in the glycolyLic failure of blood stored aþ 5oC in ACD after

the 16th day of storagerhas been di.scussed.

Indi-genous Þrzyne Activity in Stored Blood

The activity of the indigenous enz¡rmes, aldolase, triose

isomerase and glyceraldehyde*3-phosphate dehydrogenase were ¡neasured

collectively in a hanolysate system without added aldolase and

using fructose-I, 6-phosphate as substrate in four d:ifferent bloods

(Series ArB and C), The level of aeti'¡ity was unchanged i:r the

fresh bloods tested and up to the f6th day after storage. Adenosine

ad.ded to rrA0D-bloodrr or to I'A0-blood.rr had no effect on the activity

of these enzjlmes and the level rras the sane as in trA0D-bloodtt,

Aldolase, TI, and GPÐ activity persisted at the same 1eveI in AC

preserved bloodo

The Effect of Glyceraldehi¡de on PFK Activitv

in Preserved B1:rod

The additÍon of glyceraldehyde to the preserwatíve medium

(66"5 UVr, an¿ l33 nWL) adversely affected blood during storage,

There r.ras a decrease in PFK activity as compared to rrA0D-bloodrl

prepared on the same dates from one donoro The erybhrocyües brere
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Less resistant to osnotic and mecharrical fragility tests and i¡r-

creased in size more rapidly than ùhe ACD control" Spnüaneous

henolysis was visible in the preserrrative bottles containirg

glyceraldehyde after two weeks of storage.

The.-Effec,L_eÍ_lkienosi-ne on PFK Activity

in Stored Blood

The addition of adenosine to the presenrative meùium

resulted in an i¡creased PFK activity in the hemolysates, lnlhen

adenosine ivas included in ACD at the beginni-ng of the storage

perÍod, the deerease in PFK activity vras slower and acti'¡ity re-

n'rained at a higher level for a longer tirne, a.s compared with trACD-

bloodrru The protective effect of adenosine rrras approximately

proportional to its concentration in the presenred bloodu In the

experiments where adenosine to a final concentratÍon of 5 mWL uas

added to the preservative nedi-um at the beginning of storage

(Series C)" the PFK level in the erybhrocybes of the preserved

bloods as compared r^¡ith that of ühe trA0D-bloodrr control on the

sa:ne days was 100*1LØ on the lst Cay, 110-1:5ül on.the fth day,

aag*Atal% on the 21st day and eo,ual on the 35t,]n day' Starting ruith

10 mM/t adenosine fina'l concentration (Series B and C) the PFK

activiüy in ACDA as compared to its Á.CD control'¡ras 1@-2OØ on

the ?th day, I2O-ZQC% on the 20bh day, 2OO% on the 35th day (equal

to the level of the índigenous enzJnnes)u equal by the lOôh day.

With 20 mÌ4/3, adenosine at the heginning of storage the fresh
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blood level of activity ivas maintained for three weeks and the

activÍty remained above that of the indigenous enzJrmes for seven

weeks, the PFK activities in the trÍ,tDÁ.-bloodrt as cornpared r,ath its

'tAtÐ-b1ood.1r control were LO5% on the lst dayn Z3Of" on the 8bh day,

35o% on the 20th d.ay, 275% on the 3fth day, decreasing slor',ûy from

that day to the 75th day, the last day tested"

Adenosj-ne add.ed to AC in the preservative medir¡m (Series

B and t) resulted in simìIar effects to the PFK actir"ity of blood

preserved in this medium as in the TlA0DA-bl-oodsrro The effect,s lvere

not as prolonged but, in the concentrations tested (5 ml/f" anA

10 nl,l/t)e ACA proved to be a better FFK preservative mediu¡r than

ACD, for at least 35 days"

toncurrent physical tests on some off these bloods (Series

n) indicated that adenosine has a protective action on the red

ceIl resistance to mechanical and osmotic fragility during storageu

as we}l as protecting it against swellÍng. The fragility of the

cells j¡ the adenosine preservatives was one-half those in the AtD

and the degree of sweJ-ling was less than in the 'r-ê.CD-bloodrr tested

on the same dayn

The addition of 5 nWL adenosine to ttA0D-bloodrl during

storage (5 mM/t) resulted. in a regeneration of PFK activity of

approrånafd¡ 2AO% when added on 15e 20, 25s or 40 days after

storage, The sane resul.ts were obtained when adenosine was added

¿e blood already containing 5 and 10 rol'{/t of adenosine. Initial-ly
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there Íras a rapid decrease in activity parallel- to the decreased

activity obsen¡ed in control ftÂCD-bloodtr and, by tr,.renty days after

addition, ùhe level of PFK activity d.rooped to approxi.rnately thaü

of the ACD control. In the test where adenosine was added to blood

preserved for three 'weeks in ACDA contaj-ning 20 nd'Vt of adenosine,

the effect rt¡as to prolong the exÍ.sting high level of PFK activity,
The decrease in activity was slow and dropped to that of the 20 ßt[/L

rradenosine-bloodrr approximately fifty days after the addition,

PFK actir¡:ity remained above that of the indigenous enz¡mre leve1

for ten weeks"

The significance of these resu-Lts, i-ndicating thaü adeno*

sine added to presen¡ed blood exhibits a subsürate Ïilce effeet, on

PFK activity, has been d:j.scr¡ssed"

The Pathwav of the Adenosine Effect on PFK

Activity-E:meriments with Stored Hernolvsate

Hemolysat,es were prepared so that the effect of the

probable inte¡medlate producbs of adenosi-ne catabolism, unable to

enter the red celJ., on erybhrocybe PFK activity could be tested"

PFK activity in hemolysates prepared from "A0D-blood¡t extribited a

simtlar slope to time (Aays) comparison curve as the rtA0D-b1oodil

only that ÍÈ persisted for a shorÈer period of time at similar

leversn Adenosine (eo nrlq/r) added to the hemolysates resulted in
a regeneration in PFK activity sj¡ailar to that of adenosine added

¡o tt4g!-b1oodtr, followed by a decrease to the original level" The
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addltion of equi.rnolar amounts of R-5-P and i-nosine result in

sirnilar, almost identical effects on the PFK activity of aliquots

of the sam.e hemolysate prepared. fr"om trA0D-bloodtto Added Á,TP (20 mlt/l)

resu-Ited in a regeneration of PFK activity approximately equal to

that of added adenosineo However, the effect persisted for on\r

half the time of the adenosine effecto

The signlficance of these results, indicati¡¡g the exisùence

of a pentose c¡rcle and its effects on PFK activity, has been di seussedn



SECTION \rIT

TONCLUSTONS

1. The glycolybic enzJnne phosphofructokinase that is present in

the erybhrocyLe is sjmilar to that found in muscre tissue" rt
is inactive i.n the absence of its substrates, ATP and F-ó-p, or

it,s cofactoro mag¡esiuno The rate of PFK activity in er¡thro-

c¡ûes has been measured in a sysÈem si-milar to that described.

for this enzyme i-n muscle tissue.

2, Phosphofrrrctokinase activity in the erybhrocybe decreases

progressively during storage of nhole blood in AtD at 5oC" By

t"he 25Lh day the enl.yße has lost |o-so% of initiar actirity in
fresh cells, PFK has proven to be an important factor in the

sloi^ring of grycolysis in erybhrocybes after 16-18 days of stor*

age of rrAtD-bloodrr" The rate at ruhich it, converts F-6-P to

FDPr..at that time, beeornes progressively sloroer than the rate

of FDP removal by the enzyÌnes bel-ow it in the glycolybic scheme.

3u The level of aetiviby of the indigenous enuJÆtes, aldolase, triose*

pho sphat e isomerase and gþc eraldehyde-3-pho sphat e dehydrogenase

collectively, remaÍns constant ín erybhrocybes stored for 80

daysn

Glyeeraldehyde added to preserøed blood has adverse effects on

PFK activity and physical characteristics of the erybhrocybe.

The high initial level of PFK activíty in blood is prolonged by

the addition of adenosi-ne to the preservative medir:m, For 35

l+"

5,
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days AC plus adenosine r¡Ias a superior PFK preservative to ACD"

The addition of adenosine to blood dr:rlng storage results in re-

generation of PFK activitY.

6. Experiments rcith stored. hemolysates indicate the exisüence of

a pentose cycle-:Bechantsn in erybhrocybes for the catabolism of

adenosinee These e4perirnents suggest that the protective effect

of ad.enosine is a resul-t of the formation of ATP as substrate,
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TABTE T

PI,AII OF TTTE S"I'T'DÏ

The Series of Bloods Tested, The heseryatlve Media and Âdditives [Ised,
The Ðlvlsion and Subdinision of the Blood ar¡d the Ti^ne Afber ühe

BegÍnnlng of Storage of these Diïåsions

Ser{.es A
BLood l{unber Portlons

(preserrative media, conc. )

ASDJ+

ACD

ACD

ACD

ACD

I
2
3
h
5

Blood ffimber
Serf.es B
Portions

(presewative media¡ conco
Ðivisíons

(addittve¡ corroo, day))

I

2

8o
b"

ACDAo

A" ACD

BO AC

A. ACÐ

B" AC

A
A,/aden" (zßnM/L,

26th dav)

3
l+

4,. AOD

B" AolD (13 6nn/L) ßL-gJ¡reer-
aldehyde(66,5nWL)

f* AcÐ t L5J¿g¡v/L AC and z7.tulrl/L D(4S) ;
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TABLE I (cont")

Bl-ood Po¡tions
t{ruùer (Presersative, conc. )

Series C

DlvisLon of Porbíons
(ad¿itive, conc., daf)

$rbdivÍeLon
(additivee coneo, day)

I Ao ÁCD àøA

âo

b"

b" Â/aden.(SnVt,rzzna (i) b
day) (ii) b/aden,(5nuru,4oth

----3+¿)
b" By'eden" (5nïlf,rZana (i) b

-- *.-- , - ,- .. -.u*l 
tt*'*l'!t*"t'ffil

êc

b"
2

.) &ø

b.
âoD
b. D/aden . (5nu/L,23nr day)

Serles D

Blood PortlonE DÍvlsion of Porbions
Nr¡nber ( Fre s ervative conqX additive, conc ., day)

Subdivi.slon
(additÍvee conce, day)

I

2

.å,o ACÐ êo
b.

h

b. Hemolysaüe of A

A
Heno\ysate of A b

Çaden.

b/eden. (ænM,/L,
b/n-5-P( rl

iv) Çlrr

1)
ü) zon:,f./LrL}bh day)

nn\
A

[Ieno3¡æate (i)

Iiilr 5+.h
It

q

¡lv ions

dav)
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TABI,E 2

T,ÍATM,I^AI.S USÐ TO DE"TEAMNüE EEIOLYSAIE

PHOSPTIOFRUCTOKINASE ACTTVTTY

Maferialså+ Conc,,
m¡VL.

Poüassir¡m flLuoride
Tris(hydro:q¡EethyL)-e¡nl¡omeùhane buffer, ptt 9,0
Soùi¡¡n arseÉate c pH 7 "hPofassinn phosphate g pH 7,1+
Cystefne
Ilenolysate : 2"0 ml
Aldolase : 50 ug j-n O"L n1 of O"53 M e.lyci¡e
Magaesirm cbLoride
Ðlphosphopyridine nucLeotidef,-F
Pot essfim flnrctos e-6-phosphat e
Pof assire adenosLne tri$obphaüe
Pot asslr¡n finrctos e-L, 6-phos¡ihaÉe
Sodir¡m p¡rnrvaüe

L7
56
3I
3

l" 50
0.16
1"lp
o.lp
1.40
lu 5l

r+ Added l¡ the order liEted to each of a pair of euvettes ss¡f,,eining
a final volt¡me of 3.35 n-L at pH 8.5 "x* Ðiphosphopyridine nucLeotLde was onitted fuon the blank cuvette,
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TABIE 3

}ÍATmIALS USED TO DETEAMINE CBÏSTALITNE

E{ZWE NATIÏ

Materi.alsr+ Tesü Systens
IIITII

Potasslum fluorlde
lris (bydrorymethyL) -anÍnonethane
Sodíun .årsenate
PoÈassirm phosphate
Gystef:re
Magnesiun chloride
Aldolase
Potassir¡n adenosÍ¡e trlphosphate
Diphosphopyridfne nucleotlde#r+
Poüassiun fnrctose-ó-phosp[rate
Glyceraldehyde-l-phospbate dehydrogenase
Potassir¡m fnrctose-I, 6-phos p,trate
G1¡rceraldehyate-3-phosphate dehydrogenase
pot ess¡m fnretose_L, 6_phosphate
.LldoLa^se

+t The saterials f¡ each of the test sSrstens were added in the o¡der
Listed to eacb of a pair of cuvettes coatalnl¡rg a finaL voh¡me of
3"35 mL. The eoncentratÍons of the ¡¿lsrials were as Listed ín
TabLe 2.

xx Diphospüropyr{dtne nucleotide ¡ras onitted fron the blank cuvetüe"

I
/4

I

tl7?it/4
ltr
TT
::
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TÁBI,E I+

PUYSICAI. TESTS APPTIÐ TO BI,OODS

STOBÐ IN VARIOUS MEDI¡,

Sanple lrli¡mber Osmtic Fraglltty Meehanieal Fragtllty
Fresh Sfored trþesh
Blood 28 dats Blood

M.C uH.C.
l?esh Stored
BLood 28 days

Stored
2S days

B2-C-ACe
B4-A-ACÐ
Blt-B-ACÐA
B5-A-ACD
B5-B-AC
B5-C-ÂCDA
B5-D-ACå,
B6-A-ACÐ
B6-B-AC
86-0.ACO.g
B6*C-ACA
c2-A-ACÐ
c2-B-JICDÂ,

d
lo

35
25
2L
hÁ
$
33
36
2A
?6u
L5

p
19
2A
20
27
27
27
27
L3
L3
L3
L3

¡g

l+5
28

7
36
36
26
25
L6
23

5
3

í
h
5
5

20
?ß
20
2ß
.,2
2
2
2

øß
spontaneous benolysÍs

33
33
32
32
32
32
33
33
33
33
33
33

35
33
35
36
32
32
36
36
33
33
36
33



69,

ÎABLE 5

A COMPARI,SObT OF PT{OSPEIOFRT'CTOKINASE ACTT\r TY T¡[ HM{O TS.AÍES

PREPARÐ FRO!{ IüASI{Ð ÁND IINV4I¡.SHED &YIIIBOCïTBS 0F

TTÍE SAME BT,OOD SAUPI,6

Sunber of Days Blood
irr Storage

PFK ^&ctirrity(unoles DPtiÍ r"educed/gp.Hb/nin" )
!'Iashed Ih¡¡asbed

0
2
7

14
2t
28

2plÃ
2.A5
l"3h
1,"05
o"75
0"44

2.1,3
2"LQ
L"32
1,08
Q"72
CI"45

TABTE 6

A COMPABISON OF PIIOSPHOFBUCTOKTNA,SE ACTI\TITT TN TIn,ÍOTTSATE"S

PREPARÐ ln,OM DTTP].ISATE SA¡{PEF^s OF MTTT{BOCITES

rROI{ VANIoIIS STOBÐ BIPODS

Blood ûu¡aber PFK Aetiuity(uraoles DPÌI reducea/gn"Hb/nÍ¡;)
Sa,nple 1 Sanple 2

A*3
A+
B-5
B-ó
c:L

2OTL
2"@
Le53
L"2h
0"05

2"69
L"97
L.56
L.23
0.05
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Fågure 1* GLYCOLYSTS AND ASSOCTATED SCFru'Iffi FOR TrIE

I.I T,{BOLTSM OF GLUCOSE ÁND RIBOSE TN tI\ruNG

TÏSSUE:

Ao GlycolysS-s; B, Hexosemonophosphate shunt;

to Pentose cycle adenosj-ne metabolic pathmy

ín the erybhrocybeo
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Figure 2u M{ZIî{ES OF GLYCOLYSffi USED TN ÞE.A,SURJIüG

PHOSPHOII,UCTOKINASE ACTfiETY IN HB,{OLYSATEg

ï, phosphofructoklnåse; II, aldolase; fII,
triosephosphate isomerasei IV¡ d-gly.'ceraldehyde.

3-phosphate dehydrogenaseø The abbreviations

are as i¡r the I|GL0SS.A.RY 0F TEruqS AIr]Ð

ABBREVIATIONSTT and as follows¡ DIüi,p, dih¡rdro>ry.

aeetone phosphaÈei 3-ffi¡ J-phosphoglyeerate,
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Figure 3" A TYpICAL PHOSPHOFRUÛTOIGNASE AND INDIGü{OUS EI.IZYI{E Á.SSAY.

" Changes in optical densi.ty due Èo DPI\Î reduction and DPN.H'

oxidationn Curve 1, hemolysate with aldolase added; curve

2, hemoþsate, no aldolase added" A, activity of i:rdigenous

enzJmesi B, PFK activity; t" sa.me ae A, lrith aldolase added"

Conditions and rnaterj.als are given in Table 2 and in the

texL"

Figure 4" COÌ{PARISONS AI{ONG A TYPICAL ASSAT Al"iD SYSTIþ{S i\rITH ADD-

ITICIXIAL STIB.STRATE AIüD WITHOUI ADÐm SUBSTRATE* Changes

in optical density d.ue to DPN reduction and DPN"H2 oxid-

ation. turve 1, usual PFK assay; currre 2, additional

F-6-P added. to assay system; curve J, added F-6-P

onmi.tted. in the assay system B and C as in Fig. 3" ton-

ditions and materials are given i¡ Table 2 and the te*'

Figure 5. C0}"IPARISONS A}ICIÙG A TYTICAL ASSAÏ ,A,ND SYST,SvIS I{ITHQUT

Á.DDID ARSH{ATE 0R PI{OSPHATE. Changes in optical density

due to DPN reduction and DPN.H2 oxldation, Curtre 1,

usual PFK assay; curve 2, added phosphate onrnritted in

the assay system; curve 3, added arsenate onmitted in the

assay system" B and C as in Fi"g" 3. Conditi"ons and

materials are given in labte 2 and. in the te:*,

Figure 6" GÌIPAA,ISOI{S .AivIOÀ]G ASSAYS 0F VARIOUS DILUTÏONS 0F THE SAI4E

HtríOLYSATE, 0hanges Ín optical density due to DPN

reductÍon and DPN,H2 oxldationo B and C as in Fig" 3"

condüions and. rnaterials are gir¡s¡1 in Table 2 and in the

t o:';b "
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Fígure 7" A tOI'iPARfSOIti Bi!-TirrE.4\T Â TïPIÛAI, IIIDIG$\T0I}S HiIZÍ'm ASSAI

Ai\TD A SISTE{ I]tI L'íHICH ALìD¡Ð GLUTATHTOIi]E REPLII.CES ÁDDÐ

CYSTEII\IE" Changes in optical densit;' due to DPN

reacti-on and DPN"þ oxidationu Curve 1, usual i-ndrgenous

enzJ¡me assey; culr¡e 2, índigenous assay r.dth added

glutathione in the systan replacing added eysteine.

Conùitions and material-s a.re those in Tab1e 2 and the

texbo

Figure I, A ÛOÌ"{PÀRISOIV BEf'l{Efl{ ASSAYS 0F HÏvIOLYSATES PREPÂÎ,ED

FRoM rrAtD*BLooD" AND '¡ACDA-BIO0DS!r' Changes in optical

density due to DPN reduction and DPN"il2 oxi-dation,

Curve I, hemolysate of t¡AGD-blood[; currre 2, heiaolysate

of rtÂCDA-bloodrri curre J, i-nd:tgenous enz;ime assay in

hemolysate prepered from TTACDA-broodrr@ .A,rB, and C ae

in Fig, J, Gonditions and materials are those in

Table 2 and the texil"

Figure 9" TflSTS FOB EI\lZll'IE PURITT" Changes in optical density

due to DPlt reduetíon" Conditions and materials are

those i-n Table J and the tercbu
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Figure 10" E¡'FEÛT 0F SToRIÌ{G BÏÐoD Ii\T ,A.tD 0l{ THE RAÎE 0F DPI\T

REDU#TTON BY HdUIOLYSATES: SffiTES A, T, 2, aNd /e:

A, indigenous enu¡lrne actirritli B¡ PFK activiby;

C, sarne as A rrith added al-dolase'

Figure 1_1" EFFECT 0F ST0BING BIjooD IN ACD 0N THE RATE 0F DPN

REDUCTION BT Hfi4CLYSATES¡ SERIES B:

Á,, indigenous enzJ,'TTle activitn.i B¡ PFK activity;

çe saJne as A, ';rith aldolase added'
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Fi-gure 12" tr'FECT 0F STORII'ùG BL00D lili "ACD 0N THE RATE 0F DPÀl

REDUCTION BY HÐ"IOLYSATES¡ SldlIiüS t:

A, inrligenorls enz,J¡m.e a.cJ:ilvj-ty! B, PFK act,ivitJri

Ca sa:rte as .4., with added aldolase.

Figure 13" EFFECT 0F STORilJG BL00D IN ACD Ai[D THE EFFFÆT 0F

STORING IIEÙTOLYSATE PREPARED FROT{ TIIE SA]',ÍE ''ACD-

BI.OODSI' ON THE RATE OF DPN REDUTTION BY HB4OLY'SATES:

SBTES D:

I Blood stored in ACD"

ïI Henolysal:es prepared from the same bloodso
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F1$UTC $. EFFECT OF STORTIVG PORTTOi\TS OF TIJJT SA]JIE BLOOD TN ACD,

AC, ACDA, Á,ISD ACA Oi{ 'I]FIJI RATE OF DPN N,EDUCTTON BY

TTùI{OLYSATES SERT,ES B-5:

PFK activity is shor,un"

ñ.'rlgi'"e 15" l*-FEtr 0F sr0Rr¡tG pORTroi\Ts 0F THE sAi{E BtooD rN AcD,

Ac, AODA, AitD AtA 0i'[ THE RATE oF Dpiü RjÐucrroN BT

HIIvÍOIISATES: Sffi,I-ES: B-6:

PFK activity is shor,¡no
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Figure 16" EFFECT 0F STORIIùG PORTÏOI{S 0F TIIE SAI'{E tsLOOD ÏN A{Ðe

ÄCa .A,CDA, Ai{D ACA AI{D ADDING .¿IDHSOSII{E T0 AIIQUOTS

OF TIIESE ruRTTÛI{S DURII\TG STORAGE ON Ti{E RATE OF ÐPN

RÐUCTION BY HU"{OLYSATESg Sffi,TES C-1:

PFK activity is shor,úl"

Figure 17, tr'FECT 0F STORIM PORTIONS 0F Ti{E SAI{E BL00D IN AgDe

AND ATDA ÂIfD ADD]NG ADüIOSTNE TO ATIQUOTS OF THtrSE

PORTIOT{S ON THE RATE OF DPllT REDUCTTOTT BY HIü'ÍOLYSATES;

SHI,T6 C-2;

PFK activity is shoinin,
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FigUTE 18' IF'FECI OF STORII{G IIB.fOLYSATES PREPAB]Ð FI,OI{ I'ACÐ€BLOOD'I

I{ITH AND I.,üITHOUT ADDM ÄDENOSII']E ON THE RATE OF DPN

RÐUCTI0N By Hürf0LyS.A,TtrS: SffifES D-2 and 3¡

PFK activity is shor,rn"

Fi.gUTE 19" TF,F"ECT OF STORT}JG H,4'ÍOLYSATÃS PÊEPARÐ FR0I\,I 'fAcD.BI,ooÐtI

ï'ITTH AND I{TTHOUT VARIOUS PRESER,VATTVES OÀT THE RATE OF

DFÍS REDUCTION By H$4OLYSATjüS: SERIffi D_i+ and 5:

PFK activity is ohown
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