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ABSTRACT

Uridinephosphory1ase(ucz.\"z.3)ofrat].ivercata1yzesthe

reversibl-e phosphorolysis of uridine to produce uracil- and ribose-l--phos- .,

phate; hence it is both a catabolic enzJme, catalyzing the degradation '

of nueleosides from food or RNA breakdovm, and an anabolic enz¡nne pro- ¡
ii

ducing nucl-eosides for the 'salvage s¡mthesis' of RNA. Anongst the other i
tissues studied enzlrme activity was present in intestine, kidney, brain ì

ìì
and spleen"

Subcell-ular distribution studies showed that fO$ of the enzJrune

activity is in the sol-ubl-e fraction (cytosol) and the rest Ís in the :

plasma membrane and mitochondria. fn an earl-ier work the enzyme activity '

ofcrudenuclearfractionswasfoundtobehigherinregeneratingcompared

to normal rat l-ivers. fn the present work it has been shown that the
.:

purifiednuc]-earfractionsdonothaveanyactivityandthattheactivity

of the crude nuclear fractions is due to contaminating plasma membrane .

fragments i
':Studies of the transferase activity of this enz¡rme confirms 
:
:,1

the ordered Bi Bi reaction mechanism proposed previously in this l-abora- 
l

tory for this enzyme

TwoisoenzJrmeSofuridinephosphory1asehavebeenseparated

and purified 570 and l-4OO fold respectively, and their properties compared.. I

ThefirstofthetwoÍsoenzJrmestobee]-utedfrornDEAESephad'exco]-u¡n

(isoenzyme //1) has a higher Kb for urÍd.ine compared to isoenz we #,2. rso- '
:'

enzJrme //l is more prominent ín regenerating rat l-iver or young rat liver 
i.,

Isoenz¡rme /f2 seens to be more heat sensÍtive and evenphosphate could not tr



afford fuJ-J- protection against heat inactivation as it did for isoenz¡rme

lÍf. Both isoenzJ¡mes showed one protein band of active enzJme on disc

ge1 electrophoresis. The activity of the enz¡rme fractions in the gel

was determined by staíning with triphenyltetrazolium in the presence of

uridine or deorgruridine. 0n aging in phosphate new bands appear; the

relative mobil-ities (Rn) of the ner.¡ band.s are somewhat different for the

two isoenzJroes. The molecular weight of isoenzyme #f was llOrOOO and of

isoenz¡rme ff? was 95,OOO. 0n aging in Tris-HCl buffer nei¡r, more cationic

species of protein appeared which for either isoenz¡rme had twice the

molecular weight of the unaged enzJme and were inactive when stained for

activity. Both isoenzJrmes are composed of four subunits.

The amÍno acid conposition of isoenzyne #1 indicates the presence

of a total of 24 half cystine residues; this is Ín agreement with the

studies wíth sulphydryl Ínhibitors which indicated the invofvement of SH

groups in enz¡rme activity. Plots of 1og Vmax and pl{m of substrates at

different pH values ind.ieated the presence of a charged group wÍth a pK

value of about 8.0 Ín the enz¡me substrate corrplex as v¡el-l as 2 other

groups with pK val-ues of 6.5 and about 7.0 which were invofved in either

eatalysis or binding. A model- for the possÍble mechanism of phosphorolysis

by uridine phosphorylase has been proposed
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I. TIiITRODUCTTON

Uridine phosphoryJ-ase occupies an important

amphibolic position in the metabolism of pyrimidines (Figure

1) " By means of this enzlzme uridine can be synthesized from

uracil and ribose-l-phosphate or can be broken down to uracil

and ribose-l-phosphate which then are cataboli'zed further.

Flo

+

I
H

URIDINE PHOSPHATE URAC¡L RIBOSE-1. P

Uridine phosphorylase increases in regenerating

tissues and high concentrations are found in bone marrow and

intestine, which are known to have very l-ow levels of enzymes

constitutíng the de noyo pathway (1, 2, 3). These observations

point to the fact that uridine phosphorylase may have an im-

portant function in the "salvage pathway" or the "reserve

pathway" of RNA synthesis from preformed derivatives.

Uridine phosphorylase has not been examined ex-

tensively with regards to its molecular structure. Partial

o

il
+ F-P------o- *--ì

ooHH



r_::i.,r-: :r 1r,r: :.-a.ti.:.:.;1.:.1.-::i;.t.tr:i.:,t,.--)1

4-

purification and studies of its properties have been carried

out for the enzlzmes from E. coli (4, 5, 6) , Ehrlich ascites

cells (7) , rat liver (B), and guinea pig intestine (9) -

Recent1y, .one of the rat liver enzlzmes was purif ied 1900

fold and its kinetic properties studied (10). (Details

given in section II C) "

Isoenzlzmes for this enzlzme have been reported in

rat liver (8) and rat brain (11). Uridine phosphorylase is

not the only nucl-eoside phosphorylase known, âs will be

apparent in the following literature review. In fact the

purine nucleoside phosphorylase has been the subject of

study more often and consequently more is known about this

group of enzlzmes . However, with the little that is known

about uridine phosphorylase, it promises to be an interesting

enzyme for detail-ed study at the structural and functional

leve1 "
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TI " REVIEW OF LTTERATURE

The fact that some tissues can utifize preformed

purine and pyrimidine bases and incorporate them into nucleo- 
.;

tides or degrade them as a preliminary to further catabolism,

has been known for a long time. The nucleoside phosphorylases,

so calIed because they catalyze the phosphorolytic cleavage

of nucleosides using inorganic phosphate, catalyze a reaction

which has an equilibrium constant which favours the synthesis

of the nueleosides:

(1) Phosphorolysis: Nucleoside + Pia-lBase + Ribose-l-Po4

(2) Transfer: Nuc1eosidel + Base2 F-= Base, * Nucleoside,

Transfer activity between a base and a nucleoside seems to

be associated with al-l- the nucleoside phosphorylases known

so far. Thus, this group of enzlzmes can af fect the nucleo-

side pool in three ways: (1) by synthesis from base and

sugar phosphate, (2) by degradation in the presence of phos-

phate, (3) by transfer of the sugar moiety from one base to

another.

Before beginning the survey, a brief classification

of nucleoside phosphorylases woul-d be useful in following

the nomenclature of enzymes used frequently throughout this
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thesis. Nucleoside phosphorylases have been broadly clas-

sified into two groups depending on the nitrogen base and

N-glycosidic bond of the substrate.

This is summarized on Page 7.

A. Purine nucleos.ide phqsphorylase (Purine

"*-"=tae: orthophosphate ribosyl trans-

ferase EC 2.4.2 .I) .

Purine nucleoside phosphorylase has been found to

occur in bacteria, vertebrate tissues and tumour ce1ls (12).

The enzyme from most sources uses inosine, guanosine as well

as the respective deoxyribosides aS substrates. Adenosine

is phosphorolyzed to some extent by the beef l-iver purine

nucleoside phosphorylases (13). Recently, Zimmerman et al-"

(l-4) found the partially purified rat liver enzlzme and

crystalline preparations of blood and spleen enzlzmes to

caLalyze a slow reaction with adenine.

I " Molecular Properties - The most extensively studied

purine nucleoside phosphorylases are from human erythrocytes

(15) and Bacillus cereus (16). The human erythrocyte nucfeo-

side phosphorylase (15) was purified 7,300 fol-d and crystal-

lized" It had a molecular weight of 8l-,000 and a constant
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ratio of activity towards inosine and deoxyinosine. This

enzyme differed from the bovine spleen purine nucl-eoside

phosphorylase in showing substrate activation by inosine,

a different crystalline structure and a different specific

activity.

The Bacil_lus cereus T enzyme had a molecular weight

of 88,0OO-+92,OOO when obtained from the vegetative form of

the bacteria (16) . The spore enzlzme had a molecular weight

of 47,OOO in the absence of phosphate and 95,000 in the

presence of 10 mM phosphate. The vegetative cell enzlzme

\^ras a tetramer of 4 subunits. The spore enzyme underwent a

phosphate induced association from dimeric to tetrameric

forms. The subunits from both sources had mol-ecular weights

of 24,OOO. The Km for inosine of the vegetative cell enzlzme

was 4 "6 x LO-4 M and for the spore enzlzme 7 .o x to-4 ¡t.

fn chicken different mol-ecular forms of

purine nucleoside phosphorylase exist in the embryonic and

adult livers (I7) t the embryonic enzlzme !ì/as found to be

stable compared to the adurt enzlzme ' f soenzlzmes have also

been reported to be present in the muscle of Lingcod (18)

but their properties have not been studied.

tt,
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Isoenzymes of purine nucl-eoside phosphorylase have

been found in a variety of human tissues including red and

white b]ood cel-1s, cultured f ibrobl-asts and hair follicle

extracts (19) " fn the latter work analysis of the isoenzyme

pattern suggests that nucleoside phosphorylase has a trimeric

subunit structure and a molecul-ar weight of 84,000.

2 " Kinetic Properties - The kinetic analysis of human

erythrocyte purine nucleoside phosphorylase was consistant

with an ordered Bi Bi* (20) reaction where the nucleoside

was the first substrate to add to and purine the last product

to l-eave the enzyme surface -

with the human skin enzyme the order of addition

was reverse, thus phosphate added on first and ribose-l--P

was the last product to feave (27) " The bovine spleen enzlzme

showed an order similar to that of the erythrocyte enzyme

with the difference that base and nucl-eoside bind to dif-

ferent isomeric forms of the enzyme (22) " The conclusion

about the order for this spleen enzlzme is hard to understand

especially since ribose-I-P was competitive with phosphate

and base and nucfeoside were non-competitive in the product

inhibition studies. The reverse was true for the human

erythrocyte enz]¡me "

* cleland's (128) nomenclature used-
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The bovine spleeu enzlzme (22) and other purine

nucleoside phosphorylases (15) catalyzed a transfer reacLion

between the base and the nucfeoside. This activity was not

separable from the phosphorylase activity except in one

instance - the enzlzme of Ehrlich ascites tumour cel-l-s (23)

where the two activities were separable on a sucrose gradient
i

in the presence of 2-mercaptoethanol. The forms were also lì

:
found to be interconvertible in the presence or absence of :

2-mercaptoethanol .
,,

3. Requlation and Role - Substrate activation by inosine

has been found for chicken liver (24) and human erythrocyte 
,

purine nucleoside phosphorylase (15) . The chicken l-iver (24)

enzlzme is inhibited by ADP (5o% inhibition by 10 mM) and

NarSO4 ßO% inhibition at 5 mM) and this inhibition increased
,.

on aging. The significance of the latter observation is ì
:

not understood as Yet" i

Probably, one of the roles of most nucl-eoside

phosphoryJ-asesiscatabo1ic.However,purinenuc1eoside
.

phosphorylase is an important member of the "salvage path\,vay" 
ii

for purines. Two reviews published on this topic (25, 26)

ipoint to the fact that dependence of animal tissues on pre- 
.¡

formed purines is not absolute for all tissues, and it has
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been established that rabbit (27) , mouse as well as human

blood (28) , rabbit bone marrow and lyrnph nodes (29) can-

not synthesize purines by the de novg pathway. Liver is

the source of the purines for peripheral tissues as is

evident in the experiments of l,ajtha and Vane (29), who

found lowered incorporation of CIA-formate into DNA purines

of bone marrow following portal occlusion oq partial hepatectom:y

This fact is also confirmed by the work of Pritchard et al.

(30) who labelled rat liver in situ by perfusion with c14

adenine and then restored the normal circulation; labe] was

rapidly transfered to nonhepatic tissues, especially the

red blood cel-l. Purine nucfeoside phosphorylase of E. coli

and s. typhimurium is inducible by deoxyribo-nucleosides and

purine nucleosides (65) .

It is not known whether the nucleoside or base

is the preferred form for entry into different ce1ls. There

is evidence showing that purines enter and 1eave rabbit red

cel-ls as free bases rather than nucleosides (26) because

p-nitrobenzyl_ thioguanosine prevented nucleoside entry into

red blood cel-ls but did not alter the turnover time of

nucleoside pools, prelabelled with c14 adenine (26, 31) "

Hypoxanthine and xanthine seem to be the only major purine
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bases released from red blood cel-ls (32) and this release

is increased by raising the oxygen leveI. A 2o-fold in-

crease in urinary excretion of hypoxanthine has been re-

ported after severe muscular work (33) and deamination of

AMP to IMP occurs during exercise (34) whi]e inosine ac-

cumulates under anaerobic conditions (35). It is not known

whether the muscle replenishes its depleted.pool by the

salvage pathway or by synthesis de novo.

Zimmerman et al-. (14) using rat liver slices

found that adenine ;t¿-s quantitatively converted to

nuc,leosides; adenine 8-cf 4 in the incubation medium was

converted to relatively large amounts of adenosine B-CIA

only if the medium was saturated with inosine. The relation-

ship of these findings to a possible transport system for

adenine or adenosine needs further study, but the possible

involvement of phosphorylase and/or phosphorylase-like

transport vehicles cannot be ruled out.

A purine nucfeosÍde phosphorylase has been im-

plicated in the uptake of adenosine by E. coli cell- mem-

branes (36) " Adenosine is first broken down to adenine and

ribose-l-P; adenine is then translocated as a nucleotide

by a phosphoribosyl transferase. (Adenine + PRPP-> AMP + PPi)

r'j:

:{
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Ribose-l-P and adenine both inhibit the uptake of adenosÍne

(36)¡ while PRPP stimulates it. fsolated membrane vesicles

exhibit both purine nucleoside phosphorylase and phosphori-

bosyl transferase activities.

Pvrimidine nucleoside phosphorvlase - Pyrimidine nucleo-

side phosphorylases obtained from various sources indicate

that this enzlzme is distinct from purine nucleoside phos-

phorylase Q2) and this group consists of at least two kinds

of enzymes differing in their specificity towards substrates

(37) 
"

B" Thymidine phosphorvlase (Deoxythlzmidine:

orthophosphate deoxyribosyl transferase

Ec 2 "4.2 "4) .

Thlzmidine phosphorylase prefers deoxyuridine to

thlzmidine and does not catalyze the phosphorolysis of uri-

dinei hence it is specific for the deoxyribose moiety. The

partially purified (lll-fo1d) enzyme from Bacil-lus stearo-

thermophilus can also util- i-ze uridine, though the preferred

substrates are deoxlzuridine fol-lowed by thlzmidine. Since

this was an impure preparation, the possibility of having
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two enzlzmes in the preparation cannot be totally ruled out.

1. Molecular Properties - Thlnnidine phosphorylase has not

been purified to any great extent. The molecular weight of

the 13-fold pure thlzmidine phosphorylase of rat l-iver was

found to be 1l-o,ooo (10) by the gel filtration method of

Andrews (38). The Bacillus stearothermophill-us enzyme has

a molecular weight of 78,000 (50) by the density gradient

method of Martin and Ames (39).

2 " Kinetic Properties - Kinetics of the partially purified

rabbit inLestine enzlzme indicate an ordered Bi Bi reaction

where phosphate must bind first to the enz]¡me and ribose-l-P

is the last to leave (9). A similar order was found for the

E.coli enzlzme ØÐ " In the case of the rabbit intestinal

enzlme the order was arrived at by a study of transferase

activity, which was not inhibited by high concentrations

of phosphate" No product inhibition studies were done. Using

human leukocyte enzlzme Gal-Io and Breitman (42) postulated

that Lhe transferase and phosphorylase activities are the

function of one protein with two different sites for deoxy-

ribose-l-phosphate and deoxyuridine, primarily because the

synthesis of thlzmidine by the transferase reaction between
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thlzmine and deoxyuridíne was not inhibited by high deoxy-

ribose-1-phosphate concentration .

3. Requlation and Role - Human leukocyte thymidine phos-

phorylase is inhibited by thlzmine (42) and the 6-oxypurines

hygoxanthine, xanthine, allopurinol and 6-mercaptopurine (43) .

Both transferase and phosphorylase activities are subject to

substrate inhibition by thymine; the inhibition of phos-

phorylase activity suggests an additional inhibitory site

for thymine. Purines inhibit only deoxythymidine synthesis,

while thymine inhibits both the synthesis and the transfer"

The presence of urea prevents the substrate inhibition due

to thymine but the inhibition due to hypoxanthine is not

changed (43) .

Partial hepatectomy increases deoxythlnnidine

kinase (44, 45) and deoxyribose-5-P aldol-ase activities (46) ,

but decreases dihydrothlzmine dehydrogenase activiLy (47) 
"

The avail-ability of deoxyribose-l-phosphate and thlzmine thus

favours the synthesís of thlzmidine. Deoxyribose-l-phosphate

and deoxyrj-bose-S-phosphate can induce thlnnidine phosphorylase

in E. coli (48) and S. tvphimurium (49) , whereas both deoxy-

ribose-1-Po, and ribose-l-PO. can induce the B. stearother-
--

mophilus and B. cereus enzlumes (50). rt is not known at
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present whether this ís also true for some mammalian

tissues. fn leukocytes obtained from patients with chronic

myelogenous leukemia the level of thlzmidine phosphorylase

and deoxyribosyl transferase is lowered (51), suggesting a

l-ess significant role of "salvage pathway" in these cell_s"

The inhibition of deoxythlzmidine synthesis by purine bases

may provide a means for maintaining a bal-ance between purine

and pyrimidine deoxynucleotide synthesis (43) . Since purine

bases are normally utilized rapidly, their accumul-ation

would indicate a block in the synthesis of purine nucleotides

and thus al-so would stop the synthesis of pyrimidine nucleo-

tides.

The enzlzme in E. coli appears to be l-ocalized near

the cell surface as judged by the fact that it is quantitatively

released from the cel-l-s by osmotic shock (52, 53, 54) pro-

cedures which rel-ease a specific group of phosphatases,

diesterases and nucleases into the extracellular milie*

without impairing celI viability or altering the levels of

other intracel-lular enz)zmes such as glucose-6-phosphate

dehydrogenase, glutamic dehydrogenase ana¡3-galactosidase.

In this organism thymidine phosphorylase seems to be res-

ponsible for the uptake of thlzmine (52) . The trans-N-deoxy-

ribosylase, EC 2.4.2.6 (same as transferase) is also located
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on the ceIl surface and its activity is highly dependent

on the intact structure of the cells (53) " This reaction

requires a donor of the deoxyribosyl group other than de-

oxyribose-l--phosphate" However, So far there is no evidence

indicating that these two activities are not the property

of the same protein i.e. if the phosphorylase catalyzes the

transferase reaction al-so"

Uridine phosphorvlase (Uridine: orthophosphate

ribosyl-transferase EC 2"4.2.3) .

Tn 1950 Paege and Schlenk were the first to

characterLze this form of pyrimidine nucleoside phosphory-

lase from E. coli (4, 5). Since then this enzlzme has al-so

been reported in other bacteria (50), a number of vertebrate

c.

tissues like intestine, liver, spleen (37, l, 2, 40) ,

(11) and Ehrlich ascites tumor ce1ls (7, 55) .

brain

Uridine phosphorylase purified from most of these

sources shows a preference for the substrates in the following

order uridine ) deoxyuridine)) thyrnidine. Exceptions to
shovn }V

this specificity arenthe enzlzmes from bacteria. Uridine

phosphorylase from E. coli- is highly specific for its ribosyl

moiety (4) , and the enzlzmes from B. Ste@
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catalyze the cleavage of deoxyuridine and thymidine at a

faster rate than uridine (50) 
"

1 " Molecular Properties - Uridine phosphorylase has not yet

been purified to homogeneity except from Ehrlich ascites

tumour (7 , 55) and even here its mol-ecular properties have

not been studied. The enzlzme from rat liver had a molecular

weight of 110,000 (10) and the 1,900-fo1d pure enzlzme showed

two bands on electrophoresis. The anionic band increased

on aging. The E. coli enzlzme had a molecular weight of

I4B,OOO, on density gradient centrifugation (50).

At Ieást two forms of uridine phosphorylase were

reported in regenerating rat liver (B), one of which was

termed nuclear (due to higher concentration in the crude

nuclear fraction) and the other cytoplasmic" Both these

enzlzmes were inducible by uridine and cytidine.

Similarly, existence of two isoenzlzmes of uridine

phosphorylase in rat brain has been demonstrated (11). In

both these cases no difference in the substrate specificity

and pH optimum was found between the two isoenzlzmes.

2. Kinetic Properties - Kinetics of rat l-iver uridine phos-

phorylase has been investigated intensively (10) and this
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enzlzme was found to have an ordered sequential reaction
the

with phosphate adding first to^enzyme, followed by uridine.

Ribose-I-phosphate is the last to leave the enzyme. Kinetics

of guinea pig intestj-ne uridine phosphorylase was studied

using the transferase activity of the enzyme. Close to

strlichiometric amounts of phosphate were required for the

transfer between bases and the nucleosides and high con-

centrations of phosphate inhibited this transfer (9). Based

on these observations it was concluded that similar to

purine nucleoside phosphorylase, the nucleoside adds on

to the enzlzme first and the base is the l-ast to leave - Com-

plete studies using product inhibition patterns were not

done hence the validity of the sequence remains questionable

for the guinea pig intestine enzlzme "

3 " Requlation and Role - In 1957, Canel]akis (56) demon-

strated that rat liver sl-ices utilized uracil-2cl4 and

incorporated it. into polynucleotides; other tissues like

intestinal mucosa and Ehrlich ascites tumour (57) were more

active in this respect. Skold (1) found a good correlation

between the enzlzme levels of the "reserve mechanismn' (viz -

uridine phosphorylase and uridine kinase) and growth rate.

In regenerating rat liver there was almost a 3-fold increase

i;1'

*.
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in the level of uridine phosphorylase after 36 hours.

Uridine phosphorylase levels coul-d also be increased in

normal and regenerating rat l-iver following an injection

of cortisol, uridine or cytidine (8, 58, 59). These ob-

servations point to the role of this enzlzme in the util-ization

of preformed uracíl- in the synthesis of nucleotides.

Uridine phosphoryJ-ase of Bacillus cereus was found

to be inhibited by GTP, CMP, CTP, XMP, and CMP (5O% inhibition

with 0"15 to 0.3 mM) " Co-operative inhibition was found

between CMP and CTP molecules and this may be an important

means of regulating the uridine nucl-eotide level in Bacill-us

cereus. The effect of these nucleotides on the synthetic

reaction shoul-d be investigated for a better understanding

of the rol-e of this enzlzme "

Uridine phosphorylase has not yet been impticated

in the transport of nucleosides and bases across biological

membranes. ,:aþuez (60) indicated that a passive transport

was involved in the entry of the nucl-eosides into Ehrtich

asc.ites ce]ls. Since then a number of studies indicate the

existence of a carrier mediated transport" Enzyme-like

transport systems for nucl-eosides which are susceptible to

inhibition by heterol-ogous nucleosides were found for chicken,
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rat and mouse cel-Is in culture (61) . In Novikoff hepatoma

cells Plagemann (62) demonstrated the existence of three

separate transport systems for (a) adenosine (b) uridine

and cytidine (c) guanosine and inosine. These transport

systems are inhibited by p-chloromercuribenzoate and com-

petitively inhibited by each of the other nucleosides,

th1'midine, persantin and phenethyl alcohol. Heat treatment

at 47.soc for 5' inhibited the uridine transport system

only. Again uridine and cytidine transport may not be

through a common carrier because they have different Km

values and are inhibited to different amounts by other

nucleosides, and persantin" Saccharomvces cerevisiae

mutants have been isol-ated which have l-ost the capacity to

transport cytidine while uridine transport is unaltered (63) 
"

Nucleoside transport in human erythrocytes was found to be

due to a nonconcentrative, facilitated diffusion mechanism,

where efflux of uridine or thlnnidine from preloaded cel-ls

could be induced by an inward flow of various nucleosides

but not by purine or pyrimidine bases (64) 
"

fn conclusion it can be said that the specificities

and properties of the nucleoside transport systems are very

similar to those of the various enzymes (phosphorylases in

particular) involved in nucleoside metabolism; characteristics
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such as saturability, competition between related permeants,

inhibition by specific compounds and the phenomenon of

counter f1ow, show that transport of nucleosides is a "carrier

mediated"process; the nucl-eoside phosphorylases have been

implicated in certain instances (36, 52) but the exact role

of these phosphorylases in other cases still- needs to be

evaluated.
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TTT. OBJECTÏVE

The review of literature brings to mind the

following questions:-

(1) What is the structure of the uridine phosphorylase

molecule?

(2) How is it regulated i.e. what makes it work in a par-

ticular direction and at what efficiency?

(3) Why have isoenzlzmes and how do they differ from each

other?

(4) Ts this enzyme located in some subcellular particles

or is it onty present in the cytosol? Could it have

a role in transport of nucleosides?

It is not possible to find the ful-I answers to all

these questions in a short time but efforts have been made

to answer some of these. The work embodied in this thesis

can be divided as follows:-

I" Purification, properties and isoenzymes of rat liver
,:uridine phosphorylase 
,i

II" Transferase activity of the purified enzlzme,studied for '

a better understanding of the kinetics. 
"

III " Subcel-Iular distribution of pyrimidine nucleoside ,

phosphorylases.
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IV" MATERTALS

Acrylamide Eastman Organic Chemicals,

Adenosine 5' phosphate Sigma Chemical Company

Alcohol dehydrogenase - worthington Biochemical corp.

Alkaline phosphatase (calf íntestinal mucosa) sigma
Chemical Co"

Ammonium hydroxide Fisher Scientific Co'

Ammonium molybdate, AR - British Drug Houses

Ammonium sulphate - J.T- Baker Chemical Co"

Bromic acid, AR - British Drug Houses

Carbowax ,: t - Union Carbide

Catal-ase - Worthington Biochemical Corp.

coomassie bril-liant-blue R250 - consolidated Laboratories
Ltd" u Weston

Deoxy - D-Ribose-I-phosphate, di'monocylohexylammonium salt
Sigma Chemical Co"

Deoxyuridine Sigma Chemical Co

Deoxyuridine uniforml-y label1ed with H3 New England
Nuclear CorP-

Dialyzing tubing

Ethyl acetate, AR British Drug Houses

Ethylene diamine tetraacetic acid sigma chemical co.

Formic acid, AR - British Drug Houses

Glycine - Nutritional Biochemical Corp.
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Glycylglycine - British Drug Houses

Glucose-6-phosphate (di K salt) sigma chemical co.

Histidine (free base) - Nutritionat Biochemicals Corp-

Hydroxylapatite (Biogel) - BioRad Laboratories

Hydrogen peroxide - Fisher Scientific Co "

Frozen Livers from young rats - Pel Freeze Inc'

N, N,Methylene bis acrylamide - Eastman Organic Chemicals.

2-Methoxy-ethanol (Methyl cellosolve) Britísh Drug Houses

Molecu]-ar weight marker (non enzynic) kit - Mann Research
Laboratories

p-Nitrophenol phosphate (Di sodium satt) signa chemical
Co"

Omnifl-uor - New England Nuclear Corp.

Photoflo 2OO solution - Eastman Kodak Co.

phosphorus 32 - Atomic Energy of canada Ltd., ottawa.

Potassium arsenate British Drug Houses

Potassium chloride, AR - British Drug Houses

potassium dihydrogen orthophosphate, AR - British Drug
Houses

potassium phosphate - Matheson co]eman and BeIl

o(-D Ribose-l- phosphate, dimonocylohexylammonium sal-t
Sigma Chemical Co-

sephaclex (DEAE , G2OO, GI5O, G100) Pharmacia

Sucrose Schwarz/Mann Div- of B and D.

1. .: . : . -:ri.-t:,1:.t.:,: :¡::!i:¿:Ji¿!::::*tù!!r;;;:i i
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Sodium laurylsulphate - DuPont of Canada Ltd.

Sodium molybdate - British Drug Houses

Sodium dihydrogen orthophosphate British Drug Houses

Tetrazolium Triphenyl - Mann Research Laboratories

N, N, N', N'Tetra methylethylene diamine Eastman Organic
Chemicals

Tracking dye concentrate Canal- Industrial Co.

Trizma base (tris hydroxlzmethyl amino methane) - Sigma
Chemical- Co.

Triton X-IOO (octyl phenoxy polyethoxy ethanol) Sigma
Chemical Co.

Toluene - Fisher Scientific Co.

Uracil Sigma Chemical Co.

uracit 2-cI4 - Schwarz Bioresearch fnc.

Uridine - Mann Research Laboratories

Uridine uniformly labelled with H3 - New England Nuclear
Corp.
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V" METHODS

Assav of uridine phosphorylase

1. Uridine phosphorylase activity was determined by the

spectrophotomeric method of Yamada (B), where the increase

in absorbance due to the formation of uracil is measured

in an alkaline solution. The assay mixtures were of the

foll-owing tlzpes: -

(a) Assay mixture for determination of activity

in subcellular fractions, purifíed fractions, and for cofumn

eluates (other than those at ÉH 8.0) during the purification

of the enzyme. The assay mixture aL pH 7 .4 contained in a

final- volume of l-.5 m1: 150 micromol-es of K phosphate

buffer at pH 7.4; 0.05 M K phosphate buffer at pH 7.4 and

enzyme dissolved in the same buffer to make 0.5 ml and 7 "5

micromoles of 2-mercaptoethanol" The reaction was started

by the addition of 5.07tfmoles of pyrimidine nucleoside.

After incubation at 37oC for the required length of time

(so that absorbance readings fell in the range of 0.1--) 0.3)

the reaction was stopped by the addition of 0.45 m1 of cold

2.I2 N perchloric acid. In the control tubes the acid was

added prior to the addition of substrate. The acidified

mixture was then spun at 14,800 g for 10 min in a Servall

A.
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RC-2 centrifuge. SevenLy ff of 10 N NaOH was then added

to.1 ml aliquots of each tube and the mixtures were then

read at 29O myfor uridine and deoxyuridine and at 295 n¡,t

for thlnnidine "

(b) The assay procedure used for determining

activities of the eluates from co1umns at pH 8.0 was es-

sentially simil-ar to (a): the mixture had 304.¡mo1es of K/
phosphate buffer at pH 6.85t I7O¡umofes of phosphate buffer

at pH 7"4,7.5fmoles of 2-mercaptoethanol and I.2 ml of enzyme

in O.O2 M K phosphate buffer at pH 8.0. The incubation was

similarly started by the addition of 5¡mo1es of substrate

adjusted to pH 7 .O. The final pH of this mixture was also

7 "4.

(c) For mixtures at different pH or in the

absence of phosphate, buffers like Glycyl-glycine pH 8.9, K

acetate pH 6"0, and Tris-HCl were used in concentraÈions to

give the required pH" The exact amounts of the buffers

added will- be described in the results section along with

individual experiments. Apart from this the assay procedure

was the same as above"

(d) Formation of uridine and deoxyuridine was

also measured spectrophotometrically and the reaction

':l

t'ì

mixture. contained lS}mo1es of Tris-HCl buffer pH 7.4,
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4.2 ¡-lmoles of ribose-l--phosphate , pH 7 .0, 1 .0 ¡mole of
I

uracil and enzlzme in 0.05 M Tris. The rest of the pro-

cedure was the same as before and the decrease in absor-

bance in sample tubes was measured at alkaline pH.

2" Protein was determined by the method of Lowry et al.

(66) for most cases except for efuants from chromatographic

columns when Warburg and Christian's method (67) using

optical density readings at 260 mrr;l and 280 m/¿ was utilized-

One unit of nucleoside phosphorylase (8, 10) is

the amount of enzlzme required to make one ¡mole of nucleo-

side or base in one hour.

3 " Chloride estimation - The titration procedure of Schales

and Schal-es (69) was followed and solutions from Sigma's

chloride estimation kit were used. Mercuric nitrate (ap-

proximately 0.OI N) whích ionizes to yield ¡lg** ions, was

used to titrate ch]oride of a standard or an unknown (0.02

m1-)0"5 ml- of the cofumn fractions). 2cI- + Hg+JtHgcI2

Mercuric chloride does not ionize and the end point is

determined by the violet colour of the indicator Diphenyl

carbazone in the presence of excess }Ig*+ ions. 2-mercapto-

ethanol reacts with mercuric nitrate hence the amount of
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mercuric nitrate needed by fractions before the gradient

was started was deducted from the amount of mercuric nitrate

needed by the same volume of a fraction after the gradient

was started"

B" Purification of uridine phosphorvlase

The method of Kraut and Yamada (10) was followed

in principle except for sJ-ight modifications which provided

the complete separation of two uridine phosphorylase iso-

enzlzmes. The general procedure for most preparations and

modifications thereof will- be described in the next 7

sections "

1. Homogenization - Livers from young rats used in the pre-

paration of pure enzlzme were bought from Pel Freez f nc -

Approximatel-y 50 rat livers were used for most preparations

except in the last one when 100 rat livers were used. All-

the steps in the purification were carried out in the cold

at 40 " The unperfused livers were thawed, cut into smal1

pieces and homogenized in a glass homogenizer with a teflon

pestle in 5 volumes of buffer A (K Pi buffer pH 7 .0, 1 mM

EDTA, 10 mM 2-mer:captoethanol) for each gram of liver and
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the homogenate was then fi1tered through 4 layers of cheese

cloth. The filtered homogenate was then spun at 50,000 rpm

(160,000 g) for I hour in a 60 Ti rotor, in a Beckman ultra-

centrifuge 
"

The supernatant was then used for ammonium sulphate

fractionation "

2 " Ammonium sulphate preqipitation - Enough ammonium sul-

phate was added to give 30% saturation. The precipitate

obtained (after spinning at l-2,000 rpm (17,300 9) for 20

min in a Servall centrifuge) was discarded and to the

supernatant more ammonium sulphate was added to give 65%

saturation. The precipitate now obtained contained most

of the enzyme and was recovered by spinning for 20 min as

before; it was dissol-ved in a minimum amount of buf f er A.

This fraction was then used as such for heat treatment.

3 " Heat treatment - Thirty ml fractions of the enzyme

obtained from the previous step were put in stainless steel

tubes and heated with gentle stirring in a water bath for

3 min at 5Oo, following which they were immediately trans-

ferred to an ice bath. The precipitated protein was removed

by centrifugation at 30,000 rpm for 30 min in a Beckman
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Model L ultracentrifuge with Rotor no. 30. The supernatant

was dialyzed overnight against 100 volumes of Buffer B

(O.OZ M K-Pi, pH 8.8, I mM EDTA, f0 mM 2-mercaptoethanol).

4" DEAE Sephadex chromatography at pH 8.0 (B) - The heat

treated, dialyzed enzyme preparation was diluted with enough

Buffer B to give a final protein concentration close to

15 mg/ml " This fraction was then applied to a washed

equilibrated DEAE Sephadex pH 8.0 column. Approximately

ten gm of exchanger (DEAE Sephadex A-50) was used for every

gm of protein applied. The column was then washed with 1.5

times the bed volume of Buffer B" A linear gradient was

then started with 5.35 x bed volume of Buffer B in the

mixing chamber and the same vol-ume of 0.4 M KCl in Buffer B

in the other chamber" The fractions containing the uridine

phosphorylase activity were pooled and concentrated by

carbowax, to a protein concentration of approximately 15

mg/ml and dialyzed against 150 volumes of Buffer C (0.02 M

K-Pi, pH 7.O, I mM EDTA, 10 mM 2-mercaptoethanol) overnight

at 4o.

minimize

was made

In the last preparation upward flow was used to

column packing and change in flow rate. The gradient

shall-ower by the use of 0.15 M KCI- and the vol-ume
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of KCl solution was 2:I5 times in proportion to bed volume.

These changes produced the complete separation of the two

isoenzymes of uridine phosphorylase. The next three steps

were carried out for each isoenzlzme separately.

5" DEAE Sephadex pH 7.0 - The procedure was very simil-ar

to the first column (step 4) except that the buffer was at

pH 7.0 instead of 8.0. The gradient was also of the same

proportions. In two preparations the isoenzlzmes separated

at this step"

6 " Sephadex qel filtration - ïn preliminary experiments it

was found that the combination of gels in series improved

the resolution of this mixture of protein components of

similar mol-ecul-ar weights . The Sephadex G-100, Sephadex

G-150 and Sephadex G-200 were put in each of three columns

which were connected in series. The last two were fitted

with flow adaptors and upward flow was used to minimize

col-umn packing. The columns lrere washed and equilibrated

with Buffer B" The enzyme was appried in a sample applicator

on top of the Sephadex G-100 bed and the total volume ap-

plied was close to one hundredth of the total bed volume of

all columns. The active fractions were pooled and dialyzed
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against 100 volumes of Buffer D (O.O2 M Pi pH 7.3, 10 mM

2-mercaptoethanol) overnight .

The quality of packing of all three columns was

verified by applying 5 mI of 0 .2% sl-ue dextran 2,OOO in

Buffer B.

7 " Hvdroxvapatite cþromatoqraphv - Hydroxyapatite was

washed thoroughly with Buffer D (0.02 M K-Pi, pH 7.3 and

10 mM 2-mercaptoethanol) without any EDTA, which would

have complexed the caf* ions of the resin (68). The pro-

portion of bed vofume (in m1) was thrice the amount of

protein (in mg) to be applied" The pooled, dialyzed enzyme

from the previous gel filtration step was applied to the

hydroxyapatite column, and then the column was washed with

l-"5 bed vofumes of Buffer D" The enzyme was eluted from

the column by a linear gradient consisting of equal vofumes

of Buffer D and O.25 M Pi pH 7.3 with 10 mM 2-mercaptoethanol

The uridine phosphorylases were the first proteins

to be eluted from the col-umn. In the last preparation with

isoenzyme #1 the O .25 M Pi, pH 7 .3 sol-ution was changed to

0.15 M, which proved usefu1 in preventing contamination of

the fractions of the trailing part of peak with closely

eluting proteins " The active fractions were pooled and
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dialyzed against a minimum of 100 volumes of Buffer A

(without EDTA) for B hours and stored in small aliquots.

When it was necessary to store fractions in the absence of

phosphate a fraction of the enzlzme was dialyzed against

500 volumes of 0.05 M Tris pH 7.0, 10 mM 2-mercaptoethanol,

with at least 3 changes of buffer "

8. Dialvzinq and concentratinq procedures

(a) Dialyzing bags were washed first with 1 mM

EDTA (pH 7.0) and then finally with the buffer solution to

be used" For volumes greater than 40 m1 a conti-nuous flow

dialyzing apparatus was used. For smaller vol-umes, conical

flasks or beakers equipped with magnetic stirrers and.

covered with parafilm were employed. The buffer surrounding

the dialyzíng bags was changed three or more times with

fresh buf fer. ''

:
(b) ConcenLrating procedure - with purer fraction" i

,

procedures like precipitation by ammonium sulphate and ultræ .

filtration usual-1y meant large l-oss of activity. The pro-

cedure of Setlow and Lowenstein (7O), and Kohn (7L) as

modified by Kraut (ZSì- was found to be useful for concen-

tration of uridine phosphorylase samples. The dil-ute enzlzme

was poured into washed dialyzing tubing, and immersed in a

lii
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vessel ful1 of carbowax flakes " The time required to con-

centrate the protein depended on the surface area of the

bags and was approximately 2 hours to remove 50 mls from

a bag of 3/4" diameter. After concentration the bags were

washed by quickly rinsing in 0.05 M K pi pH 7.o, lo mM 2-mer-

captoethanol a number of tímes until free of carbowax.

c" Gel ElectrophoEçsis

1" pH 8.0 svstem - The method of Davis (lZ¡ was used, when

the gel buffer was 0.37 M Tris-HCl at pH 8.9¡ the electro-

phoresis buffer was 0.05 M Tris-glycine at pH 8.3, the

spacer gel buffer was 0.06 M Tris-HCl at pH 6.5. The final

concentration of acrylamide was 7% for most diagnostic runs"

The current was 21 milliampere per tube. Protein was applied

in a B-IO% sucrose sol-ution containing Bromophenol blue as

the tracking dye " All- sol-ution were cold and electrophoresis

was performed in a cold room at Aoc. The tracking dye front

was marked by inserting a piece of thin wire into the gel.

2" pH 7.0 svstem - The method of Wil-l-iams and Reisfeld (Z:¡

was used" The separation ge1 buffer was 0.07 M Tris-HCl- at

pH 7.5, the spacer gel was 0.05 M Tris-HCl at pH 5.5 and the
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electrophoresis buffer was 0.008 M Tris-barbiturate at pH

7 "O. The concentration of acrylamide was 7% for most runs,

unless specified otherwise. The other conditions l-ike the

sample solution, current and temperature were the same as

in the pH 8.0 system.

3. Staininq for enzvme activitv - The method of staining

developed for glycogen phosphorylase (74) can also be used

for purified uridine phosphorylase. Bands of enzyme activity

haræ been stained by the method of Mattson and Jensen in the

present work. Thq gels \À/ere incubated in a medium containing

1507u1 of 1 M potassium arsenate, pH 7.4 or 8.0, L)O yL of 0.15M

2-mercaptoethanol, L5O ¡n of I M Tris-HCl pH 7 .4 or pH

B.O, 1OO ¿,r,f of 0.1 M uridine and water to make 3 m]. The
/

tubes lvere incubated at 37o for 30 min. The reaction medium

was then decanted off and 3 ml- of 0.5 N NaoH and 300 Æ of

O.5% triphenyltetrazolium (aqueous) solution added. The

tubes were then put in a boiling water bath for 3-5 min

until bright red bands appeared" The sol-ution was drained

off and the gels were stored in 7% aceLic acid. Simultaneous

controls without substrate were rurì for every new preparation

of enzlzme. V{ith enz}zme obtained from the DEAE Sephadex

pH B.O column no bands appeared in incubated gels in the
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absence of substrate" This procedure is an adaptation of

the staining method for purine nucleoside phosphorylase

developed by Gardner and Kornberg (76) which is based on

the method of Mattson and Jensen (77).

4. Staininq for protein - The method of Chamrach (78) was

used" Protein bands in the ge1 were stained by first fixing

the bands in 12.5% trichl-oracetic acid (TcA) and then

staining with coomassie blue (0.005%) in 12.5% TCA for about

2-6 hours" The stained gels were stored in a faintly blue

solution of coomassie blue in 7% aceLic acid" No destaining

was required

5" Determination of molecul-ar weight, and separation of

size and charqe isomerF - In 1968 Hedrick and Smith (79)

published a method by which isomers of different size and

charge could be distinguished" This method is particularly

useful in determining the molecul-ar weight of enzymes in

crude preparations, if they can be stained specifically for

their activity and also for some highly purified proteins

which are available in very small amounts. In this method

the logarithm of protein mobility relative to the dye front

is plotted versus acrylamide gel concentration; protein

..:

:,

:r
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isomers of different size give a family of nonparallel

lines extrapolating to a conìmon point in the vicinity of

O% geJ- concentration. Charge isomeric proteins give

paralleI 1ines. Protej-ns which differ in both size and

charge give nonparallel lines which intergect at high get

concentration. Since the slope of the line depends on the

molecul-ar weight of the particular protein, by comparison

to the slopes of some standard mol-ecular weight markers

it is possj-ble to determine the mol-ecular weight of an

unknown protein. The principle of this method has been

utilLzed for uridine phosphorylase but the electrophoresis

system used is that of David (66) and of !üilliams and

Reisfeld (73).

6. Determination of subunit weiqht - The method of Weber

and Osborn (80) was used, for SDS gel electrophoresis. A

solution of O .I% SDS, IO% acryl-amide and sodium phosphate

buffer at pH 7.2 were used. Constant current was maintained

at 7 mA per tube.

For staining of protein the SDS was first leached

out of gels in I2.5% TCA, overnight in a shaker. The gels

\,vere then placed in a 0.005% solution of coomassie bl-ue for

about 4 hours and then stored without destaining in 7%
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acetic acid" The number of bands increased on increasing

the time of pre-treatment of protein wíth 2-mercaptoethanol

and sDS to about 4 bands. The method of pre-treatment and

sample application was that of Dunker and Rueckert (81).

D" Densitv qradient centrifuqation

1" Method of Martin and Ames (39) was used with slight

modifications. Solutions of 0 to 18% sucrose in 0.05 M

Tris pH 7.0, 1 mM EDTA and 10 mM 2-mercaptoethanol were

used. Phosphate was added to give a final concentration of

0.2 M concentration and j-n control. sampJ-es KCI- was used to

replace phosphate and provide a medium of equal ionic

strength. A Beckman ultracentrifuge equipped with rotor

no" SVü-50"1 was used, and the spinning time was either 16

hrs (with phosphate and KCI-) or 6-8 hrs without phosphate

or KCI- " Sixteen fractions were collected by means of a

drop counter.

2 " Alcohol dehydrogenase was assayed by determining the

amount of DPN reduced spectrophotometrically @Z¡ at 3 AO ny"

Assay medium consisted of 0.5 ml of 0"32 M pyrophosphate

buffer, pH 8.8, 0.15 ml of 2IvI ethanol, 0.05 ml of 0.025 M

NAD, enzyme and water to make a total volume of 1 ml_. One
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unit of enzlzme activity is defined as the amount that

reduces l¡moles of NAD/min at 25oC -

3 " Alkaline phosphatase was assayed by fol-lowing the

hydrolysis of p-nitrophenyl phosphate at aK ny (eS¡. The

assay medium contained 0.5 m1 of 1 M Tris-HCl- buffer,

pH 8.0; 10 ¡1 of 0.105 M p-nitrophenol phosphate; enzyme

and water to make a total volume of I ml.

One unit. of enzyme activity is defined as the

amount that produces 1 ¡mo1e of p-nitrophenol per hour.

Cytochrome C and myoglobin were determined separately

by reading the absorbance of the solutions at 400 m¡.

E. Amino acid analysis

1" One and half mg of protein (in ammonium carbonate buffer)

was put in an ignition tube with 1 ml of 6 N HCI-. The con-

tents were frozen on dry ice and erøcuatedby means of a vacuum

pump. The tube was sealeã and left in an oven at 1l-Oo for

2I hours, and then the sample was dried in a vacuum des-

sicator with NaOH pellets, overnight. The sample was re-

dissolved in sodium citrate buffer aL pH 2.2 and applied to

the columns of a Beckman-Spinco I2O C automatic amino acid

analyzer.

-ì
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2 " For determination of cysteine and cystine performic

acid oxidation was performed according to the method of

Hirs (ea1 . Hal-f a milliliter of 30% H2O2 and 9.5 mJ- of

99% f.ormic acid were mixed in a stoppered flask and al-towed

to stand for 2 hours at 25oC. This reagent and the protein

solutions lvere cooled separately at -7o to -10o for 30 min
(o'z -^l e ac[^)

and then were mixed in equal volumes7; to this mixture 20 y"I

of anhydrous methanol was added. The mixture was then left

at -lOoC for 2.5 hours. The sample was diluted to B ml-s

and lyophilized" The dried powder was suspended in another

2 m1s of water and transferred to an ignition tube. This

viias again lyophilized and Lo the powder 1 ml_ of 6 N HCl

was added. The steps from here onwards were the same as

that for direct hydrolysis (see I above).

F" Assav of transferase activity

Transferase activity was measured in 2 ways:

(1) between the base and the nucleoside and (2) between

phosphate and ribose-l-phosphate 
"

I " (a) The assay mixture for nucleoside and base transfer
oF 7'0 n

consisted of 2S fI of 0.1 M Tris-HCI,pH 7.2¡ 25 ¡I^glycyt-
g1ycine,pHB.9;10|JIof0.15M2_mercaptoethano1;substrates.I-t_---
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of the required specific activity (the exact amount is

given with each experiment) , enzyme and H2O to make I5O ¡tL.

The pH of the final reaction míxture was 8.05. The tubes

were incubated for 30 min , oE as specified in the text, ât

37oC and the reaction was stopped by placing the tubes in

a boiling water bath for 4 minutes - Ten or 20 ,ñ of the

assay mixture were then applied to strips of Whatman No. I

paper for chromatography.

(b) Separation of base from the nucleoside. The method

of Deverdier and Potter (3) with the solvent system of Fink

et al. (40) was employed. Ten or 20 yL aliquot of the assay

mixture vrere applied to Whatman No. 1 paper and equilibrated

for at least 2\ hours in the aqueous phase of the solvent

system, which consisted of ethyl acetate, water and formic

acid in 12z7:1 proportions by volume. Tn the chromatogram

obtained after devôJ-opment with the organic phase uracil was

separated from uridine or deoxyuridine but not from

thyni rline. The chromatograms were air dried and the spots

detec't-ed under ul-traviolet 1ight" The marked areas \^/ere

then cut out and the radioactivity of each was determined.

2 " (a) The assay mixture for ribose-l-phosphate and phos-

phate exchange contained 25 /f glyclglycine buffer, pH 8.9;
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25 yID'I M Tris-HCl- buffer, pH 7.2; IO yI O.t5 M 2-mercapto-

ethanol ì 5 /rL of 9.025 M ribose-l--P; 5 /I of 0.025 M

potassium phosphate i IO yI of 32pi (1:200 dit-ution) 0.23

/rcíi enzlzme and HrO to make 150 ¡1" The final pH of the

mixture was B.O. Tubes were incubated at 37oC for 30 min

and then the reaction was termj-nated by pJ-acing the tubes

in a boiling water bath for 4 min.

(b) Separation of phosphate from ribose-l-phosphate:-

Jive microliters of the reaction mixture were spotted on

!(hatman No. l paper and the paper \^/as equilibrated for 21

hours in an aqueous phase (a beaker containing water was

placed in the chamber). The solvent system used was a

modified one (eS¡ and contained methyl cellosolve, 3 N

NH4OH and acetone in 72322 proportions by volume. Acetone

was used instead of methyl ethyl ketone as in the original

method and was found to be more satisfactory" The separated

spots of phosphate and ribose-I-phosphate were identified

by spraying very lightly with a mixture of 25 mL of 4%

sodium molybdate, 10 ml of 0"01 N HCl, 5 m1 of 20% HCIOA

and 60 ml of H2o. The str j-ps were heated for 4 minutes at

l-00o. The ribose-l-phosphate spots were then cut out and

placed in scintil-lation vial-s for determination of radio-

activity.
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3. Rad_ioactivitv determination - The radioactivity associated

with the base or nucl-eoside spot was determined by means of

a Beckman liquid scintil-lation counter. The area of the

spot which was either determined by LIV light in the case of

bases and nucl-eosides or by the blue spot in the case of

phosphate and ribose-l-phosphate, produced by the reaction

with molybdate, was cut out and eluted in 1 ml of water.

Half of this eluate was put in a scintillation via1, dried

and to this 15 ml of standard scintillator solution (4 gms

omnifl-uor in 1 liter toluene) v/as added and the radio-

activity determined in a Beckman scintill-ation counter.

occasionally (for 32ni) the e1ution step was omitted and

the paper containing the radioactive spot was put directly

into a vial and the radioactivity determined.

G" Identification and separation

of subcellular particles

The fractionation of the subcellular particl_es

\,vas carried out in two separate types of experiments-in

one the nuclei, mitochondria, J-yso6omes and microsomes

were separated, and in the other plasma membrane was

isolated. In both the criterion of purity \,ras the presence

l:

:l
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or absence of the respective marker enzymes of various

fractions. Glutamate dehydrogenase was the mitochondrial_

marker, acid phosphatase the lysosomal marker, 5'-nucleo-

tidase was the plasma membrane marker and glucose-6-phosphatase

was the microsomal marker. The procedures followed are

essentially similar to those recently published by Smith

and Yamada (86).

1" Subfractionation procedure for nuclei, mitochondria,

lvsosomes and microsomes - Perfused l-ivers from male

Holtzman rats weighing close to 2OO gms were used. The

livers were perfused with ice-cold 0.9% NaCl in situ and

homogenized in O.25 M sucrose, 3 mM MgCI, and 5 mM 2-mer-

captoethanol. The homogenate was fil-tered through 4 layers

of cotton gauze and the filtered homogenate was spun at

750 x g for 10 minutes " The sediment was used further for

the purification of nuclei. The supernatant was spun at

3,300 x g for t0 minutes'to separate the heavy mitochondrial

fraction as a sediment. On further centrifugation of the

supernatant at 16,300 g for 20 min a pelJ-et was obtained

which was used to purify the lysosomes. The microsomes

were then obtained as a pink pellet by spinning the l-6,300X

g supernatant at 160,000x9 for 60 min. The supernatant

T
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from this l-ast step is called the "cytosol" - The final

pellets in every case were suspended in o.25 M sucrose,

t mM EDTA and 5 mM 2-mercaptoethanof.

Nuclei were purified from the 7SOxg pellet by

the method of Pogo, Allfrey and Mirsky (87) - The pellet

\^/as suspended in 2 "4 M sucrose, 3 mM MgCl, and 5 mM

2-mercaptoethanol with a Virtis "23n homogenizer set at

22, for 2 minutes. The suspension was then spun at 7B,5OO

x g in Rotor no. 30 for 30 min. A small white pelIet at

the bottom of the centrifuge tube consisted of pure nuclei

which was washed once and finally suspended in 0-25 M

sucrose and 1 mM EDTA and 10 mM 2-mercaptoethanol. The

thick layer floating on the top of sucrose was called

debris and consisted of a mixture of plasma membranes,

heavy mitochondria and possibly a few whole cells -

Lysosomes were purified from the l-6,300x9 pellet

l>1' the method of sawant et al- (88) . The pellet was sus-

pended and. recentrifuged at 9,5O0xg for IO minutes. The

v,500xg pellet was again suspended in 50 ml of 0.45 M

sucrose which formed the top of a discontinuous density

gradient which consisted of 70 m1 of 0.7 M sucrose as the

bottom layer and.60 ml of 0.6 M sucrose in the middl-e-
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2. Purification of plaElna membranes - The method of

Bosmann, Hagopian and Eylar (eO1 was used. In these ex-

periments the livers were homogenized in a different medium

which consisted of O.O2 M Tris-HCI buffer, pH 7.O, 0.01 M

EDTA, pH 7.0 and 5 mM 2-mercaptoethanol-. The homogenate

rvas filtered through four layers of cotton gauze and spun

at 4,000 x g for 15 min; the pellet from this spin was

washed once with the homogeniz:,ng buffer and then suspended

in 0.05 M Tris pH 7.0, l- mM EDTA and 10 mM 2-mercaptoethanol.

The 4rOOOxg supernatant was adjusted to 45% sucrose and

this formed the bottom layer (10 ml-) of a discontinuous

gradient, on"top of which the following were layered in

order z 35% sucrose (6.5 ml), 30% sucrose (6.5 ml) , 25%

sucrose (5 ml), 0.05 M Tris pHr7"0 (1 ml) " The tubes were

then spun in a SW 25.1 swing out bucket rotor at 64,000 x g

for 16 hours. The plasma membranes which formed a light.

pink pellet at the bottom of the tubes were resuspended,

washed and stored in 0.05 M Tris 7.Oo 3 mM MgCl, and 5 mM

mercaptoethanol. The supernatant on top of the membrane

pellet was diluted with 3 volumes of Tris-EDTA (pH 7.0)

buffer and centrifuged at 70,000 x g for l- hour. The pellet

from this fraction was also suspended in 0.05 M Tris, 3 mM

M9CIZ and 5 mM 2-mercaptoethanol -

a::
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The method of Fitzpatrick et al-. (90) was also

tried with some modification for the isolation of plasma

membranes and was found to be a fast method with good

recovery, but there was often heavy contamination by mito-

chondria. Therefore, this method was combined with that

of Hagopian and Eylar to obtain heavy and light membrane

fragments.

The livers were homogenized in 3 vol-umes of ice-

cold O.25 M sucrose, I mM EDTA and 5 mM 2-mercaptoethanol,

by means of a Potter-Elvehjem homogenizer equipped with a

teflon pestle, ât a rate of L6 strokes per minute. The

homogenate was filtered through 4 layers of gauze and spun

at 1,500xg for l0 min in a Servall RC-2 centrifuge. The

supernatant was saved and used for membrane purification as

before " The pellet was used for further purification and

hence was suspended in 2 M sucrose, 10 mM 2-mercaptoethanol

and 3 mM MgCl2 (1 m1 per gram of liver) and mixed with 3

strokes of homogenizer. The mixture was then spun at 13,300

g (10,500 rpm) for I0 min. The pellet consisted of nuclei

and cell debris; the supernatant was diluted with 7 volumes

of cold H2o and centrifuged at 35,500xg (17,000 rpm) for

15 min. The resulting pellet had two distinct layers, pink

-::_.:_.r-.-, 
. ì
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at the top, consisting of membranes, and brown at the

bottom consisting of mitochondria. All pellets were stored

in 0.25 M sucrose, 5 mM 2-mercaptoethanol and 1 mM EDTA.

3 " Assav of marker enzvmes

(a) Glutamate dehydrogenase the spectrophotometric

method of Beaufay et al. (Of1 was used. The reaction

mixture contained potassium phosphate buffer (pH 7 -7) 20

¡moles; nicotinamide, 3O¡-moles; potassium cyanide, O-4

moles¡ 2-mercaptoethanof , 5 moles; NAD 1.4¡moles; O-I%

Triton X-]OO; substrate and enzlzme to a total volume I ml.

The reaction was started by the addiLion of J-3 ¡moles of

glutamate. The extinction coefficient was 6 -22 x 106 per

mole of NADH and one enzyme unit was that quantity which

catalyzed the formation of 1¡mole of NADH per hour-

(b) 5'nucleotidase - This membrane marker was assayed

according to the method of Emmelot et al. (92) . The assay

mixture consisted of Tris buffer, PH 7.2, 50¡mo1es;

potassium chloride, 100 ¡moles; MgCI2, 10 ¡tmoles; enzyme,

substrate and water to give a final volume of 1.0 ml-. The

reaction was started by the addition of 10¡moles of

adenosine 5-'monophosphate, pH 7.0 and incubation was car-

ried out for 15 min at 37o following which l- mt of IO%

i:i
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TCA was added to stop the reaction" Inorganic phosphate

in the blank and sample tubes were determined by the

method of Gomori (93) " One unit of enzyme \^ias that amount

which catalyzed the rel-ease of I ¡mole of inorganic phosphate.

(c) Acid phosphatase - This lysosomal marker was assayed

according to the method of Bristow and Yamada (O+7. The

assay mixture consisted of p-nitrophenol phosphate, l-0.5

7-rmoles ; acetate buf fer pH 5.0 , 50 ¡moles ; Triton X-IOO ,

O.f% N/v) i enzlzme and water to give a f inal volume of 1

ml. The reaction was started by the addition of substrate

and incubation was done at 37o for 10 min fol-lowing which

1ml of 1N perchl-oric acid was added to stop the reaction.

The mixture was centrifuged at IT,OOOxg for 10 min and then

to 1 ml atiquots of the supernatant solution 0.3 ml- of 0 .2

M NaOH was added. The ye11ow colour of the sample tubes

vras measured against appropriate control-s (to which the

substrate was added after the addition of acid) at 4OO my

in a Beckman model- DU spectrophotometer. The extinction

coefficient of p-nitrophenol is 4.58 Per ¡mole. One unit

of enzyme was that amount which released 1 m¡mote of p-

nitrophenol in one hour at 37oc.



-\i::-ll:::.:':::1:.::-:* ji.!:;-{;I::.:!:t:f

52

(d) Gl-ucose-6-phosphatase - This microsomal marker was

assayed according to the method of De Duve et al. (SS1 .

The assay mixture consisted of potassium acetate buffer,

pH 6.5, I.0¡mo1e; histidine, pH 6.5, T z.moJ-es; EDTA, pH

6.5, 1"0¡rmole; enzlzme, substrate and water to give a final
,/

volume of 1 ml- " The reaction was started by the addition

of 39"6¡,tmo1es of glucose-6-P. The reaction was stopped
/

by the addition of I ml of l0% TcA" The resulting mixture

was then centrifuged at 17,5OOxg for ten minutes and O.25

m1 of the supernatant solution was used to determine the

inorganic phosphate released during the incubation period

according to the method of Gomori (O:¡. The phosphate

released by nonspecific phosphatase was corrected for by

the method of Hers and Vantof f (96) with "i'igÏrt modifications.

The tubes containing the same amount of enzyme as above were

acidified to pH 5"0 with 10¡¡"1 of 1.0 M acetate buffer, pH
I

5"0 and heated at 37oc for five min to inactivate glucose-6-

phosphatase. The other reagents were then added to these

tubes and the reaction for the nonspecific phosphatase

started by the addition of substrate. The rest of the pro-

cedure was the same as that with active enzlzme. The values

for nonspecific phosphates activity were substracted from
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sample tubes. One unit of enzlzme was the amount which

rel-eased 1 ¡lmo1e of inorganic phosphate in one hour at 3 7oc.
/

4. Electron microscopv of subcell-ular fractions - Some of

the final pellets vrere fixed in buffered osmium tetroxide

at pH 7 "4" The fixation was followed by dehydration and

embedding in a polyester resin. The sections obtained were

then stained by lead citrate and examined under a Zeiss 95

electron microscope.
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\ru" RESULTS

A. Purification and properties

(a) Results of purification - Five different liver homo-

genates have been purified. The kinetics of the uridine

phosphorylase catalyzed reaction have been already studied

in detail (10), and then it was al-so shown that uridine

phosphorylase, purified 1,900 fold from the cytoplasm of

rat livers, separated into two bands of protein; whether

both bands represented active enzlzme was not determined

concl-usively. The object of the present work was to

purify the enzlzme to homogeneity and al-so find a method

by which the enzyme activity could be detected on the gels.

Prep gel electrophoresis was tried a number of times but

v/as successful in only 2 trials out of seven giving a

purification of 17-fo1d (1,200 fol-d when interposed after

Step 6). Other columns which showed little success were CM

cellulose, CM Sephadex and phosphocel-l-ul-ose" The enzyme

was very unstable below pH 6.5 and at higher pH vafues the

enzyme was not adsorbed on these cofumns.

Results of individual steps of purification are

somewhat simil-ar to earl-ier work (10) from this laboratory;

resul-ts of various modification in the procedure wilI be
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outlined below. In general the main difference from the

previous work was that the volume of elutíng buffer was

kept strictly in proportion to the bed vol-ume of the column,

in order to get uniformly shallow gradients ánd reproducible

results.

I " Homogenate - In spite of using unperfused

livers the specific activity f;moles of uracil- formed,/mg

protein per hr) for uridine phosphorylase was higher than

that found for resting adult liver (O . O 5 --à 0 . 07) (13 O)

and varied over the range of 0.08-->0.17. Gurof f and

Rhoads (11) have shown the developmental pattern of uridine

phosþhorylase in rat liver (see Figure 2) , and it can be

seen that the highest specific activities are obtained in

rats which are one month old. After this the specific

activity declines to a lower plateau level- " Young rat

livers v¿ere chosen because they would be a better source

of enzyme for purification purposes. The step of dialysis

of homogenates was omitted due to inconveniences in handling

large volumes, but the activity of the enzyme was determined

after dialyzing smalJ- fractions of homogenate and super-

natant. fn Tabl-e I the purification procedure for preparation

V is given as representative of the procedure carried out

for all preparations.
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2. Supernatant - The 160,000 I supernatant

contained 60-70% of the activity of the homogenate. There

was a slight increase in specific activity of uridine

phosphorylase. This supernatant fraction was used directly

for ammonium sulphate fractionation without storage and

freezing.

3 " Ammonium sulphate fractionation - The pre-

cipitate obtained between 30-60% saturation (AS2) contained

most of the activity which generally amounted to 55 to 60%

of that of the original homogenate. This precipitate was

then dissolved in a minimum amount of buffer to give con-

centration of UO -* B0 mg protein,/mt and was treated with
$o' 3 ^in

heat at 50?. The heat treated sample (IIASZ) was purified

almost 3-fo1d compared to the homogenate and the recovery

was very good.

4 " DEAE Sephadex p.H 8.0 column - The recovery from

i his column was usually close to 80% and in most prepar-

ations from young rats the elution profile of uridine

¡rhosphorylase was somewhat similar to the profil-e obtained

from regenerating rat liver (B) and showed two partially

overlapping peaks of uridine phosphorylase activity (for

preparation I see Figure 3) " In the l-ast preparation (V)
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the complete separation of the two peaks was achieved at

this step when a more shallow KCI gradient was used as

can be seen in Figure 4. The isoenzymes in the 2 peaks

are called #1 and #2. fn this cofumn most of the red

pigments originating from the blood of the unperfused liver

was excluded unadsorbed in the void vofume. A minimum of

6-fo1d (usuatly as much as 14-fold) purification was ob-

tained at this stage over the previous step and approximately 'r.i

2L-fnLd purification was obtained compared to the homo- 
.,,

genate. Thymidine phosphorylase was completely separated

at this step. The enzyme has no uridine cleaving activity

and thus was easily distinguished from uridine phosphorylase

5. DEAE SephadeJ< pH 7.0 column - Usually another 2-3

fold purification was achieved at this stage. Recovery was

generally close to 90% (rigure 5 for isoenzyme #1 and Figure

6 for isoenzyme #2). A good deal of protein was retained

on the column. fsoenzymes I and 2 ;*ere overlapping before

this step but were separated on this column in 2 earlier

preparations.

6. Sephadex qeL filtration - Purification

achieved in this step was 2-3 fo1d. The specific activity

across the peak was not tiniform in any preparation indicating
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the presence of protein (nigure 7 for isoenzyme #1 and

Figure B for isoenzlzme #2) impurities. Ge1 electrophoresis

also indicated the presence of other proteins.

7 " Hydrgxvapatite column - This was effective in

purifying the enzyme another 3 fo1d. The specific activity

across the peak of ísoenzyme #1 for which a shallower KCI

gradient than that used in earlier preparations, was used

was fairly uniform (rigure 9). Since uridine phosphorylase

is the first protein to be eluted the shallowness of the

gradient decreases the contamination by other proteins in

the traiting part of the peak. The, peak of isoenzyme #2

had uniform specific activity except in the last few

fractions where it was contaminated by closely eluting

proteins (l'igure 10); this finding was also confirmed by

gel electrophoresis (see later) " The specific activity

for isoenzyme #l- was 49 .39 and isoenzlzme #2 126.03 .

(b) Results of stabil-ity studies - These studies were done

with a view to finding the optimal conditions for handling

the enzymes " Enzlzme preparation III (a mixture of isoenzlzme

#f and #2) dissolved in 0.05 M Tris or phosphate buffer was

divided into 300fiJ1 aliquots and stored in individual- test

tubes. Samples of 10 lls were removed to assess the effects

ii

a;
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of freezing and thawirg, aging in the cold, heat treatment,

storing at room temperatures in ammonium sulphate or in

uridine

As is evident from Table II a, phosphate at pH

7.0 was found to be essential for the stability of the

enzlzme at -40o" Addition of ammonium sulphate, or albumin

to the enzlzme in Tris buffer did not prevent inactivation.

Uridine in a concentration of 0.05 M was less than half as

effective as phosphate.

At 0o in ice the enz)¡me in Tris buffer was stable

for about one week and under these conditions more uridine

cleaving activity seemed to be l-ost as compared to deoxy-

uridine cÌeaving activity (Experiment A, Table Iï b).

Freezing and thawing a number of times (g times) (ta¡te II b,

Experiment B) or leaving at room temperature for about 6

hours (table II b,Experiment C) also resulted in the IosS of

about 50% of the activity of the enzlzme in Tris buffer as

well as in phosphate buffer. This may be due to the

oxidation of essentíal- -SH groups in the enzlzme.

In other experiments it was found that the enzyme

cannot withstand lyophilization even if phosphate is present.

However, since the protein concentration of the sample that
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was lyophilized was 4.0 mg/ml, it is quite possible that

wíth a higher protein concentration, the enzlzme might not

have been inactivated to the same extent.

The enzyme was (in preliminary studies) found to be

heat sensitive in the absence of phosphate at 5Oo and tost

about 6O-80% of the activity in 15 minutes. Isoenzymes #I

and #2 were then tested for their heat sensitivity and some

differences were found between the two (Figure 11). Iso-

enzlzme #2 was more sensitive to heat denaturation; this

difference was most apparent after 7 min of heat treatment.

Phosphate coul-d not afford full protection against heat

denaturation to isoenzl'me #2 and abou't 20% of the activity

was lost after 30 min in the presence of phosphate.

(c) 1. pH optimum of uridine phosphorvlases #1 and #2 - The

pH optimum of isoenzlzmes #l- and #2 were compared with uri-

dine as the substrate for the phosphorolytic reaction.

Figure L2 shows that the pH optimum for both is close to

8.2, but the curve for isoenzlzme #1 is shallower compared

to isoenzyme #2 indicating the probabl-e involvement of

groups with different pK values. The purity of the 2 isoenzymes

fractions was comparable"
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2. Vmax and Km apparent values at different hvdroqen

ion concentrations - Km apparent and vmax values often

provide interesting results which indicate the invorvement

of residues with particular pK's. The pKm (-1og Km apparent)

or 1og Vmax values have been plotted against pH by the

method of Dixon (0s¡. This method has been found to be

useful for detecting groups involved in binding and catalysis,

because there are only a limited number of residues in a

protein morecule that have ionizable groups. Any break in

the continuity of the pItu plot woul-d indicate a change of

ionization at a particular pH, of either the free substrate,

free enzlzme or the enzlzme substrate complex thereby af-

fecting binding. Any break in the continuity of the log

v¡v1 plot indicates ionization of the enzlzme-substrate com-

plex (at V¡4 all the enzyme is bound as ES) . Since the

nucleosides and base studied here have no ionizabl-e groups

in the pH region of 4 Lo g, a bend in either plot woul_d

indicate a change in the ionized state of a residue in the

enzlzme molecul-e , and/or the phosphate molecul-e which has

a pK2 val-ue of 7.2¡ ribose-I-p has . px,16.2. The resultstrt

obtained for uridine phosphorylase show more than one

break for most substrates. The plot of pKm against pH

indicated the presence of groups in the free enzyme with
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a pK value of 8.4 and 6.85 involved j.n the binding of

the substrate to the enzyme. Another group with pK values

of. 6.45 anð/or 7 .6 may also be involved in its binding. The

vmax also changes with pH and groups with a pK of B.o, 6.45

and possibly 7 "6 are involved in the enzyme substrate com-

plex (see Figure 13).

The patterns with deoxyuridine al-so indicate the

invol_vement of groups with pK's of 8.0 and 6.55 in the

enzyme substrate complex and two groups with pK values of

6.85, and. 7.7 are probably involved in the binding of

deoxlruridine (see Figure L4) .

Both isoenzlzme #1 and #2 were compared in the

study of the Km apparent of uridine at different pH values.

Isoenzyme #1 had a broad pH range involved in both the

catalysis and binding of uridine as compared to #2 enzyme

although only I pK was detectable in the former case. For

isoenzyme #2 binding of uridine probably involves a group

of pK 8"1; the enzlzme substrate complex involved a group

of pK 7.5 and 8.05. Isoenzpe #z had a group of pK 8.0

and 7.L in the enzyme substrate complex (see Figure 15) -

Krenitsky's data on Kms of uridine and deoxyuridine (55)

have been plotted and his results are in agreement with ours.

il
¡,'.
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It can be concluded from these results that during the

catalysis by uridine phosphorylase ionization states of

groups like cysteine and hístidine of the enzyme and the

2-OH of phosphate or ribose-l-P are of importance.

(d) 1" Substrate specif icitv - Both isoenzymes #l- and #2

used uridine, deoxyuridine and thlzmidine as substrates,

as was found previously for other uridine phosphorylases

of different tissues (7, 55), as well as of rat liver (8,

10) . The order of preference for substrates ís: uridine)

deoxyuridine \\ thlzmidine in a proportion of 10:6:1. On

storing in 0.05 M Tris pH 7.0 the activity towards uridine

decreased and therefore the ratio of activities (uridine

to deoxyuridine) decreased, Actually the enzyme in 0.05 M

Tris HCI pH 7.O loses activity towards both substrates

but the rate of l-oss for uridine is more than for deoxy-

uridine "

If uridine and deoxyuridine were phosphorolyz ed

at different acLive sites, then on adding the two substrates

together one should get almost additive activity; on the

other hand if they are phosphorolyzed at the same site

competition between the two should be apparent. As can be

seen in Table III, the addition of uridine and deoxyuridine
i
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together gave a reading that was not additive but in fact

was intermediate between that for uridine a]one and that

for deoxyuridine alone , indicating that an active

site is conìmon for both substrates, uridine being favoured

over deoxyuridine at PH 7.4.

2 " Michaelis constqnts (128) for urid

and uracil of isoenzy!¡e #1 and #2 - The two isoenzlzmes

were compared for their kinetic constants. Reciprocals of
reciprocals of

initial velocity were plotted against¡substrate concentration.

Any points that deviated greatly from a straight line

relationship were discarded as recommended by Wratten and

Clel-and (112) " From the remaining data, values of apparent

Km and apparent V were calculated by computer (Olivetti-

Underwood Programma 101). The Michaelis constants were

calculated from the replots of intercepts or slopes against

the reciprocal of the non-variable substrate concentration.

Figure t6 shows that isoenzyme #l has a very high affinity

for phosphate, êt pH 7.4 for there was little or no change

in the vertical intercepts on decreasing the phosphate

concentration by 15-fo1d. The Ka for phosphate was cal-

cul-ated from the vertical intercept of the replot of slopes

when phosphate \^/as varied (see Figure lBA and Figure lBB)

)1
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(which is defined ¡V F); ¡V substituting for V the value

for Ka was found to be 0.035 mM- With isoenzlzme #2 it was

possibre to car_curate the Ka for phosphate by reprot of

the intercept against reciprocal of phosphate concen-

tration and the value was found to be 0"36 mM'a much

higher value than that found for isoenzlzme #l (see Figure

17)"ontheotherhand,theKbforuridinewithisoenzlzme

#r was carcurated to 0.11a mM (see Figure rB) and this is

higherthanthatforisoenzlzme#2whichhadaKbfn¡ruri-

dine equal to O-032 mM, (see Figure f 9)'

Anattemptwasalsomadetoca]-culatethevalues

ofKnandKnofribose-l-phosphateanduracilrespectively,

atpHT.4.Freshisoenzyme#lgaveanoma]ousresults(see

Figure 2oA). At low levels of ribose-l-P (0.03 M), or at

high levels (O.2 and 0"4 M) with variable uracil the activity

was }ow; _tlïrrt"rmediate concentration of ribose-1-p (0.066

mM)maximumvelocitywasobtainedataconcentrationof

0.133 mM of uracir.However,no ínhibition with high uracil was ob-

servedwith0.l33mMribose-]--P.onrepeatingtheseex-

perimentswiththesamepreparationoffrozenenzyme,6

weeks later, somewhat different results were obtained

(rigure20B).Thispreparationisknowntocontainsevera].

.¡.!



66

new inactive b ands of protein compared to the fresh pre-

paration which contained only one active band. Now, at con-

centrations between 0.066 mM and 0.266 mM ribose-I-P the

velocity increased linearly with increasing uracil con-

centration (see Figure 2}ln) and substrate inhibition oc-

curred at between 0.3 and 1-0 mM of uraci]'

The Kn for uracil was calculated for the aged

preparation of isoenzlzme #1 (6 weeks ol-d ftozen) with

ribose-l-P as the non-variable substrate at different con-

centrations of uracil. The replot of the intercepts ob-

a
tained fromidouble reciprocal plot gave a value of Kn for

uracil of 0.25 mM (see Figure 2IA) "

The absence of activation by ribose-l-P similar

to that of the fresh isoenzlzme #1 for this set of experiments
to

may be due^loss of regulatory properties on freezing and

aging. However, these observations need to be confirmed.

Isoenzlzme #2 had - Kq for ribose-l-P of 0'33 mM

(see Figure 23). NO anomalous behaviour was observed in

this case either. The Kn value for uracil could not be

calculated because pure enzyme lvas exhausted, but at three

concentrations of uracil with varying ribose-I-P, no

anomalous behaviour was observed (see Figure 22).
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(e) Gel efectrophoresis - Analytical- 9e1 electrophoresis

was used for the foll-owing purposes: - (a) diagnostic pur-

poses to test the purity of the enzyme; (b) to see whether

aging the enzyme physically alters the enzyme molecule,

i.e. to test the occurrence of aggregation and,/or for-

mation of differently charged species; (c) to determine

the molecular weight of enzyme band (s) by the method of

Hedrick and smith (79) using different porosity of gels;

(d) to determine molecular weights after denaturing the

enzlzme with SDS.

1" Diaqnostic - Isoenzlzmes #I and #2 were analyzed at

various stages of purity. Fractions obtained before the

hydroxyapatite column sti1l contained at least 3-4 protein

bands atthough the enzlzme activity was associated with only

one. After purification of isoenzyme #2 by chromatography

on hydroxyapatite, fractions across the peak of enzyme

activity !üere examined by geI electrophoresis. Except for

4 fractions at the trailíng edge of the activity peak, the

fractions showed only one protein band (nigure 24) on

staining with coomassie blue which coincided with that of

the enzlzme activity (Figure 25) . Isoenzlzme #1 was obtained

also as 1 major protein band after chromatography on

ìì
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hydroxyapatite (Figure 24) which was coincident with the

band of enzyme activity (Figure 25). Estimation of the

area under the major protein peak by means of an integrator

scanner, showed that more than B0% of the protein of enzyme

#I was in the major band if it ís assumed that the intensity

of staining by coomassie blue is proportional to protein

concentration (rigure 24) -

ThepatternswereessentiallysimilarinthepH

g.3 and pH 7.0 electrophoresis systems; the Rm (relative

mobility) values for the isoenzymes \¡/ere: #l at pH t'o---*

0.33 , ât pH 7 .0 -+- O .2g; isoenzyme #2 at pH B '0----> 0 '38,

at pH 7 .O --> O.29. The enzyme activity band was similar

in Rm when uridine or deoxyuridine was the substrate

(nigure 25) "

Inspiteofthefactthatisoenzyme#fand#2

\,vere separable on DEAE Sephadex at pH 8.0, the enzlzmes were

not very different in their Rm values. A possible reason

for this could be that the total number of charged residues

is the same for both enzlzmes but due to the differences in

some uncharged hydrophobic residuesy the surface charge

distril¡ution is different in the two enzymes and since

fractionation on DEAE Sephadex depends upon the charge

il

,.
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distribution on the surface of the protein molecules,

they woul-d thus be seParated.

2. Disc gel el-ectrophoresis of enzvme aqed in Tris

buffer or phosphate buffer at pH 7.0 - Enzyme fractions

obtained after hydroxyapatite column when stored in Tris
los b

buf f er (pH 7 . O)^ most of theír activit¿ On analyzing

preparations of isoenzlzme #1 or #2raged in the Tris buffeg

on electrophoresis both showed two protein bands which

were a]most equally stained (see Figure 254). The Tris-

aged isoenzlzme #1 when reactivated with 50 mM 2-mercapto-

ethanot for l-80 minutes at room temperature to 25% of the

original activity, âfso had the same two protein bands and

on staining for activity, the activity was associated with

only one of the bands, that which had a Rm value of 0.37

(see Figure 27 for #1) .

The enzyme in phosphate buffer still retained

most (7O-BO%) of the activity and the electrophoretic pat-

tern was very different from that of the enzlzme stored in

Tris Buffer at pH 7.o. The phosphat.e enzyme showed one

major and several minor bands above and bel-ow the major

band (Figure 268). Enzyme activity was associated with

the major protein band (compare Figure 268 and Figure 28).
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Figure 28 shows the. densitometric tracings with isoenzlzme

#ragedinphosphatebufferanditcanbeSeenthatatleast

four protein peaks were present and the activity was as-

sociated with the peak having a relative mobil-ity of 0 '3 5 '

ïsoenzyme #2rstored in Tris and aged, had two major peaks

almost identical to that of #1. fsoenzyme #2raged in phos-

phate,showed3majorpeaksandhereagaintheactivitywas

associated with the major peak (see Figure 29) . rts protein

differed somewhat from that of isoenzlzme #l aged under the

same conditions -

on electrophoresis - Electrophoresis was performed with

different acrylamide concentrations giving gels of different

porosity. The change in Rm would now be proportional to

the molecular size; hence, oh plotting Log of mobitity (for

convenience l-00 x Log Rm x lOO is used) against % acryl-

amide concentration, a straight line w¿s obtained, the slope

of which r,r¡ô.'i proportional to the molecular weight' The

slopes of standard mofecular weight markers such as alcohol

dehydrogenase, apoferritin, albumin and catal-ase were deLer-

minedandFigure3lshowstheplotofmolecularweights

against slope vafues. From this graph the molecular weight

'li

.:
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3. Determination of molecul-ar weiqht of enz
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of the slope corresponding to fraction #1 was found to be

110,000, (nigure 30) " #2 was 95,000, and that of thlzmídine

phosphorylase was 90,ooo. fn the fraction aged in Tris

buf fer , of the two ma jor peaks, the one which coul-d be re-

activated (less anionic in 7% gel) had a molecular weight of

105,000 and the ani.onj-c protein had a molecular weight of

18O,OOO (compare Figure 30 and 32) " The species appearing

in aged preparations stored in phosphate, may be aggregates

or subunits of the active enzyme moiety, because the plot

of Log Rm against % gel shows a converging pattern, which

is typical for proteins in which association occurs (see

Figure 33). Albumin gives a similar pattern (79) . Figure

34 shows these enzyme aggregates above the major activity,

which are still active. In this case the enzlzme was the

peak fraction from DEAE Sephadex pH 7.O column stored in

phosphate at protein concentration of 5-28 mg/ml.

4" subunit weiqht determination usinq sodium dodecvl

ls.td,h.t. - The experiments with gels of different porosity
---Ê-
suggested the presence of subunits in this enzlzme and this

was also confirmed by the results of SDS electrophoresis.

On incubation in the presence of 2-mercaptoethanol- and SDS

for 4 hours before electrophoresis 4 bands appeared; with

:l

:
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both isoenzymes the mol-ecular weights corresponding to

these bands were for #l---->100,000, 78,000, 54,000, 28,500

and those f.or #2 -"->93,OOO , 70,0OO , 39,000 , 24,500 (see

Figure 3 5) . fncubation for B and 16 hours in the presence

of SDS and 2-mercaptoethanol- complicated the results since

extra minor proteins appeared. Hence, under the conditions

we have used, it was not possible to totally convert the

enzlzme molecule into its subunits as is possible for many

other enzymes; possibly freshly prepared enzyme in which

aggregation was much lessrmight have given better results.

Urea gel el-ectrophoresis was tried a few times

and iL was not possible to obtain subunits with urea in

concentrations as high as 6 M.

From our results it can be concluded that uridine

phosphorylase of rat l-iver is a tetrameric enzyme with a

subunit weight cl-ose to 25,000, somewhat resembling the

purine nucleoside phosphorylase of Bacillus cereus (16)

and unlike the human tissue purine nucleoside phosphorylase

which was suggested to be a trimeric enzlzme (19) -

(f) Density gradient centrifuqation expe - The term

"association" will- be used to imply "subunit association",

while "aggregation" implies aggregation of the tetrameric
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Phosform of the enzlzme. Orth?phate was reported to cause the

association of spore purine nucleoside phosphorylase of

Bacillus cereus (76, gg) . Since orthophosphate had a

protective effect during heat treatment it was thought

worth while to investigate the effect of orthophosphate

and see if it. did anything to the molecular weight of

uridine phosphorylase. From Figures 36, 37 and 38 it can

be seen that uridine phosphorylase was partially converted

to its dissociated state having a molecular weight of 501000-

60,000. In the absence of phosphate in Tris buffer the

enzlzme had a molecular weight of 109,000. The same pheno-

menon was seen with both isoenzlzmes. The phenomenon of

d'issociation seems to be somewhat phosphate specific but

KCI at the same ionic strength could dissociate the enzyme

albeit to a smal-l-er extent. The time required for the

sedimentation of the enzlzme in Tris alone and in O.2 M

phosphate or KCl (0.33 M) was different. Centrifugation

times of six and half to B hours were required for the

Tris medium and l-6 hours for the others . In every case,

10 mM 2-mercaptoethanol was present. These studies could

not be done in the absence of 2-mercaptoethanol, due to

significant loss in enzyme activity. With the availability
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of more enzyme it shou]d be possible to detect the protein

peaks even though the activity is l-ost' The molecufar

weightoftheenzymewascalculatedwithreferencethe

marker proteÍns,( atcohol dehydrogenase, cytochrome C'

alkaline phosphatase, chynotrypsinogen and haemoglobin)

as was suitable for the particul-ar run'

WhythedissociationphenomenoniSonlypartial

is not known. There is the possibility that in the

presence of certain concentrations of phosphate there is

an equilibrium between the dimer and the tetramer. This

dissociation phenomenon would probably not be implicated

in the protection of the enzlzme during heat denaturation'

The reverse (i,e. association increasing heat sensitivity)

was true for the B. cereus enzyme (16) '

.:

(g) Amino acid anal-vsis of isoenzvme #1 - Amino acid analysis :
:.

was performed only with isoenzyme #1 since it only was

availabl-e in sufficient quantities for the analysis, which

was done both directly on the protein sample and also after

performic acid treatment to determine the total cysteine

and cystine content of the enzyme. Table IV shows the

composition of isoenzyme #I, which was dialyzed in 0.05 M

ammonium carbonate buffer and etored at -40oC. The mofes
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of the amino acid residues were calculated on the basis

of the teLrameric form of the enzyme assuming a molecul-ar

weight of approximately 1OO,OO0. As can be seen in the

table the enzlzme mo]ecule has at least 6 residues of L/2

cystine per subunit and probably some of these are located

at the active site, âs is expected from its sensitivity

towards sulfhydryl reagents and protection by 2-mercapto-

ethanol (8, 10). Present studies of the variation in Km

apparent of uracil with pH also indicate that a group on

the enzyme with a pK close to I is involved in the binding

of uracil and/or its catalysis (see Section IC (2)) .

B. Transferase

Uridine phosphorylase, like other nucleoside

phosphorylases, has been found to catal-yze pentosyl transfer

from a pyrimidine nucleoside to a pyrimidine base. There

are two possible mechanisms for this transfer:

l. Direct not invol-ving phosphate or ribose-I-phosphate
*

Base. * Nucleoside2*ç: Base, .| Nucleosidel^t
2 " Indirect involving phosphate or ribose-I-phosphate as

intermediates
**

Nucleoside2 
. + Pi +- Base2 * Ribose -1-P

Ribose*-l-p * Basel <- Nucleosid"l-* + Pi
tr Radioactive
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It was shown previously (9, 10) that uridine phosphorylase

cahalyzed only the indirect transfer and thlnnidine phos-

phorylase catalyzed both indirect and direct transfers (9) '

fn one case (9) the order of addition of substrates and

release of products for uridine phosphorylase as welJ- as

thlzmidine phosphorylase were arrived at by studying the

indirect transferase reaction (b) between nucleoside and

base. The order, shown below as mechanism-l, is that

proposed by Krenitsky for uridine phosphorylase of guinea

pig smal-l intestine. The basis of the mechanism was the

finding that phosphate in high concentrations inhibited the

transfer between the nucleoside and base; on the other hand

at low concentrations, the amount of phosphate required to

stimulate the transfer was stoichiometric with the amount of

uracil transfered. This tatter fact regarding stoichiometry i

is not apparent from his graph for uridine phosphorylase,

although there seems to be some stoichiometry for the thy-

midine phosphorylase reaction in which case however, he

says there is no stoichiometrlz. The conclusions regarding

stoichiometry seem to be eguïwocal (9) -
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(Krenitsky, 9)
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Yamada, l0)
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"Hi
ER-r-p

Pi R-]-P Pi

R_1_P
U

EuR*

Epi F"Pi

.¡.U.. UR

ER-r-p

I,iechanism-2 was arrived at by initia] velocity

and product inhibition studies, in which phosphate was

found to be competitive wíth ribose-I-P. This latter

order was proposed for thymidine phosphorylase by Krenitsky,

again based on the same argument, i.e" high concentrations

of phosphate did not inhibit the transfer between base and

nucleoside, and less than stoichiometric amounts of phosphate

were required for optimal rates of pentosyl transfer.

The present study on transferase activity for rat

l-iver uridine phosphorylase was done to clarify the apparent

discrepancies in Krenitsky's conclusions, and to confirm

mechanism-2. If mechanism-2 is operative with this enzlzme
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then less than stoichiometric amounts of phosphate shoul-d

be required for optimum transfer and high concentrations

of phosphate should inhibit the transfer. Before be-

ginning the studies on phosphâte requirement the optimum

conditions and the concentrations of nucleoside and base

required for maximal transfer was established. As can be

seen in Figure 394, when the concentration of uraci|-Z-LAC

was O.242 Tf1M, maximal transfer activity was found at uridine

concentrations greater than l-.0 mM. Either I.66 mM phos-

phate (l'igure 394 and B) or 0.033 mM ribose-I-phosphate

(Figure 398) (optimal concentrations of each) was present

in this system. The Km apparent* of uridine as determined

by the double reciprocal plot was found to be 5 x 1O-3 M

in the presence of either I.66 mM phosphate or 0.033 mM

ribose-1-phosphate .

In the experiments where uridine was held constant

at a concentration of L.32 mM and the concentratíon of uracil-

2-14C was varied (at constant specific radioactivity), maxi-

mal activity was obtained when the uracil- concentration was

close to 0.9 mM (nigure 404) - Again the phosphate concen-

tration was held constant at I.66 mM when ribose-l--P was

apparent is actually a complex value being determined
a number of kinetic constants. It has been used here
convenience of expression.

*Km
by
for
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absent or alternatively the latter was added to a concen-

tration of 0.033 mM when phosphate was absent. From the

double reciprocal plot showu in Figure 408 the Km apparent

value for uracil were calculated to be O.B3 x lO-a M in the

presence of ribose-l--P. In the earlier study (I0) uracil-

at a concentration of 1.2 mM has been found to inhibit the

synthesis of uridine. However, in the present studies,

uracil did not inhibit the transferase reaction even at

concentrations greater than 2 mM and this was probably due

to the presence of uridine (to be discussed later).

The transfer reaction between uridine and uracil

was linear with time and enzlzme concentration for the

period of incubation (30 minutes) used in most of the

studies (see Figure 414 and 418). Both these studies were

done in the presence of an optimal concentration ôf phos-

phate "

In order to study the effect of phosphate and

ribose-l*P on the transferase reaction, the enzlzme was

first dialyzed against l-,000 volumes of Tris-HCl- buffeS;O5M

pH 7.0 + t0 mM 2-mercaptoethanol- for a minimum of 3 hours

!,/ith at l-east 3 changes of the buf f er. with some samples

shorter times of dialysis were tried but some transferase
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activity was found in these samples in the absence of

exogenous phosphate; longer periods of dialysis offered no

advantage and in fact on prolonged dialysis against Tris-

HCI buffer there was a partiat loss of activity from puri-

fied preparations, when the protein concentration was

between I to 4 mg per m1

In the absence of phosphate there was no transfer

between the nucleoside and base. When phosphate was added

in increasing amounts in the absence of ribose-l-P the

velocity increased with maximal activity being attained at

concentrations greater than 0.3 mM, (Figure 42A and B) , thus

confirming indirect transfer. The Km apparent for phosphate

was O.I25 x 1O-3 M.

Figure 43A illustrates transferase activity at

different level-s of phosphate and varying uridine'concen-

trations in the presence of L.32 mM uracil -2-clâ. The

observed value of the horizontal- intercept* (for the replot

of intercept against phosphate concentration) was found to

be 0.052 x tO-3¡,r. The corresponding value calculated from

the kinetic analysis of the phosphorolytic reaction at

pH 8.1 was 0.046 x tO-3¡l (lO). The 2 val-ues are ín close

K.iP + P

..

ia:

Defined as Kii = ffiffi, (see Figure 43c)
'T
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agreement; however in present studies Ka (phosphate) was

not calculated since the Kip in the transferase reaction

was not determined. This indicates that the concentration

of phosphate that is required for maximal transfer between

uridine and uracil is a function of its affinity for the

enzlzme. The f inding also supports mechanism-2 proposed

for this enzlzme according to which phosphate binds before

the nucleoside. Once l¡ound, phosphate can facilitate the

transfer without itself being rel-eased. Very high con-

centrations of phosphate inhibited the transfer of uracil-

2-cl4 to uridine (see Figure 42C). Thís inhibition is

probably due to the lack of uridine in the presence of

very high concentrations of phosphate ( 20 mM), most of

the uridine being converted to uracil by the phosphorolytic

mechanism.

Ribose-l-P woul-d replace phosphate in promoting

the transfer between base and nucleoside (see Figure 44A) .

The leve1 of ribose-l--P required for optimal transfer was

lower than that for phosphate, under similar conditions of

pH and concentration of the other substratesi about 0.t mM

ribose-l--P gave maximal transfer of uniformly labell-ed

uridine to uracil. The Km apparent for ribose-l-P was

:
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found to be 0.019 x 1O-3 M from the reciprocal plot of

velocity against ribose-l--P concentration" The Km apparent

of phosphate is 6.58 fold greater than the Km apparent for

ribose-I-P. These values seem to refl-ect their corresponding

Michaelis constants at pH 8.0 (10); the Ka for phosphate

was 0.35 mM and the I{q for ribose-l-P was 0.07 mM (Ratio

xa/xn = 4.97) . Ribose-l-P produced 50% inhibition at a

3 mM concentration (see Figure 44A); this concentration

was also lower than that required for 50% inhibition by

phosphate ( 17 mM).

Thlzmidine phosphorylase (partially purified from

rat liver) was also studied for comparison" The transfer

between uniformly labelled deoxyuridine and thlnnine was not

inhibited with concentrations of deoxyribose-l-P up to 16 mM (fr!¡ure

44C). To verify that this difference was not due to the

different substrates used the transfer between thlzmine and

uniformly labelled deoxyuridine was studied with uridine

phosphorylasei even though the activity towards these sub-

srrates was very low, rhe inhibit.ion witrrf?oï[ã="-r-p

(about 4.0 mM) was obvious" These observations indicate

that either there is a separate site for direct transfer

in thlzmidine phosphorylase and,/or the transfer occurs
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through a tightly bound deoxyribose-l-P and hence is not

affected by exogenous deoxyribose-l-P -

Transfer between ribose-l-P and phosphate

studied in order to see whether any "stoichiometric"

relationship exists between the requirement of uracil to

the amount of p32 transfered to ribose-l-P. The enzyme

concentration study in the presence and absence of O.I32

mM uracil indicated that no transfer occurred in the

absence of uracil_ (see Figure 454) . The reaction rate

also increased on increasing uracil concentration and at

about a concentration of 0.66 mM inhibition was observed
,*l'( t ,

before a definite plateau of optimum activity was obtained

(see Figure 458) " The resul-ts of this experiment clearly

indicate that a stoichiometric relationship between the

amount of p32 tt.tr=fered to the amount of uracil iequired

does not exist. However, the other argument used by

Krenitsky (9) is probably valid excess uracil- inhibits

the release of uracil from the enzlzme - ribose-l-P complex

and the subsequent release of ribose-l -P32. Additional

evidence shoutd be obtained by using tabe]led R-l--P32 and

uridine and measuring the amount of p32 formed, because

the inhibitory action of uracil coul-d be due to other
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reasons. First uracil may bind to an allosteric site

and inhibit the synthesis of nucleoside, as was reported

earlier (10) or this inhibition can also occur if uracil

binds to the uridine site" The latter seems to be more

plausible because no inhibition wíth uracil was observed

in the presence of uridine in the substrate concentration

study for uracil in the uracil-2-Cl-A to uridine transfer

(see Figure 404). Similar findings of inhibition of
5ee.n

thlzmidine synthesis by thymine have,.reported by Gallo et aI .

(45) for thymidine phosphorylase of human leucocytes. This

inhibition by thlzmine is overcome by thlnnidine during

thlnnidine cleavage and by deoxyribose-l-phosphate during

thymidine synthesis. Atl these and other (43) observations

are best explained by the post.ulation of a distinct in-

hibitory site for thln'nine

In the uracil to uridine transfer arsenate

stimulated the transfer to a lesser extent than phosphate

which may again indicate that bound ribose-l--phosphate is

necessary for transfer; ribose-1-arsenate esters are very

unstabl-e and hence woul-d not be as efficient as the phos-

phate esters. When equal amounts of arsenate and phos-

phate (1 mM each) were present together then the activity

was more than that with arsenate alone and less than that

.:
:

l.:

ì.

tl
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with phosphate alone, thus indicating the importance of

ribose-l-phosphate ester in the transfer (ra¡te X) -

The results of these studies of transferase

activity of uridine phosphorylase indicate that there is

no stoichiometric relationship involved in the amounts of

A or Q, in the P* to B transfer, to the amount of P* trans-

fered; similarly the amount of P required for A* to Q

transfer is not stoichiometric. The optimal amounts of

the catalytic component (catalytic components are ribose-

l--P or phosphate for uridine to uracil transfer and nucleo-

side or base for ribose-l-P to phosphate transfer) is

probably determined by its af f inity for the enzlzme. However t ,

the inhibition of transferase at high concentrations may ,

:

indicate the sequence of addition of substrates and release .

of products in an ordered reaction, as was suggested by

Krenitsky "

C. Tissue distribution and subcellul-ar

localization of pvrimidine phosphorvlases

Six rat tissues were analysed for the relative

cleaving activity of uridine, deoxyuridine and thlzmidine

(see Table V). Amongst, brain, kidney, spleen, testes,

heart, liver and intestine, the specific activity of
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uridine cleavage was highest for intestine, heart and kidney.

Testes, spleen,brain, and liver had about similar specific

activities, but in terms of total uridine cleaving activity

heart, testes and brain are of relatively l-ittle importance.

Kidney, spleen and liver seem to be the important sites of

uridine cleavage. Since only a portion of the small intes-

tine was analyzed, total units are not given but most

probab]y it is also an important site of uridine cleavage.

Thymidine cleaving activity seems to be present only in

the liver and possibly the intestine in significant amountsi

in others tissues and the thymidine cleaving activity may

be due to uridine phosphorylase" Deoxyuridine cleaving

activity may be contributed by the two enzlzmes, uridine

phosphorylase and thlnnidine phosphorylase (assuming that

all the enzymes are similar to the liver enzlzmes in speci-

ficity) " The distribution pattern of deoxyuridine cleavage

follows that of uridine cleavage, the specific activities

being highest in liver, intestine and kidney. Spleen and

brain have some activity but it is not significant in

terms of total activitY"

Other mammalian tissues in which uridine cleaving

activity has been reported are mouse Ehrlich ascites cells,
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rat and calf thlzmus (83, l-00), rabbit bone marrow (1, 2)

and human fibrosarcoma (37).

Most studies on nucfeoside phosphorylase were

done with the cytosol fraction, where the major part of

the activity is localized. Purine nucleoside phosphorylase

has al-so been localized in the nucleolus of Starfish oocyte

(113 ) .

Yamada in 1968 (B) reported the occurrence of an

isoenzyme in the crude nucl-ear fraction of rat l-iver -

Rat liver was used for fractionation and the

subcell-ul-ar localization of the pyrimidine cleaving ac-

tivities. The procedure of Sawant et al. (BB) with some

modification tgOl was used, and marker enzymes had the

distribution shown in Table VI, and agrees wel-l- with other

studies. There is some degree of cross contamination in

most fractions except in the pure nuclei and lysosomes -

The nuclear fraction was fairly free of all- the four

markers (glucose-6-phosphatase, for microsomes, 5'-nucl-eo-

tidase for plasma membranes, gfutanite dehydrogenase for

mitochondria and acid phosphatase for lysosomes) studied.

Pure lysosomal fraction showed only 2.6% recovery of acid

phosphatase but a 23 fold increase in specific activity-
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The heavy mitochondrial fraction though mainly consisting

of mitochondria had a good deal of contamination from

plasma membranes and lysosomes. The fraction termed light

mitochondria was reall-y a lysosomal fraction containing

plasma membranes and microsomes but few mitochondria.

This fraction had 30% of the acid phosphatase, 17% of

glucosee-phosphatase , L4% of 5'-nucleotidase and 7% of

glutamate dehydrogenase. The supernatant fraction is ob-

tained after removing the pellet at 160,000 9, and hence

in these sets of experiments this fraction contains the

microsomes apart from the contamination with 25% of the

total acid phosphatase produced from the lysed lysosomes.

This supernatant fraction also has 32% of the plasma mem-

branes as indicated by the presence of 5'-nucleotidase.

The fraction termed clebris is the fraction left floating

on the top after the pure nuclei have been spun down in

2"4 M sucrose. This fraction consists of heavy mitochondria

comprising 33% of the total glutam¿¡e dehydrogenase, almost

half (44%) of the 5'-nucleotidase, and may also contain

some unbroken cell-s (see El-ectron micrograph no - III) .

The results of distribution of pyrimidine nucleo-

side phosphorylases in these fractions indicated the absence
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of any activity in the pure nuclei, microsomes and pure

lysosomes. The major portion (7O%) of uridine, thymidine

and deoxyuridine cleaving activity was located in the

cytosol or the 160,000 g supernatant. The next highest

activity was l-ocated in debris which primarily consisted

of crude plasma membranes. The mitochondrial fraction also

contained about B% of the total- uridine cleaving activity.

In this procedure of fractionation the plasma membrane

fragments contaminate al-most all the fractions and have a

higher concentration in the "debris". Since the "debris"

fraction had a fair amount of uridine cleaving activity,

the purification of plasma membrane was undertaken to see

if this activity is associated with the plasma membrane

fragments (table vrr) 
"

The plasma membranes were isolated by the pro-

cedures of Bosmann, Hagopian and Eylar (89). The purifi-

cation of the membranes was only 6.7 fold compared to 150

fotd purification of the HeLa ce1l membranes. This dif-

ference may be due to the differences in tissues used.

Simil-ar methods of purification using liver tissue for

preparing plasma membranes gave only 11 fol-d enrichment

of 5'-nucleotidase (101) The membrane fragments prepared
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by this procedure showed an enrichment of glucose-6-phosphatase

(almost 3 fold) . The presence of this enz)zme activity may

be either due to its localization in the plasma membrane

as is also claimed by others (IO2, 103 , I04, 105) , or may

be due to the contamination with endoplasmic reticul-um

(the microsomal fraction) as is suspected by some (106, 107)

(see Table VIII) " Gfucose-6-phosphatase activity is probably
TiOfi-

due to a ..:specific phosphatase of the plasma membrane (108,

109). The plasma membrane fragments are relatively free of

mitochondria, âs seen by the presence of only O-89% of

glutamate dehydrogenase activity.

Uridine phosphorylase activity was found to be

associated with pure plasma membrane fragments. Approximately

17% of Lhe total- uridine phosphorylase was found to be as-

sociated with plasma membrane fragments, in which deoxy-

uridine and thlzmi.dine cleaving activity could not be de-

tected in high enough levels, in freshly prepared membranes

(see Table IX). However, ofl solubilization with Triton X-

I00 deoxyuridine cleaving activity was detectable. The

effect of 8.7 M glycerol and Triton X-100 on various fractions

showed that both mitochondria and plasma membrane fractions

show an increase in activity on solubilization. The enzyme
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in the plasma membrane fragments

vesicles as has been shown for E"

phorylase (49, 5t) .

The membraneous structures seemed to be pre-

ferentially solubilized by Triton X-100 compared to glycerol

which is known to solubilize and stabilize the mitochondrial

enzlzmes better (98, lf 0) "

The electron microscopic pictures of various

fractions confirm to the enzyme activity patterns. The

plasma membrane fraction (see EM no. l) with the desmosome

granules and vesicles can be seen to be relatively free of

mitochondria. There may be some rough endopJ-asmic retículum
a9

also present^indicated by the densely stained particles.

The fraction which ¡n¿s above the plasma membrane fraction

appears to be rich in bile canaliculi (see EM no - II) ; it

has some lysosomes and plasma membranes as seen from enzyme

activities of 5'-nucleotidase and acid phosphatase. The

,,debris" fraction in which a significant portion of uridine

phosphorylase Q5%) activity is present was seen under the

electron microscope to contain mitochondria, plasma mem-

branes and some rough endoplasmic reticulum (nlt no. III) "

may be

col i

present in the

thymidine phos-

.

):
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With present methods of fractionation and iden-

tification it is not possible to distinguish very de-

finítively between the plasma membranes and the rough

endoplasmic retj-cuLum; many enzymes are distributed in

both the structures, like cytochrome C reductase and

glucose-6-phosphatase as mentioned earlier "

The r-¡ridine phosphorylase localization pattern

resembles the distribution pattern of adenine phosphori-

bosyltransferase very much (111). Uridine phosphorylase

is probably present in the vesicular structures associated J

with the membrane structures and also in the mitochondria,

(where RNA metabolism does occur) apart from the major

portion (about 7O%) being in the cytosol.

:i
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VII " DISCUSSION

1" Purification - There have been several attempts to

purífy uridine phosphorylase" The enzyme of Ehrlich

ascites cell has been purified up to 25O fol-d and was shown

to be homogenous upon moving boundary electrophoresis (55).

Pontis et aI. (7) had also obtained a preparation from the

same source of about 300 fold purification. In neither

study was there any indication of isoenzymes. The best

purificaLion so far achieved was 11900 fold of a cyto-

plasmic uridine phosphorylase of rat liver with a specific

activity of 144 units per mg protein with uridine as a

substrate (10) " In the present work this purification

procedure of Kraut and Yamada (10) was followed with some

slight modification. This method separates uridine phos-

phorylase .from thymidine phosphorylase and is also effective

ín separating the isoenzymes of uridine phosphorylase"

The purified enzlzme fraction obtained (10) resembled that of

isoenzyme #2 of present studies. Many other procedures

were tried in pilot experiments for purifying the rat liver

enzlzmes" CM Sephadex, phosphocellulose and preparative

disc electrophoresis were either not effective or effective

to the extent that they could not substitute for any of the
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steps of the previous method (10) " Preparative disc

electrophoresis may be useful if ways of stabilizing the

enzyme on this system are more fully explored; otherwise

this method can be used only in the final stages of puri-

fícation because of the limitation in the quantity of

protein that can be applied" Preparations of 1ow specifÍc

activity are thus difficult to identify in the dilute

eluting fractions" The first DEAE Sephadex pH 8.0 column

separated the two uridine phosphorylase isoenzyme better

than that achieved previously because a shallower gradient

and upward fl-ow was used " The upward f low counteracted to

some extent the gel contraction produced by an increasing

salt gradient. fn two other instances the isoenzymes were

almost completely separated. on DEAE Sephadex at pH 7.0 upon

elution with a shallow (0 -+ 0 "2 M KCl) gradient. Another

advantage of using shallower gradients was that there was

less variation in specific activity across the peak with

the result that most of the activity could be pooled thus

improving recovery of the enzyme" The recovery of uridine

phosphorylase by comparable methods in a previous study in

this laboratory was 8"9% (10) and in the present work was

close to 27%. In the last step of purification with a
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hydroxyapatite column, a shallower gradient el-iminated

contamination from proteins that eluted close to the enzlzme.

The fact that thymidine phosphorylase \^/as not contaminating

the fractions of uridine phosphorylase was evident from the

fairly constant ratio of thlzmidine to uridine cleaving

activity in dífferent stages of purification after the DEAE

Sephadex pH 8.0 column, and this agrees fairly well with

the earlier study (10) "

The relative proportions of isoenzymes #1 and #2

determined the final specific activity, since there seems

to be close to a 2.6 fold difference in the specific activity

of enzlzme #1 compared to enzlzme #2; this would be an im-

portant factor in determining the final specific activity

of a preparation having the two types of isoenzlzme present.

The specific activity of the Ehrlich ascites ce]l enzlzme

was 106 and 60 in two different preparation (7 o 55) both

of which were purified to electrophoretic homogeneity. The

specific activity of the 1r900 fold purified enzlzme from

rat liver cytoplasm was L44 (10) " No other pyrimidine

nucleoside phosphorylase has been purified to this extent.

As mentioned previously in the review of literature

isoenzlzmes have been reported for (1) purine nucleoside

t:j
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phosphorylase of Bacillus cereus in both the spore and

vegetative ceIls, chicken l-iver adult and embryonic

(2)ruridine phosphorylases of rat brain and rat l-iver.

Amongst these only the enzymes of Bacillus cereus have

been characterized to some extent. They were shown to be

interconvertible, However, the molecul-ar weight of the

two enz]¡me forms was the only criterion used. This does

not seem to be the case,for the isoenzlzmes of uridine phos-

phorylase of rat liver" In present studies, the fact that

the two enzymes \^/ere separable on ion exchange chromatography

but had símilar Rm values in disc gel electrophoresis at pH

8"0 or pH 7"0, suggests that there is a difference in the

surface distribution of charge, due to differences in the

conformation of the protein molecules (which may be due to

differences in position or substitution of a few amino

acid residues) .

2 " Stabilitv - Uridine phosphorylase was found to be

fairly stabl-e at -4Oo for 60 days in previous studies from

this laboratory (10) " In another study (11) rat brain

uridine phosphorylase lost about 30% activity on storage

at -20oc or on dialysis at Oo in dilute Tris buffer at pH

7 "3 " In the present work phosphate was found to stabil-ize

a:

i!
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the enzyme greatly. In Tris buffer even at -49oc most of

the activity was lost after one week with repeated freezing

and thawing, upon storage at room temperature and upon

heating at 5Ooc for about 15 min to 30 min" Although 2-

mercaptoethanol- was present during these stability studies

it did not afford ful-l- protection, even though at higher

concentrations it could partially reactivate a preparation

that had totally lost all activity, to give 25% of the

original activity" It is possible that the inactivation

by all the procedures listed above is due to the oxidation

of essential -SH group(s) in the active site" Phosphate

affords protection during these procedures" Uridine coul-d

protect partially during inactivation by heat or on prolonged

storage. This observation agrees with that for the rat

brain enzyme (11), but is opposite to the observations on

purine nucleoside phosphorylase of

(99) " In addition, the enzyme of

was equally heat sensitive in Tris

cleaving activity seems to be lost

cleaving activity, when the enzyme

7 "O) and assayed at pH 7 .4 (ra¡Ie

Bacillus cereus spore

vegetative B. cereus

or phosphate. Uridine

more than deoxyuridine

is stored in Tris (pH

II b), and this obser-

vation reminds one of Pontis et al. 's work (7) in which
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acid precipitation was used to obtain deoxyuridine cleaving

activity devoid of uridine cleaving activity" It is not

apparent from the latter work whether uridine cleaving

activity is separated or l-ost,leaving activity towards

deoxyuridine onl1z. Looking at their figures it appears

that the recovery of deoxyuridine clea-ving activity is

about 86.37% and that of uridine cleaving activity 47.4%"

The presence of a contaminating thymidine phosphorylase

'cannot be entirely excfuded in this preparation, in spite

of the fact that the enzyme was electrophoretically pure

and the substrate spec.ificity was very similar to that of

the purified cytoplasmic rat liver enzyme.

3. Substrate specificitv - The substrate specificity of

the two isoenzlrmes was similar to that found for the cytosol

enz)¡me of rat liver (10) and Ehrlich ascites cells (7) .

The enzyme cleaved uridine in preference to deoxyuridine

at pH 7.4 and both these substrates were phosphorylated at

the same or overlapping sites as is evident from the results

of Tabl-e III" Rel-ative loss of uridine or deoxyuridine

cleaving activity on heat treatment at different pH values

(similar to that of Pontis et al-. ) has not been done in the

present work. However, uridine and deoxyuridine cleaving
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activity was tested after heat treatment for 20 min at

pH 7.4 and pH B"o. At both pH values the loss in activity

towards uridine or deoxyuridine was similar and thus dif-

fers from the observations of Pontis et al-. (7) . AIso from

studies with sulphydryl inhibitors such as iodosobenzoate

(10) the degree of protection from inhibition with o-

iodosobenzoate was in the fol-lowing order uridine )' deoxy-

uridine ) phosphate, for the cytoplasmic uridine phos-

phorylase " Besides, uridine protected deoxyuridine cleaving

activity at pH 8.1 from inhibition by DTNB and similarly

deoxyuridine could protect uridine cleaving activity from

inhibirion by DTNB also at pH 8.1 (by 5r.75%) (126), â1-

though to a l-esser extent. These observations can only be

explained on the basis of a common active site or over-

lapping sites for both uridine and deoxyuridine.

Thymidine is also cleaved by the purified cyto-

plasmic uridine phosphorylase of rat liver at about one

tenth the rate of uridine at pH 7.4 (10) " In the present

work, similar studies have not been done with thymidine,

mostly because it required 10 tiroes as much of the pure

enzyme, and the amount of the latter was the limiting

factor. The optimum pH for thymidine cleavage was found

'l

,
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to be 5.8 for the cytoplasmic rat liver enzlzme (10). There

is, however, Do reason to believe that thymidine is not

phosphorylated at the same or overlapping sites äs uridine

or deoxyuridine because constant ratios of activities to-

wards the 3 substrates were reached during the l-atter steps

of purification (10).

4. pH optimum of uridine phosphorvlase isoenzvmes and the

Km apparent and Vmax at different pH val-ues - pH optimum of

both isoenzymes #1 and #2 was close to B but isoenzlzme #1

had a steeper curve compared to isoenzlzme #2, indicating

possible involvement of groups with a wide range of pKs.

pKm apparent values (with the other substrate

saturating) were plotted according to the method of Dixon

(98) " Km apparent val-ues at dif ferent pHs for uridine

and deoxyuridine, from a tabl-e of an earlier work (55)

using Ehrlich ascites cell has been plotted by the method

of Dixon (98) for comparison In general there are at

least three prominent groups with pKs cl-ose to 6.8, 7.6

and 8"0 j-nvolved in either the binding or catalysis of

uracil, 2 of which (pK 6.8 and 8.0) also appeared in

studies of uridine or deoxyuridine. The pJ-ots with ribose-

I-P and phosphate would have greatly helped to complete the

:l

,',
:..

;::
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picture; however, with the present data it would not be

very unwise to say that there are ionizing groups in the

enzlzme substrate complex of enzlzme and uridine or deoxy-

uridine which have pK vaJtltes of 6.6 and 8.0" These may

correspond to a histidyl group and a cysteinyl- residue

of the enzyme since there are no groups in the nucfeo-

sides or base which have similar pK values. The pK of 7 -6

holds a number of possibilities. One is that even though

the phosphate concentration (0.1 M) is greater than its

Km value, it can still infl-uence the catal-ysis or binding

of the other substrate if the ratio of monoanion to dianion

is the determining factor. The ratio of monoanion of phos-

phate to its dianion was found to be close to unity at pH

7 "2 (114) " The other is that a second cysteinyl group

with a lower pK value is involved.

5" Kinetic constants - The kinetic constants of the two

isoenzymes have been compared and although data is not

available for comparing all- the values, the following facts

are apparent " Isoenzlzme #1 needs greater concentrations

of uridine (Kb, 0.1L2 mM) to function in the phosphorolytic

direction, compared to #2 enz]¡me which has a lower Kb value

!:

i:.

,i

(0"032 mM) " The Ka for phosphate seems to indicate the
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reverse on a glance at the figures (#f Ka 0"035 mM,

#Z Ka 0.36 mM) " The difference in Pi levels in normal

and regenerating or fast growing tissues, and also its

intracellular distribution is not known. ït is possible

that phosphate is never a limiting factor but if the level

of phosphate is low in these tissues (similar to the dormant

spores (115) ) a lower Ka val-ue for isoenzyme #1 (which

seems to be present in very young rat liver or regenerating

rat liver (B) ) would ensure the binding of phosphate on all

occasions, and the leve1 of uridine woul-d then be the

determing factor for the reaction to proceed or not. The

same is the case with purine nucleoside phosphorylase of

Þ.. cereus (16), except that the Ka val-ue for inosine is

not as much different for the spore and the vegetative

enzlzmes " The apparent Km values of uridine for uridine

phosphorylase of Ehrlich ascites cel-l at the same pH was

0"76 mM (7) and 0"13 mM (55) in two different studies

suggesting that 2 dlfferent enzymes from the same source

were being studied" The cytoplasmic uridine phosphorylase

had a Kb value of 0.28 mM for uridine at pH 8.1 (10). The

Kb and Ka val-ues for isoenzlzmes #l- and #2 have not been

determined at pH B.l, hence comparing the val-ues from the

present work is not of much significance.
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The Kn and Kn values for isoenzymes #1 and #2

need more scrutiny. The for ribose-l-P using #2 enzlzme

was 0.33 mM and is higher than the value of 0.07 mM reported

for the cytoplasmic enzyme (10) at pH 8.1" Some anomalous

results were obtained when the Kn for ribose-l-P with iso-

enzyme #1 was determined, as has already been described in

the resul-ts section" Even though these appear anomalous at

first sight they may be very important in the regulation

of uridine phosphorylase " The activating effect of l-ow

concentrations (0"66 and 0.133 mM) of ribose-l-P may be

the regulating factor for the enzlzme to function in the

synthetic direction when the need for uridine in rapidly

growing tissues is great" Beyond 0.133 mM ribose-l-P the

enzlzme cannot be activated (probably by a change in the

state of association) arid obeys the normal Michael-is-

Menton type of relationship" Uracil is known to inhibit

the synthesis of uridine by 50% aE 1.2 mM concentration

at pH 8.1 (10), when the concentration of ribose-I-P was

0"143 mM or higher" At 0.066 mM ribose-l-P inhibition

started to occur at 0.3 mM uracil (10) . In present studies

both isoenzymes were inhibited by uracil " The aged iso-

enzl'me #Ì had " Kp of 0.25 mM for uracil, which may be very

^q

different for the fresh enzyme.
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Gel electrophoresis

(a) Diaqnostic - Moving boundary electrophoresis showed

the uridine phosphorylase of Ehrlich ascites cells to be

present in one band (7, 55); disc Ael electrophoresis in

phosphate buffer showed the cytoplasmic rat l-iver enzyme

albeit purified 1,900-fold to have two bands of protein

(10). The results of present work may explain the dif-

ference in these two studies. Freshly purified rat l-iver

uridine phosphorylase has one band of protein coincident

with activity whether dissolved in Tris or phosphate buf-

fers but on aging the Tris enzyme gave two prominent bands;

aging in phosphate produced at least 2 more minor bands

apart from the major band. The freshly dialyzed enzyme in

Tris usually had slightly less relative mobility compared

to the enzyme in phosphate" There could be several reasons

for this:

(i) The phosphate enzyme has a more negative

charge because of the bound phosphate groups.

(ii) The Tris enzlzme may have a different shape

which sl-ows down the molecule on the gel sieve.

(iii) The molecul-ar weight of the two cou1d be

different.

il
::.

:;
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Amongst these three reasons, (iii) seems to be

invalid because the molecular weight of the active Tris

enzlzme was found to be almost the same as the molecular

weight of the phosphate enzyme, both by density gradient

centrifugation and ge1 electrophoresis. This leaves (i)

and (ii), one or both of which may be right, and it is not

possible to differentiate between the two at the moment.

Phosphate binding to uridine phosphorylases is believed to

be loose since filtration on a dextran gel column removed

most of the radioactivity (9). The same is also true for

purine nucleoside phosphorylase (16). Acrylamide gels do

not have similar sieving properties as dextran gels and

hence the phosphate on the enzlzme may still be bound to

the enzyme during electrophoresis. Besides uridine phos-

phorylase of rat liver may be different from purine nucleo-

side phosphorylase of B. cereus and uridine phosphorylase

of guinea pig intestine in its phosphate binding properties "

(b) Aqinq patterns on disc ael electrophoresis, re-

veal-ed the fact that phosphate not only has a protective

action on the activity of the molecule but is al-so in some

way responsible for maintairË its form; whether the latter

property is totally responsible for the former is not known

:+

I'
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yet" By this method molecular weight determinations varied

by + 5/", and as can be seen for the present work inter-

pretation of results by t.his techniQuê, as well as many

other techniques can be complicated by proteins undergoing

association or dissociation processes (79) " In spite of

these drawbacks this method is still- the fastest avail-abl-e

for small amounts of protein for mol-ecular weight deter-

mination.

(c) Subunit dete¡mlnat:þn - The rat liver enzymes appear

to be tetramers having a subunit weight close to 25,000 for

#2 and 28,500 for #1. This is similar to the B. cereus

purine nucleoside phosphorylase (16) but unl-ike the human

purine nucleoside phosphorylase (19) " Even though the

electrophoretic pattern on gels without SDS show a fair

degree Þ BO%) of homogeneity both at pH 7.0 and pH 8.0,

the SDS gel electrophoretic pattern in the presence of 2-

mercaptoethanol indicates that there may be some slight

contaminating proteins of molecular weights cfose to l-00,000.

However, these minor species may very well be differently

charged enzlzme molecul-es having a different number of re-

duced or oxidized -SH groups, thereby affecting their

shape and the amount of SDS taken up" Even after 4 hours

t.

i;i:

)
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of incubation in the presence of 2-mercaptoethanol why

it was not possible to convert all of the enzyme molecules

into monomers is not known at present. It is possibl-e that

the phosphate in the gel buffers may have some effect in

spite of the SDS. On the addition of 0.1% SDS to the

assay medium 25-30% of the activity was stil-l detectabl-e

with the fresh enzyme.

7. Densitv qradien! centrifuqation - fn two papers, the

use of density gradient centrifugation for the study of

purine nucleoside phosphorylase has brought forth interesting

results. Engelbrecht and Sadoff (99) found that the spore

enzyme of Bacil-lus cereus underwent a phosphate induced

association from dimers to tetramers whereas the vegetative

ceIl enzlzme was insensitive (16) " However, w€ failed to

find any aggregation in the presence of phosphate concen-

trations of 0.05 M, 0.1 M and 0.2 M. The main peak stil-l

was the tetramer (as is the vegetative enzyme): however

a small fraction of activity did appear in the lower

molecular weight region, the significance of this has to

be found out. In another paper in which purified Ehrlich

ascites ce11 purine nucleoside phosphorylase was used,

evidence for the conversion of phosphorolytic
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activity into transfer activity in the absence of 2-mer-

captoethanol was obtained; a number of peaks were obtained

indicating aggregation and the facile interconversion of

the molecular forms. Similarly in the presence of EDTA no

transferase activity was observed but phosphorolysis re-.

mained unaffected (23) . uridine phosphorylase has not

been studied under these conditions, since the transferase

activity of this enzlzme was weak and such a kind of study

would involve a 1ot of enzlzme i however it is known that in

the absence of 2-mercaptoethanol the enzyme loses both

activitiesrapidIyandEDTAdoesnotaffectthephosphoro1ysis

reaction. Isoenzlzmes #1 and #2 did not behave very dif-

ferenLly during these set of experiments, with or without
,

phosphate. The property of interconversion of transfer

and phosphorylase activity seems to be true for the Ehrlich
i

ascitesce1]-purinenuc1eosidephosphoryÌaseon1y,since

this has not been found to be true for the human erythrocyte ì

enzlzme (116) .

B. Ami.no acid ana]vsis - So far only one other nucleoside

phosphorylase has been studied for its amino acid composition

and this is the purine nucleoside phosphorylase.of B. cereus

(99). This enzyme has been found to have a molar ratio of
¡

:.
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11 cysteine, 2 hal-f cysteine and 44 histidine residues.

It had twice the amount of acidic residues compared to the

basic resi'dues (19). Similarly in the present study iso-

enzlzme #1 has been found to have l-56 acidic residues (Asp.

and g1u.) compared to only 84 basic residues. The cysteic

acid content was 24 residues per mol-ecule of uridine phos-
::

phorylase which is very simil-ar to the total cysteine :

ilresidue content of purine nucleoside phosphorylase. However, ii

the histidine content differs very much and uridine phos-

phorylase has only J-2 residues per molecule. The amino

acid analysis gives an idea of the presence or absence of

certain residues possibly involved in the mechanism of

action of the enzlzme.

9. Trans-ferase a.ctivitv of uf ioine phosphorvlase - Al-1 the

nucleoside phosphorylases studied so far catalyze the ex-

change ]¡etween base and nucleoside. fn the case of purine

nucleoside phosphorylase there is only one report (23) on

the separation ancl interconversion of transferase and

phosphorylase activity; in all other cases (15, 22, 116),

the phosphorylase activity was inseparable from the trans-

ferase acti-vity and the ratio of transferase to phosphorylase

activity was very low (< 0.01) " Transferase activity was
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markedly decreased in the case of a híghty purified

cryst.all-ine enzyme from human erythrocyte (I5) . The

physiological significance of the transferase activity

for the purine nucleoside phosphorylase enzlzme is probably

to maintain a balance between inosirre, guanosine and their

deoxy-derivatives in the nucleoside pool. Thus, the fol-

lowing reactions can occur through the purine nucleoside

phosphorylase.

(i) fnosine + Guanine E-+ Guanosine * Hypoxanthine

(ii) Hypoxanthine + Deoxyguanosine 
=- 

deoxyinosine
+ guanine

Since adenine is used very slightly by this enzyme and has

a very high Km, in most cases, the transfer of adenine may

not be of any physiological significance (I4) .

No phosphate requirement for the transferase

activity of purine nucleoside phosphorylase was established

by Abrams et aI. (f17) ; similarly the exchange between

ribose-I-P and pf2 do.= not require the presence of purines

(118). However, the transfer reaction of rat liver purine

nucleoside phosphorylase is stimulated by inorganic phos-

phate (I17) " The purine nucleoside phosphorylase probably

catalyze a direct as well- as an indtrect transfer.

:
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Thlzmidine phosphorylase also catalyzes a transfer

which is stimulated by phosphate. The ratio of phosphory-

lase to transferase activities has not been reported. Gal1o

and Breitman (42) proposed that the two activities belong

to the same enzyme molecule, but to two different active

sites, since thlzmidine synthesis from thlzmine and deoxy-

uridine is not inhibited by deoxyribose-l--P" Besides these

two sites, the enzlzmes seem to have a third site for sub-

strate inhibition by high concentrations of thymine; deoxy-

uridine is competitive for this site. However, the pos-

sibility that this 3rd site is the same as the thymidine

site to which thymine can bind to produce inhibition, can-

not be ruled out. An alternate explanation for the lack of

inhibition by deoxyribose-l-P, would be that the enzlzme

has a tightly bound deoxyribose-I-P and the following

reaction sequence "

J

DUR ^ uracil thymine DUR

:.,

Tir"Pi Ì,TdR"Pi 11"PiE'U"dR-r-P EdR-t-p UEaR-t-p
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This now means that tightly bound deoxyribose-I-phosphate

is being used over and over again and hence exogenous

deoxyribose-l--P is not effective as an inhibitor. Transfer

activity of thynidine phosphorylase may be of much phys-

iological significance because it catalyzes the following

reaction for the synthesis of thymidine.

Thymine * deoxyuridineç--rThymidine'+ uracil

Under conditions when thlzmidine requirements are

increased, it can be supplied by the above reaction even in

absence of deoxyribose-l-P. However, this is only a spec-

ulation. The cell has a number of enzymes which interact

with these compounds as substrates or products; hence,

which enzyme reaction will actually be responsible for

synthesizing thlanidine will depend on many factors like

Kms, etc., €.g. deoxyuridine may be broken down by uridine

phosphorylase to form uracil and deoxyribose-l-P in pre-

ference to the transfer reaction, and the deoxyribose-l-P

formed may then be used in the synthesis of thymidine by

thlzmidine phosphorylase .

Uridine phosphorylase also catalyzes the transfer

reaction but this is totally dependent on phosphate or

ribose-l-P. The transfer reactions catalyzed by uridine
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phosphorylase are probably not of any physiological sig-

nificance and are of interest only in understanding the

mechanism of action of the enzlzme. Thus, in the reactions:
*(i) Uracil* + Uridine E:-= Uridine + Uracil

(ii) Uracil* * D.o*yuridine =* Deoxyuridine*
* Uracil

and (iii) Ribose-I-P + Pit--* Ribose-l-P * + pi

There is no net production of a new species of a compound

and thus, there ís no effect on the nucleoside pool. One

possible role of any physiological importance could be the

transfer between pseudouridine and uracil to form uracil

and uridine. It is not known if the anomalous (c-c)

linkage of pseudouridine would allow it to be used at al-l

inthetransferreaction,and.thisSeemstobeun1ike1y
i.

Uridine phosphorylase does catalyze the transfer between
i

thymine and deoxyuridine to produce thlzmídine but this i

i
reaction is very slow and is probably not of any physiological i

ì,

significance. Uridine phosphorylase also differs from

thlzmidine phosphorylase in having a common active site for

both the phosphorylase and transferase activity. This

conclusion has been arrived at by the same reasonings as

that of Gallo and Breitman (42) . The alternative explanation

* Radioactive

il
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for thymidine phosphorylase, (as mentioned in the results

section) could be that this enzlzme has one site but the

order is similar to mechanism-2 as was found for uridine

phosphorylase of present studies, and a tightly bound

deoxyribose-I-phosphate is involved. The transfer between

uracil and uridine was totally inhibited by very high

concentrations of phosphate or ribose-l-phosphate. If the

binding site were different then the transfer activity

would not be inhibited by high concentrations ribose-l-P

or phosphate, âs is the case for mechanism-l- proposed for

thlzmidine phosphorylase. The following diagram illustrates

the different binding sites proposed for the 2 enzlzmes.

í,^':!
kDeoxv- \N

ribóse'l-Pl,t)

Thymine

THYMIDINE PHOSPHORYLASE(42) URIDINE PHOSPHORYLASE
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Uridine to uracil transfer was stimulated more

by phosphate than arsenate (ttris ob""rrr.tion agrees with

Krenitsky's findings), thus indicating that the transfer

occurs through a bound ribose-l-P intermediate or a bound

ribose-l-arsenate in the presence of arsenate. There was

no transfer betwe"r, 32pi and ribose-l-P but transfer was

detected only on the addition of uracil. The uracil re-

quirement was not stoichiometric with the number of molecul-es

of ribose-l-P transfered" The results are complicated due

to substrate inhibit.ion by uracil (10) (due to binding at

the uridine site or on allosteric site), (see Figure 45b).

This finding confirms mêchanism-2 in which inhibition by

uracil is expected, when it is present in more than optimal

concentrations "

Both with Pi and ribose-l-P the inhibition tvas

total at high concentrations " This indicates that the

mechanism is only ordered without any randomness, because

with a partly random mechanism the inhibition would be only

partial as was shown for yeast alcohol dehydrogenase

(119) and malate and lactic dehydrogenase (I2O, 119) .

Probably, the best way to distinguish between the two orders

of reaction (Krenitsky'= order resembles the fso Theorell

Chance) is by binding studies, äs was suggested by Cleland (f28)
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Extensive binding studies have not been performed as yet;

however with the available data on initial velocity, product

inhibition and transferase it appears that the rat liver

uridine phosphorylases catal-yzes an ordered Bi Bi reaction

with phosphate binding first

IO" Subcell-ular distribution of pyrimidine nucleoside

cleavinq enzymes - Knowledge of subcellular distribution

is often helpful in understanding the physiological im-

portance of the enzyme or the reaction pathway, e.g. the

occurrence of a fraction of the total celI DNA polymerase

in mitochondria, raised the question of partial or fuIl

autonomy of mitochondrion as an organel-Ie. Almost 50% of

the purine nucleoside phosphorylase was found in the crude

nuclear fraction of calf liver and kidney (I22). In rat

heart the crude nuclear fraction had almost 4 times as

much activity as the solubl-e fraction; in horse liver twice

as much was found in the nuclei compared to the sol-uble

fraction. On the other hand, calf intestinal mucosa and

thymus have more activity in the soluble fraction. In

another study purine nucleoside phosphorylase was found to

be concentrated in the nucl-eoli of starfish oocyte (113).

Thlzmidine phosphorylase was localized near the 'cell surface
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of E. coli (49, 51) . Apart from these few findings there

has not been any systematic study of the subcellular dis-

tribution of nucleoside phosphorylases " Amongst other

closely related enzymes uracil reductase has been mostly

localized in the mitochondria and plasma membranes (I23 ) .

Nucleoside diphosphatases and nucleoside monophosphatases

have been localized in the plasma membranes (I27). The

results of present work indicate that a large portion of

uridine cleaving activity ig present in the cytosol (close

to 7o%) and the rest of it ís in the mitochondria and mem-

brane systems (viz. plasma membranes and perhaps endoplasmic

reticulum) . The thlzmidine cleaving activity may be present

in ,such low amounts so as to have escaped detection"

Deoxyuridine cleaving activity appeared onÌy after solu-

bilization with Triton x-100 " It would be a little too

premature to implicate this uridine phosphorylase in the

transfer of nucleosides and bases across the membranei

nevertheless it would not be out of place to speculate that

uridine phosphorylase is involved along with a pyrimidine

phosphoribosyl transferase, similar to that proposed for

purine nucleoside (adenosine) transfer (111-, I24) or by

itself in a process similar to that postulated for thlzmidine
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and
phosphorylase (52) . Since nucleoside diphosphataseÁ 5t

nucleotidase have been definitely locali-zed in the plasma

membranes (I08, I27) , it is not very surprising to find a

part of the nucleoside phosphorylase activity in the mem-

branes. The enzyme which follows uridine phosphorylase

has also been localized in part at least in the plasma

membranes (123) 
"

11" Distribution in different tissue - The present results

are in agreement with some of the previously published work

on tissue distribution. Thus, Skold found high activity

of uridine cleaving enzyme in intestine and bone marrow (I).

Yamada (2) also found very high specific activities for

uridine cleavage in bone marrow and intestinal mucosa of

rabbit and in both rthese tissues the uridine cleaving

activity was greater than the deoxyuridine cleaving activity

(ratio of uR,/duR, 5.18 and I.97 respectively) in contrast

to liver which had more deoxyuridine cleaving activity.

This difference is probably due to the presence of thymidine

phosphorylase in liver which has a greater reactivity with

deoxyuridine. In the present work (bone marro\iv was not

analyzed) intestine, kidney and heart had the high specific

activities; amongst these only in kidney and heart was the

!r:
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specific activity of uridine cleavage greater than that for

deoxyuridine cleavage" It is not known at the moment if

the properties and types of the pyrimidine phosphorylases

from different tissues are the same. A comparative study

of the kinetics and physical properties of these enzymes

from different tissues of the same animal should give some

idea of the mode of nucl-eoside metabolism in these tissues.

L2. Model for the mechanism of phosphorol-vsis bv uridine

phosphorvlase - A model for the mechanism of action of

uridine phosphorylase is proposed based on observations of

substrate specificity, optimum pH, effect of sulphydryl

inhibitors and protection against these inhibitors by

various substrates -

The essential features of this model as outlined

in Figure 46 are:

(a) The active site of the enzlzme has 3-SH groups

essential for full- activity. Indirect evidence for this

was obtained from studies with sulphydryl inhibitors (fO).

(b) One histidyl group is involved in the binding

of the hydroxy group of carbon 2 of ribose in the case of

uridine at pH 8.0 (see Figure 46A).
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(c) At pH 8.0 (which is the pH optimum for

uridine) uridine is bound to the active site at two other

points by hydrogen bonds between R-SH groups (cysteine) of

the enzyme and the o = c of uridine. These points of at-

tachment not onÌy orient the /-N glycosidic bond of uridine

for subsequent attack by the -OH of phosphate, but also

help in the withdrawal of electrons making the nitrogen

somewhat less nucleophil-,ic. This situation also prevails

at pH 6.5. Alternately, ât pH 8.0 hydrogen bonding may

occur between the N3-H group of the substrate and the R-S-

group of the enz)zme. This situation can orient the molecule

very differently (see Figure 46C) depending upon the degree

of ionization of this -SH group in the enzlzme.

(d) The phosphate group may also be bound to a

third -SH group of enzlzme (f0) at pH 8.0 possibly by a

hydrogen bond; however, it can also hydrogen bond with -NH

of an imidazole group, and the latter site may be preferred

at pH 6.5, when phosphate does not protect the enzyme from

inhibition by o-I,odosobenzoate (I0). At pH 8.0 there was

about 19% protection by phosphate.

(e) The presence of the OH group in the 2-C' of

ribose has a stabilizing effect on the I carbon to N bond

.':

'i!:
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(I29) " Once this OH group is hydrogen bonded to an imi-

dazole - N of the enzyme, ât pH 8.0, the stability of

C-N bond is thereby decreased. At pH 6.5 the imidazol-e

group is charged and noL available for hydrogen bonding

and hence the C-N bond is less susceptable to uridine as

compared to deoxyuridine; stereochemically a1so, uridine

may be less favoured at pH 6.5 than deoxyuridine due to the

presence of an awkward unbonded -O- in the 2-C' position;

this latter case is especially true if the orientation of

the phosphate moiety is also changed.

(f) The cleavage of uridine may be regarded as a

directdisp1acementreactionat]--c'ofribose.,,In

direct displacement reactions, the incoming group hits the

carbon under attack on one side while the leaving group

departs from the opposite side" (L2I) , and this type of
i

attack can lead to the formation of an c,(. linkage in the ì
.'

ribose-I-phosphate mol-ecule, in contrast to the p tinkage '

in the nucleoside.

(g) The 1-c' of ribose of the weakened i3-sf Vcosidic 
iì

N bond is attacked by the oxygen of the HPOA-, thus forming 
l

the phosnhomorfester (f -C' - O-P) bond. The mechanism of the 
r

glycosidic bond cleavage is simil-ar at both pH 8.0 and
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pH 6.5. The difference in specificity at the two pH values

is due to the absence of hydrogen bonded OH at the 2-C'

of uridine at pH 6.5 and may also be due to the unsuitable

stereochemical orientation of glycosidic bond of uridine.

(h) In addition this model may help to explain

the observations of inhibition with o-iodosobenzoate and

the protecLing effects of various substrates. Uridine can

almost completely (9O.4%) protect the enzyme from the in-

hibitory effects of this sulphydryl reagent, ât pH 8.0.

This can be explained if one visualizes the uridine to be

attached at 3 points, 2 of which involve -SH and the other

of which involves imidazole of the active site; under these

conditions the third SH group in the interior is also pro-

tected. Deoxyuridine binds to only 2 SH groups and the

3rd SH is not protected. Hence, under these conditions

there is still 57% ínhlbition. The observations with phos-

phate have been mentioned before (see point (d) above).

(i) The observation that the same active site

cleaves uridine and deoxlruridine fits nicely in the pro-

posed model and the possible explanation for the preference

of the substrates at the two different pH values is reasonable"

(j) Amino acid analysis confirms the presence of

at least 24 cysteine, and 12 histidine residues per mole of

enzlzme.

ì;: :.::-.:i:i-::----::',:::-l-,::l-:lì.:::i¿i.ti.:¡i:i-*:,:!lri:r.::-ì.1
i!



::. rli:: - :ì.:-,:ì.:i::: -:.::::::::.;..r1..:iì; :;ll:-i::ri:::y

r23

VTTI" CONCLUSIONS

I " Uridine phosphorylase isoenzlzmes have been separated

and purified.

2 " The two isoenzymes have the same molecular weight and

probably the same or close enough total charge, but

differ in surface distribution of charge and/or shape

of the molecule.

3 " Both enzymes are tetrameric, and the active forms of

each have 110,000 (for #1) and 95,000 (for #2) molecular

weights.

4. ïsoenzlzme #2 is more heat sensitive compared to #l and

both are protected by phosphate, (especially #1) during

heat denaturation at 5OoC.

5" Kb for uridine wit.h #1 is higher than that of #2. #f

has a very low Ka for phosphate compared to #2. Both

isoenzymes #I and #2 are inhibited by uracil at high

concentrations, and isoenzyme #l- is probably aÌso

activated by low concentrations of ribose-I-P.

6" Uridine phosphorylase of rat liven does not undergo

phosphate induced aggregation, símil-ar to purine

nucleoside phosphorylase of Bacill-us cereus. In the

presence of phosphate there probably is some kind of
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equilibrium between the dimeric and the tetrameric

forms of the enzymes "

On aging in Tris both isoenzymes aggregate into a

species which has almost twice the molecular weight of

the active enzlzme tetramer and this new species can-

not be reactivated with 2-mercaptoethanol. The new

inactive enzyme molecules differs from the active

enzlzmes both in charge and molecular weight.

Upon aging in the presence of phosphate the isoenzymes

remain in their active forms but minor amounts of new

species with higher and fower mobilities appear.

Densitometric patterns of aged fractions in different

gel concentrations are too complex for any meaningful

analysis, other than that the major active peak of

each isoenzyme has a molecular weight of the tetramer,

and the other new species are related by molecular

weight, i.e. they are either aggregates or dissociated

subunits of the enzyme tetramer.

Uridine phosphorylase catalyzes transfer between a

base and nucleoside only in the presence of phosphate

or ribose-]-P, both of which inhibit the transfer at

high concentrations. The transfer betw""t 32pi and

8"

9"
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ribose-l-P is catalyzed only in presence of uracil,

and both activities (transfer and phosphorolysis)

seem to be functions of the same active site.

10 " Most of the pyrimidine nucleoside cleaving activity

is localized in the cytosol but some activity is also

l-ocal-ized in plasma membranes, heavy mitochondria,

as wel] as in other membrane structures. Uridine

cleaving activity was the only one detectable in

significant amounts in purified unsolubil-ized plasma

membranes.

11. A model for uridine phosphorylase has been proposed

which takes into account the different pH optima of

deoxyuridine and uridíne phosphorylase act.ivities

as well as the inactivation by sulphydryl inhibitors

and the protection from inhibition by uridine, deoxy-

uridine and phosphate.
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Fract ions

1. Homogenate

Supernatant

2, ASz

3, ffisz

4,DEAE Sephadex
pH 8.0

!1iI

#2

5 " DEAE Sephadex
pH 7.0

41tL

#2

6. Sephadex gel
.#L

#2

7, Hydroxyapatite
#1iL

#2

VoIume

TABLE I

PIIRIFICATION OF URIDINE PHOSPHORYLASES #1 AND #2

4945

4050

473

^ 
DO

Uridine
Cleavine
Act ivity

13,115

8,898

7 ,6B0

6,675

Recovery
(%)

1525

1080

LOO%

67.83

58. 39

50. 89

Specific
Activity

3,396

2,O97

270

155. 5

0. 09

0.1r
0.15

o,24

Purifi-
cation

2,774

1,898

2,655

1,715

25.A9

. 15.99

29,O

22.5

One unit is the amount of base formed in ¡.irnoles per hour, and specific activity refers to units per mg.

Deoxy-
uridine
Cleaving
Activity

I
L.22

1. 68

2.78

18.2

53. I

2L.t5
L4.47

2.t2
3. 88

L7,357

10,532

ro,726

9,957

Thv-
midine
Cleaving*
Act ivity

2,067

r,492

20.24

13.07

24.65

45.r2

2.67

6.78

6,880

3, 334

2,762

2,829

Ratios
Ur

dU.

t5.76
11. 37

11.03

22.74

2,L65

1,397

3r.o2
78. 86

of activities
Ur

o.76

0. 85

o.7r
o.75

49.39

t26.04

L28.26

264.5

1,807

r, 109

L,670

980

392

513

574.3I

1,465.53

1. 91

2.66

2.77

2.36

276

165

r.57
1.5r

L,32r
898

206

165

8.67

4.O9

L "54
t.7I

1. 60

r -75

I

H
C'
(Jl

I

324

139

r_0. 04

11. 53

r.57
1. 66

L2.87

10. 39

6. 38

10. 75
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TABLE ]I (a)

STABfLITY OF ENZYi\,IE DURING STORAGE

Freshly prepared enzyme had the following units# of activity with ",

uridine as the substrate; in 0.05 M PirpH 7.0 ->2.160r in 0.05 M

Tris,pH 7.O-ì 2.OBg; lyophil-ized in the presence of 0.05 M Pi,pH
a7.O -> 0.668.

Aged

Activity

6 weeks at -AO)C B weeks at -4Ooc i

(units) (units)

1. In 0.05 M
Pi pII 8.0

2. In 0.05 M

Tris pH 7 .O

3. In 0-05 M

Tris pH 7.0 and
L/2 sat.(u[ zso+or albumin

4. In O.05 M

Tris pH 7.0 and
0.05 M uridine

5. In O-05 M

Pi pH 7.0 +
L/2(NHùÊo4

6. In 0-05 M

Pi pH 7.0 +
13 .33 mg,/ml
Alburnin

1.96

0

*
ND

0"48

2.L3

2.16

L.49

0

0.19

o.44

L.25

o.94

1O0 ¡-rI enzyme preparation BIII, (60 
¡,tg protein) .

All preparations contained 10 mM 2-mercaptoethanol-.

* ND No data

# One unit of enzyme activity is that amount which catalyzed
the formation of l7"rmole of free base per hour.
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TABLE II (b)

STABILITY OF PURIFIED URIDINE PHOSPHORYI,ASE

Experiment A Experiment B Experiment C

Ratio "t ãl* Age of enzyme Number of Tine at
in 0.05 M Tris- Freezings & ActivÍty room tem- Activi-ty

Activity HC1 pH 7.O at OoC Thawlngs perature

0.400 = r-454 Fresh 0 Pi 0.145 _ Pi 0.147
e.275 ¡'resh u Tris o ,ro7 u Tris 0.092

0.255 = 1.159 Approximately I Pi 0.140 Pi 0. I37
0.200 1o days t ,ris 0.100 I hour rri" o.osz

*Pr, = 1.0 14 days , ilr" 3:å31 z hours iir,|'à?i
. 

ug-:H = o.8ze 1e days 4 ilr" 3:3T? 4 hours ilr" 3:å??

.ffi 
= 0.685 22 days a iir" 3:33? 6 hours ilr" 3:3Tl

Activity here denotes optical density readings at 29O m¡t.

* The same arnount of enzyme (43 ¡1gms of protein) was used for all except in *
when a different preparation was used.
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TABLE TII

Substrate Amount OD readings at 29O ny
mM for activity

1 " Uridine 0.33 0.495
0.166 0. sos

2" Deoxyuridine 0.33 0.410
0.166 0.360

3" Uridine + 0.33 + 0.477
Deoxyuridine 0.33

0.166 + 0.472
0 .166

Assay procedure as described in methods
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TABLE IV

AM]NO ACID COMPOSIT]ON OF #1 ENZYME

Moles of amino acids per mole
Amino Acid Residue Molar Ratio of enzyme and of subunit

Al-a = 1
per subunit per mo]e enzyme

Lysine

Histidine

Arginine

Cysteic acid*

Aspartic acid

Threonine

Serine

Glutamic acid

Proline

Glycine

Alanine

VaIine
*Methionine

Isoleucine

Leucine

Phenylalanine

0 "815

o "252

o.460

o.294

r"173

0"616

0"701

1"316

0"568

1"586

1.0

o "787

0 " I96

o "737

L.2T4

o "529

15

3

6

6

1B

9

T2

2I

9

24

15

l2

3

t2

1B

9

60

T2

24

24

72

36

4B

B4

36

96

60

4B

L2

4B
Total Í

72 residue
weight

36 94,698

::

l

* Determined after performic acid treatment.

Average values of two experiments.

Tryptophan and tyrosine not determined.
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TABLE V

DISTRIBUTION OF PYRIMIDINE NUCLEOS]DE PHOSPHORYi,ASE

ACTIVITY IN TISSUES OF RAT

Tissue Urldine cleaving Thlmidine cleaving Deoxyuridine cleaving
activity activity activitY

Total, unit* Sp. Act. Total unit Sp. Act. Total unit Sp, Act.

Brain

Kidney

Spleen

Testes

Heart

Liver

SmaIt
Intestine 

T
0. 99 - 0.10

Average of 3 or more experiments except for intestine,

* Has been calculated for one rat (weighing 2OO-25O gms), usually 2 or more rats
used,

T *tt a portion of intestine was used.

10.84 0.06

45.48 0.15

56.52 0.09

10.39 0. 04

11.16 0.15

3.54 0.01

6. 35 0.O2

1..36 0. 01

1.06 0.01

2.37 0.O2

7 .8L 0. 06

22.82 0.10

9. 93 0. 04

9.26 0.05

7.38 0.08

LO9.52 0.06 110.90 0.06 208.58 0.L2



Fractions

Homogenate

Heavy mito.

Light mito.

Supernatant

Debris

Purified
Nuclei
*Ly=o"o*""

TABLE VT

DTSTRIBUTION OF MARKER ENZYMES TN VARIOUS FRACTTONS

5' Nucleotidase
% AcL. Sp. Act.

100

15.83

L4.O2

32.50

LL )?

0

1.06

2 "L4

5.59

7 .2L

I.86

3 .52

0

4.92

Glutamate
Dehydrogenase

% AcL. Sp. Act.

Averages of 2 or more experiments except for *

100

44.Is

7 .78

2.68

33 .44

0 .07

0

/" AeL. = Percentage of total activity.

Sp. Act. = Specific activity.

2.45

l-9.74

2.95

o.22

2.89

1 .07

0

Acid Phosphatase
% AcL. Sp. Act.

100

14.05

30.24

25.O4

17.50

o.2

2.6I

2.42

o.46

4.03

1.tB

0.47

0 .16

54 "62

Glu co se- 6 -pho sphatas e
/" AcL. Sp. Act

t00

8. 57

17 "34

2B .0i_

28.38

1 .16

0.24

3 .47

1 .89

8.73

2.O4

2.9L

1 .85

L6 -25

tt'
H i:,Èti
H:

,.,

I rl::
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TABLE VTT

DISTRfBUTION OF PIG.TMTDTNE NUCLEOS]DE CLEAVING ACT]VIT]ES
IN THE VARTOUS FRACTIONS

Fractions
Uridine cleaving Thlzmidine cleaving Deoxyuridine

activity activity cleaving activity I
/" Act. Sp. Act . % Act. Sp. Ac!._ % AeL. Sp. Ac!.

Homogenate 100 0 "07 100 0.08

Heavy Mito. 8.38 0.08 3 " 93 0.10

Light Mito . 4.g5 0.09 4.52 O.O5

100 0 "16

6 .47 0.11

7 -56 0.18

Debris 16 .84 0 .06 13 . t7 O .O7 L5 .64 0 " 14

Supernatant 72 .76 0 " 20 70 .27 O "2I 7L .42 0 " 3 9

Microsomes O "2% 0 o "63 0 -01 r .47 0 "04

Pure nuclei and lysozomes had less than L% of pyrimidine nucleoside
cleaving activity"

Averages of two to four experiments"

/" Act" = Percentage of total activity.

Sp. Act. = Specific activity"
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Glutamate

""""""" :;..i:l:"'i"ui::. ,::n#i:n"i"";:.. å;:u^:Ï=n)""iÏ: "'Ë;:";.: .nn;=l:l:"""

Whol-e 2 -O2 lOO L .7 4 lOO I .71 100 2 'L9 100

homogenate

4OOO x g 2.O3 39.88 3.91 84.74 2.38 48.26 2-3I 37-69
peIlet

4O0O x g 2.O3 64.05 0.18 6 .65 I.2B 44.22 2.54 68.97
supernatant

7O,OOO g 3.27 B.2O O"O9 0.26 I.92 3"00 7-O9 9-69
peIlet

7O,OOO g 2.O7 I4.5O O"2O 4"89 I.54 30.09 1'05 26'60
supernatant

Membrane 13.48 43"66 0"11 O.B9 1.70 7.72 13.30 27"13
fraction

TABLE VÏTÏ

DTSTRTBUTÏON OF MARKER ENZIß'IES IN FRACTIONS

Sp. Act.

/" AcL. =

Average

= Specific activity

Percentage of total activitY

of two experiments "

I
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TABLE IX

DTSTRTBUTTON OF PYRTMIDTNE PHOSPHORYLASES

Fractions
Uridine cleaving

activity
Thlzmidine cleaving

activity
Deoxyuridine

cleaving activity
So" Act" %Act Sn. Act. % Act. Sp. Act. /" Act

Whole
homogenate

4000 x g
pe11et

4000 x g
supernatant

70,000 g
pe1let

70,000 g
supernatant

Membrane
fraction

0 .05

0 .02

o.o7

*

0 .10

o "57

100

13 .13

84.02

*

78"00

r7 "44

0.05

o "02

0 .06

*

o.o7

*

100

L7 .54

76.70

*

6l-.97

*

0 .93

o.02

0.10

*

o.L2

*

100

L3 "52

66.36

*

46 "28

*

Sp" Act" = Specific activitY

/" AcL. = Percentage of total- activity

* = Very l-ow activity

Average of two experiments
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TABLE X

EFFECT OF PHOSP}TATE AND ARSENATE
ON TRANSFER ACTTVITY

ADDTTIONS
Reaction Phosphate

None Phosphate Arsenate +
Arsenate

I mM 1 mM 1 mM+l-mM

nI4 ^r4uct-+uR===uRc* '+u 36.4* 685.5 199.5 346.5

ucl4+duR= duRcl4+u :_7.2 93.2 97.2 153.2

* Units in m¡moles per ml per hour.
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FIGTTRE 2

Chanqes in the specific activitv of uridine
phosphorvl-ase in liver of Spraque Dawley rats durinq development:

This graph is from the work of Guroff and Rhoads
(44) . Specific activity is defined as the nmoles of uridine
cleaved per mg protein of J-iver homogenate per hour at pH 7.4
and 3 -loc 

"
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F IGURE - 2

SPECIFIC ACTIVITY OF URIDlNE PHOSPFIORYLASE DUR¡NG

DEVELOPMENT IN THE LIVER OF SPRAGUE. DAWLEY RATS.

AGE (DAYS )
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u P = uridine phosphorylase, the two peaks correspond to isoenzlzme#1 and isoenzlzme #2; Recovery 87 .g4%-

Separation of pvrimidine nucleoside phosphorvlases bv chromatoqraphv
on DEAE Sephadex pE 8.0 (preparation I).

TP

The

= thlzmidine phosphorylase.

horizontal arrows indicate fractions that were pooled together.

Col_umn tlæe - K 25/45 (pharmacia)

Bed volume 147 ml -

Flow rate 3g ml,/hour

FIGURE 3

. Sample

Gradient

95 mI of sample from purification step 3,
containing I.35 g protein with 32g units of
uridine cleaving activity.

Linear consist,ing of BO0 ml of buffer (0.02 M
K Pi, pH 8"0, + 1 mM EDTA + 10 mM 2-mercapto_
ethanol) and 800 mI of 0.5 M KCI in the same
buffer 

"

Units and protein expressed per fraction in this and the following
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Upward flow was usedr #1 and #2 correspond to isoenzlzmes #1 and #2
of uridine phosphorylase with uridine as substrate" Recovery of activity was
#1 50.BB% and #2 3t'.42%. Horizontal arrows indicate fractions that were pooled
for subsequent purification.

column type - K so/rcO (Pharmacia)

on DEAE Sephadex pH 8.0,
f isoenzr¡mes

FTGURE 4

Bed volume

Flow rate

Sample

crlromatogra
preparation V.

L.57 liters

3 0 mf,/hour

Gradient

L.49 liters of dialyzed heat-treated AS, from
purification step 3 containing 27.7L g frrotein
and 6630 units of uridine phosphorylase activity.

Linear consisting of 4 liters of buffer (0.02 M

K Pi buffer, pH 8.0 + 10 mM 2-mercaptoethanol +
1 mM EDTA) and 4 liters of 0.2 M KCl in the same
buffer.
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from DEAE Sephadex, pH 7.0 column.

Uridine was used as substrate in the assay of column
the horizontal arrow indicates the fractions that were pooled,
was 8l-.67%.

FIGURE 5

Elution profile of isoenzvme #1, preparation V

Column type

Bed volume

Flow rate

Sample

- K 25/+S (eharmacia)

I .96

28 ml/hour

Isoenzyme #1 fraction from step 4 contained
I.42 g protein with 2946 units of uridine
phosphorylase activity.

Linear consisting of 500 ml of buffer (0.02 M
K Pi, pH 7.O + 10 mM 2-mercaptoethanol + I mM
EDTA) and 500 ml- of 0.2 M KCI in the same buf fer.

Gradient

fractions;
and recovery
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Uridine was used as the substrate in the assays of column fractions;
the horizontal arrow indicates the fractions that were pooled for subsequent
purification. Recovery of activity was 90.5I%"

Elution profile of isoenzvme #2, preparation V
from DEAE Sephadex, pH 7.0 column.

FIGURE 6

Column type - K 25/45 (eharmacia)

Bed volume 171 m1

Fl-ow rate

Sample

Gradient - Linear consisting
K Pi, pH 7.0 + 10
EDTA) and 500 mI
buffer.

26.5 ml,/hour

Isoenzlzme #2 from step 4 contained 5.42 g
protein with 2O77 units of uridine phos-
phorylase activity"

of
mM

of

50O ml of buffer (0.02 M
2-mercaptoethanol + I mM

0.15 M KCI in the same
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Uridine was used as the substrate in the assays of column fractions.
Column (1), (2) and (3) were connected in series by means of Pharmacia flow
adapters and upward flow was used. Five ml- of 0.2% bLue dextran 2000 solution
in 0.O2 M K Pi, pH 8.0 + 1 mM EDTA + 10 mM 2-mercaptoethanol was used. The
elution buffer was O.O2 M K Pi, pH 8.0 + t mM EDTA + 10 mM 2-mercaptoethanol-
The horizontal line indicates the fractions that were pooled for subsequent
purification- Recovery was 95.72%.

FIGURE 7

Sephadex gel filtration of isoenzvme #1, preparation V"

co]umn types ft) K 25/45 (2) 2S/]-OO (3) 25/45 (eharmacia)
In serres.

Bed vol-ume

Sephadex gels

Flow rate

Sample

171- ml- + 367 .5 ml + L7L.5 ml- = 710.5 mI

(1) c-200 (2) G-1s0 (3 ) c-1oo

10 mllhour

9 ml of isoenzlzme #1 fraction from step 5
contained L.O4 g proteín and 2774 units of
uridine phosphorylase activity.
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Uridine was used as the substrate in the assays for the column
fractions. col-umn (1), (2) and (3) were connected in series by means of
Pharmacia flow adaptors and upward flow was used. Five ml of O-2% blue
dextran 2000 sol-ution in 0.O2 M K Pi, pH 8.0 + 1 mM EDTA + 10 mM 2-mer-
captoethanol was used. The elution buffer was O.O2 M K pi, pH B.O + l- mM
EDTA + 10 mM 2-mercaptoethanol. The horizontal arrow indicates the fractions
that were pooled for subsequent purificatíon. Recovery was 90.32%.

FÏGURE 8

Column types (1) 25/LOO

soenz

Bed vol-ume 367.5 + I7I.5 + 171 .

Sephadex gels

Flow rate

Sample

(1) c-200 (2) c-150

6 mL/hour

4.2 mI of isoenzyme #2 fraction from step 5
contained O.2B g protein with IB9B units of
uridine phosphorylase activity.

(2) K 25/45 (3) K 25/45 in series.

i)i

i:

5 - 710.5

(3 ) G-1s0
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Uridine was used as the substrate in the assays of column fractions"
The horízontal line indicates the fractions that were pooled. Recovery was
77 .86%.

FTGURE 9

Chromatoqraphv of isoenzrzme #2, preparation V
on hvdroxvapatite, pH 7.3.

Column type

Bed volume

Flow rate

Sample

- R 25/45 (Pharmacia)

152 ml

25 ml/nour

22 mI of isoenzyme #2 fraction from step 6
containing 75 mg protein with 1676 units of
uridine phosphorylase activity.

Gradient Linear consisting of 500 ml of O.O2 M K Pi,
pH 7 .3 + 10 mM 2-mercaptoethanol- and 500 ml-
of 0.2 M K Pi, pH 7.3 + 10 mM 2-mercaptoethanol.
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Uridine was used as the substrate in the assays of the column fractions.
The horizontal arrows indicate the fractj-ons pooled. Recovery was 86.99%.

FTGURE 10

Chromatoqraphy of isoenzr¡me #1, preparation V
on hvdroxvapatite pH 7.3.

Column tlzpe

Bed volume

Fl-ow rate

Sample

- K 25/45 (Pharmacia)

L37 .2 mI

22 ml/lnour

Gradient

28.5 ml of isoenzyme #1 from step 6 contained
236.5 mg protein with 2609 units of uridine
phosphorylase activity .

Linear consisting of 500 ml of 0.02 M K Pi,
pH 7.3 + I0 mM 2-mercaptoethanol and 500 mI
of 0.1-5 M K Pi, pH 7.3 + 10 mM 2-mercapto-
ethanol.
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FTGURE II

Stabilitv of isoenzrnnes at 50oC. 
,

TRfS 23 yg of isoenzyme #1 or 4 -4 ¡tg of isoenzyme
#2 was preincubated in 5OO ¡tI of 0.05M 'Iris-HCl- buffer,
pH7.Oat5Ooinstopperedtesttubesforthetimesspecified
following which the samples were immediately immersed in :

an ice bath. The rest of the ingredients required for the
aSSayofuridinephosphoryIaseactivityweIethenaddedto
eachtube.TherestofassayprocedurewaSaSdescribedin
"Methods " .

Pi Similarly for heat treatment in the presence r
of phosphate, either 23 yS of isoenzyme #1 or 4.4 pg of i
isoenzyme #2 were preincubated in 500 ¡t of O.O5 MKPi, pH
7.O in glass stoppered test tube at 5Oofor the times specified.,:
The rest of the procedure was same as in the samples pre-
incubateC with Tris.

llLuo(-co'e l"uoJ' aâ r"Á'A"*li
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FTGURE L2

Ë-_gptimum of isoenzvme .

Either 8.4 ¡.9 of isoenzyme #l- or B.B yS of iso-
enzlzme #2 was used for assaying uridine cleavage at al-1 pH
values. The assay system consisted of I50 ¡.tI of t M K Pi
adjusted to the required pH value, as well as either L5O *ù
of lM acetate buffer (for pH values of 6.0-+ 6.5) or tris-
HCI buffer (for pH 7.0 and above) or Tris-HCl buffer in
addition to l-5O ¡^L of I M glycyl glycine (for pH values of
8"0 + 9.s).

Incubation was for t hour at 37o and the rest of
the procedure was the same as that described in the Methods
section.
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FIGURE 13

pKm and log Vmax at _different pH vafues; calculated from
double reciprocal ptots of initial velocity against variable
uracil concentration and saturating levels of ribose-1-
phosphate (0.533 mM) .

The standard assay system was adjusted to the
required pH by either L5O ¡uI of l- M acetate buffer (pH

6 to 6.5) or f 50 ¡1 of I M rris-HCI (pH 6.8 to 9) - rifty
¡,l1 of glycyl-glycine was also present at pH values above
8.0. The uracil concentration was varied over the range
of 0.033 mM to 0.5 mM at each pH value. The same amount
of isoenzlzme #l @3 yg protein) was present in every case.

The dotted lines are extrapolations of the slopes
of the bends in the graph. The point of intersection is
taken as the value for pKe, pKes or pKs where:

pKes - pH at which an enzyme substrate complex
is half ionized.

pH at which a group in the enzyme or sub-
strate is half ionized.

pKe )
px= J
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FTGURE 14

pKm and log Vmax at diffeqent pH values; calculated from
double reciprocal plots of initial- velocity against variable
deQxn¡ridine concentratj_on and saturating levels of phos-
phate (0.116 I{).

Deoxyuridine was varied over the range of 0 -33 mM

to 0.66 mM. The same amount of isoenzyme #2 (6-6 ¡tg of
protein) and 0.116 M K phosphate was present in every case.
Adjustment of pH and the rest of the procedure was as
described for Figure 13.
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FTGURE I5

pKm and loq Vmax at different pH values; calculated from
double reciprocal plots of initial velocity against variable
uridine concentration and saturating levels of phosphate
(0 .116 I't) .

The procedure was simil-ar to that described for
Figure L4. The uridine concentration was varied from 0.0f6
mM to 3.33 mM. 6.6 yg of isoenzyme #2 and 34.5 1-rg of
isoenzyme #I was used for every test.
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,r.riab1e substr:ate and phosphate as the non-variable substrate at ÞH 7.4.

The standard assay medium contained isoenzyme #1 purified 574 fold
from step 7, (34.51^g protein) in 1.5 ml along with 0.1 M Tris-HCl buffer,
pH Z.¿ ana tne othår ingredients as described in Methods. Uridine was varied
from 0.066 mM to 0.66 mM at different levels of phosphate which were 0-33 mM

(^-^
( x_ x_x) .

La1

^) , 
0.99 mM (O-Ð--cl-i , 1.99 mM ( -u-E-tr- ) and 5.0 mM
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The standard assay medium contained isoenzlzme #2 (purified 1400 fold)
from step 7 (6.6 tg protein) and 0.1 M tris-HCl buffer pH 7.4, along with the
other ingredienté described in Methods section. Uridine was varied in the
range of 0.066 mM to 0.66 mM concentration at different levels of phosphate,
which were 0.33 mM ( v------+-v- ), 0.99 mM (O-O- ), 1.99 mM (o-+-g-
and 5.0 mM (x--><-x). Ka of phosphate was cal-culated from the replot of
intercept against reciprocal of phosphate concentration.
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A The standard assay medium contained isoenzlzme #1 (purified. 574
fold) from step '7, (34.5 /-g protein) and 0.1 M Tris-HCl buffer, PH 7 "4 aLong
with other ingredients described in the methods section. Phosphate was varied
over a concentration range of 0.166 mM to 2.5 mM at different levels of uridine
which were 0.1 mM ( n-+-tr- ) , 0.166 mM ( ^-4--^-) , 0.33 mM (O-O-O-+
and 0 .66 mM (x---N-x ) "

The replot of intercept against the reciprocal of the uridine con-
centration gave Kb of uridine (horizontal intercept) and the V under the con-
ditions of the experiment.

The replot of the slope against reciprocal of the uridine concentration"
gave Xa/V at the vertical intercept and from this it was possible to calculate
the Ka of phosphate.

B - Derivation of Ka from the replot of slopes from the double
reciprocal plot of initial velocity against phosphate concentration.

FIGIIRE 18 A and B

Determination of Kb of uridine and Ka of
phoschate for isoenzrÆe #1 at pH 7 -4 -
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Rate equation for ordered Bi Bi when

B = uridine.

V ABI

P=orQ=o,A-PhosPhate,

Plot intercept aSainst I

L64

FIGURE 18 B

KiaKb+KaB+KbA+AB

1 KiaKb Ka Kb 1
=!-f-¿-v VAB VA BV V

t.l

1

B
I
Kb

*. (,.#) +

intercept

111. Plot : aBainst ¡

L / KiaKb x"\
" = \ v" -v )

slope

Plot slope asainst fi

112. Plot - ae;ainst 5

1 = 1 /t<taxn. Kb\ (^"* r\ Iv = B \ vÃ-. v ) 
. 

\ o * t/ v

slope intercept

I
B

iì

lKb_r-
V,VB

Intercept in this case did not change significantly.
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The standard assay medium contained isoenzyme #2 (purified 1400 fo1d,
6.6 fg protein) and 0.1 M tris-HCl buffer, pH 7.4 along with the other in-
gredients described in the methods section. Phosphate was varied in a con-
centration range of 0.166 mM to 2.5 mM at different levels of uridine which
were 0.1 mM ( tr-+-cl- ) r 0.166 mM 1a--À-^-) 0.33 mM ( O-O---O-) and
0.66 mM ( x-N-x- ¡. The Kb value of uridine for isoenzyme #2 was calculated
from a replot of intercepts against the reciprocal of uridine concentration.

FIGURE 19

Determination of Kb of uridine for isoenzyme #2 at PH 7.4.
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The standard assay medium had 574 fold pure isoenzlzme #1 from step 7

(23 Vg protein) in I M tris-Hcl buffer pH 7.4 along with other ingredients
described in the methods section. Uracil concentration was varied from 0.033 mM

to 0.33 mM at different levels of ribose-l-P which \^rere 0.033 mM ( o-e--o-),
0.066 mM( a---a-^- ), 0.133 ( O-O-O-), 0.2 mM 1><-x-x) and 0.4 mM

( tr-n-E-) "

Initial velocitv studies with variable uracil
at different levels of ribose-l-P.

FTGURE 20 A
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FTGURE 20 B

Initial velocity studies with variable
uraci] at different levels of ribose-l-P.

This experiment was simil-ar to that described in
Figure 20 A, however, the enz)zme (#f 1 used was from pre-
paration V that had been stored frozen for 6 weeks.

Ribose-l-P concentrations were .066 mM (e--e-o),
O .133 mM ( n-.o_¡l , 0 .2 mM ( x--¡e--F) and 0 .266 mM

( o-o-o-) .
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h¡-j
The standard assay mediumrr,574 fold pure, 6 weeks old, frozen isoenzltme

#I (461^g protein) in 0.1 M tris-HCl buffer, pH 7.4 along with other ingredients
described in method section. The ribose-l-P concentration was varied over the
range of "033 mM to 0.4 mM at different levels of uracil which were 0.01 mM

( n-a-tr-), 0.02 mM (x--x-x-), 0.026 rnM (O-O--Oì and 0.033 mM( A-A--^-)
Kp of uracil was calculated from the replot of intercepts against uracil- con-
centration.
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at different levels of uracil with isoenzvme #2"

The standard assay medium contained isoenzlzme #2 purified 1400 fold
from step 6 (3.3 pg protein) in 0.1 M tris-HCl buffer along with other in-
gredients described in the methods section" Ribose-I-P concentration was

varied in the range of 0.033 mM to 0.5 mM at different levels of uracil which
were O.l mM ( a--a-Ë), 0.2 mM ( n-n-n-) and 0.166 mM ( O-O-Oì "

Plot o al velocit

FIGURE 22
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FTGURE 23

Determination of Kg of ribose-I-P for isoenzvme +2.

The standard assay medium contained isoenzyme #2 purífied l44O fold,
(4.4 Fg of protein) in O.I M tris-HCl buffer pH 7.4 along with other ingredients
desclibed in the methods section. uracil was varied from 0.033 mM to 0-33 mM

at different levels of phosphate whích were 0.066 mM (><---><-->+¡, 0'1 mM

( A-_-^-^J , O .2 mM 1 o-n-o-) and O .133mM ( O--O-O- ) "

Kq of ribose-l-P was calculated from a replot of intercepts against
ribose-I-P concentration.
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Electrophoresis was performed according to the procedure described
in methods. For isoenzlzme #1 the sample contained 15.6 7ug protein from step 7

preparation V in 60 7ll- of 4% sucrose * O.O4 M K Pi buffer, pH 7.0 + (diluted
20 fold) tracking dye concentrate isoenzlane #2. For isoenzlzme #2 the sample
contained 2I.L ¡rg protein from step 7 preparation V in 50 yI along with other
ingredients described for isoenzyme #1.

t proteins on the gel were fixed in L2.5% Trichloracetic acid and
stained with 0.005% solution of coomassie bIue.

Ðen
disc qel electrophoresis at pH 8.3 Ln lle SçI-

The junction between the spacer and separation gel was marked by a

piece of wire after the ge1 was placed in the holder for densitómetric tracings
in a Joyce Loebl Chromoscan with red filter and cam C-

Relative mobility (Rm) is the ratio of the distance of the peak from
the origin to the distance of the distance of the tracking dye front- The area
under the peak was determined by an integrator and is given by the number on
the horizontal- line under each peak.

FIGURE 24
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FIGURE 25

Detection of enzrrme activitv after disc qel
electrophoresis with 7% qel- at pH 8.3 or pH 7.0.

The samples applied were the same as those des-
críbed for isoenzlzme #l in Figure 24. The gels were stained
for enzlzme activity as described in the methods section.

i:;
l

a uridine as substrate

b - deoxyuridine as substrate

Electrophoresis
at pH 8.3

c - uridine as substrate Erectrophoresis
d deoxlruridine as substrate at pH 7'0

ìì

-1:
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FTGURE 26

Detection of rotein bands of aqed
el electrophoresis

was similar to that
rations after dlsç at pH 8.3

The procedure described

A - Fresh isoenzlzme #1.

B - Fresh isoenzlzme #2.

T - Fresh isoenzl'me #1 in Tris buf fer, 10 % geL

b' and d' - Electrophoresis at pH 7.0.

c' - #Z enzlzme I week oId.

r-n

IN

Figure 24.

Isoenzlzme #1 Samples contained 26.45,/rg of ^protein from

step 7 , preparation v, which had ¡- J át -40oc (a) 0 '05 M K

pholpfratã ¡,rff"t pH 7.0 for 7 we< or 'r' (b) 0'05 M Tris-
HCI buffer PH 7-O for B weeks'

Isoenzym e #2 Samples contained 48 l,Lg ùf protein from

step 7, preparation v which had aged at -4ooc (c) 0'05 M K

phosphatã ¡rrtt"t ¡'H 7.0 for 7 weeks or in (d) 0'05 M T'ris-
HCl buffer PH 7-0 for B weeks'

Theproteinbandsonthegelswerefixedinl-2.S%.
Trichlor-*acetic acid and stained with O"OO5% coomassie blue'
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Isoenzlzme #1 fraction from step '7, preparation V was aged in 0.05 M
Tris-HCl buffer pH 7.0 at -4OoC for B weeks when all the activity was l-ost.
A portion of thís enzyme was reactivated at,room temperature with 0.075 M
2-mercaptoethanol in 0.05 M K Pi (pH 7.0) for 90 min. Samples contained 115
fg Frotein of reactivated enzlzme, when the gels lrere stained for activity with
uridine as substrate or 46 /*g of protein of the aged enzlzme when stained with
eoomassie blue for the protein bands"

Electrophoresis was performed at pH 8.3 with 7% gel- as described
for Figure 24. The bl-ue filter and Cam C were used for obtaining tracings
of gels stained for activity while the red filter and cam c were used for
gels stained wíth coomassie blue for proteins.

FTGTIRE 27

Densitometer tracinqs of isoenzyme #1 aqed
in 0.05 M Tris-HCl- pH 7.0.

(i) Stained for activity"

(ii) Stained for proteins.
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Tsoenzlzme #1 fraction from step 7 preparation V was aged for 7 weeks
at -4OoC in 0.005 M K phosphate buffer pH 7 .O. Samples contained 46 lg protein
of this aged preparation per gel "

FTGT.IRE 28

Densitometer tracinqs of isoenzyme #l aqed
in 0.05 M K phosphate buffer.

Electrophoresis lvas performed with 7% ge:. at pH 8.3,
for Figure 24.

Uridine was the substrate when the gels were stained
and coomassie blue was used for staining of protein bands.

Filters and Cams were as described in Figure 27 "

as described

for activity
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Isoenzlzme #2 fraction from step 7 preparation V was aged at -40ocfor 1 and 7 weeks. Samples contained 48¡tg protein from this fraction. Electro-phoresis was performed at pH 8.0 with 7% gei' as described for Figure 24.

(i) stained for activity with uridine as substrate, enzyme aged for
7 weeks.

FIGURE 29

Densitometer tracinqs of isoenzvme #2 aqed
-lIr_0.O5 M K phosphate buffer pH 7.0-

(ii) stained for protein with coomassie blue, enzyme aged for 7 weeks.

(iii) stained for protein with coomassie blue, enzlzme aged for l week.
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FIGURE 3O

Effect of qel concentration on relative
mobilities (Rm) of uridine phosphorylase

isoenzr¡mes and thvmidine phosphorvlase 
"

Electrophoresis was performed with different
acrylamide concentrations at pH 8.3"

Samples applied to the gels were either 22O /,Lgprotein of isoenzyme #l from step 4, or 23 .6 7-,g protein
of isoenzyme #2 from step 4 or 276 ¡xg protein of thymidine
phosphorylase from step 4. /

All gels were stained for activity with either
uridine as substrate for isoenzymes #I and #2 or thymidine
as substrate for thlzmidine phosphorylase.

The slope of the plot for each enzlzme fraction
shows the relationship between 1og Rm and gel concentration.
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FIGURE. 30
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Relationship between the slope values (for 1og Rm of marker proteins at
different qe1 concentrations) and molecular weight"

The electrophoresis was performed at pH 8.3 at different gel con-
centrations for each standard molecular weight marker. In these experiments
either 43 ,rrg of. apoferritin, 50 ,ug of catalase, 43 rttg of gamagl-obulin, 7L fg
of bovine serum albumin or 5 ¡tg of alcohol dehydrogenase in approximately B%

sucrose and tracking dye concentrate diluted 20 fold lrere used"

The slope values were determined as in Figure 30 after staining the
gels for protein with coomassie blue in all cases except for alcohol dehydro-
genase when the enzlzme band was stained for enzyme activity with tetrazolium
blue.

The standard curve was obtained by plotting the slope values of
marker proteins against their molecular weights 

"

FTGURE 31
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gTGURE 3 2

obtainedDeterminat.io of molecular Wqight of protein bands

on aqinq the isoenz\zme in 0.05 M Tris-HCl buffer at H 7.0"

ElectrophoresiswasperformedatpHB.3with
different gel concentrations using 26.45,þg proLein of iso-
enzlzme #l fraction from step 7, preparation V, aged in 0'05
M Tris-HCI buffer at pH 7.O for B weeks at -4OoC. The

protein bands were stained with coomassie blue and their
molecular weights were calculated from the sLandard plot
(rigure 31) .
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FTGURE 33

Determination-of molecuÌar-vreights of protein bands obtained
on aqinq in 0"05 M K phosphate buffer at pH 7.0.

Electrophoresis was performed at pH 8.3 with
different gel concentrations using 26.45 pg proLein of
isoenzlzme #l fraction from step 7 , prepaiation V, aged
in 0.05 M K phosphate buffer at pH 7.o for 7 weeks at -4ooc.
The protein bands were stained with coomassie blue and their
morecurar weights determined from the standard plot (rigure
3r) .
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FTGURE 34

Electrophoresis was performed at pH

gef " The samples contained 229 .Vg of protein
preparation ffI and contained both isoenzlzmes
stored in 0.05 M K phosphate buffer pH 7-0 at
concentration of 5.28 mg/ml at Ooc. The gels
for enzlzme activity with uridine as substrate -

8.3 with 4 Lo
from step 5,
Iand2
a protein
\^iere st.ained

B%

Appearance of active aqqreqates of uridine phosphorvlase
stored ín 0.05 M K PhosPhate P
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FTGURE 35

SDS gel electrophoresis and the
molecular weiqhts of subunits.

Electrophoresis was performed at room temperature
with LO% acrylamide gel at pH 7.2 containing O.I% SDS.

Samp1e treatment 2I5 ¡*L of each molecular weight
standards (l mg protein/nL) \¡/as treated with 25 pI of IO%
SDS + 5.pI 2-mercaptoethanol (or HZO) and 57I of 1 M Na Pi
buf fer pH 7 .2 in a total volume of 25O ¡l'I. The mixture was
incubated for 4 hours at 37oc with mild shaking. Fol-lowing
incubation 25 ¡.cI of the above mixture + 1 drop of glycerol
+ 5.¡t1- of 2-mercaptoethanol + 50 yI of 0.05 M Na Pi buffer
pH 7.2 with O.I% SDS was applied to gel columns"

At the same time , 2I5 pL of isoenzyme #1 (2.3 mg
protein,/ml-) or 2L5,,*L of isoenzyme #2 (4.8 mg/nl-) were
treated identically and similar aliquots were applied to
gels in duplicate. Another set of isoenzyme #1 and #2 was
treated identically except that 2-mercaptoethanol- was
omitted from the incubation mixture and also from the
samples applied.

The gels were fixed in 12.5% trichl-oracetic acid
overnight and then stained with coomassie blue.

Gglb, ganmaglobulin; Salb, serum albumin; Oalb, ovalbumin;
Chym, chymotrypsinogan; MgIb, myoglobin; Hb, haemoglobin;
Cyto C, cytochrome C.

{-lncomplete destaining

O- Mercaptoethanol absent, 
.

M- " present.
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FTGURE 36

Densit) qradient centrifuqation of isoenzwne #1 in the presence of 0.33 M

KCl and 0.05 M Tris-HCl buffer pH 7.0"

The gradient was linear from 0 to 18% sucrose (in 0.33 M KCI + 0"02 M

2-mercaptoethanol + 0.05 M Tris-HCl pH 7.0 + 1 mM EDTA). Either 2OO ruL of
enzyme in 0.05 M tris-HCl buffer or 2OO 7I of standard (either 2 mg myoglobin,
2 ,"g Cytochrom C or 25O p-g alkaline phosphatase) were layered on each 5 ml
gradient. The tubes were centrifuged for 16 hours in a SW50.1 swing out bucket
rotor and 16 fractions were col-lected by means of a drop counter.

ALPH

UP

MGLB

CYTO C

alkaline phosphatase -> assayed for activity with p-nitro-
phenyl phosphate as substrate.

uridine phosphorylase ---+ assayed for activity with uridine as
substrate.

myoglobin -----+ determined by absorbance at 45O m¡.

Cyto chrome C --+ determined by absorbance at 45O ny"
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Densitv qradient
phosphate buffer

The gradient was linear from 0 to 18% sucrose (in 0 .2 M K Pi pH 7.O +
O.O2 M 2-mercaptoethanol + 0.05 M Tris-HCl, pH 7.0 + 1 mM EDTA). gither 2OOy-I
of uridine phosphorylase in 0.05 M K Pi buffer, pH 7.O or with 2OO 7-I standard
(either 25O yg al-kaline phosphatase, er l-3.47^g alcohol dehydrogenase, or 2 mg
chymotrlzpsinogen) were layered on each 5 ml gradient. The tubes were cen-
trifuged for t6 hours in a SI^i 50.1 swingout bucket rotor following which 16
fractions were col-lected by means of a drop counter.

qentrifugation of isoenzyme #1 in the presence of
pH 7.0 .

FTGURE 37

ALDE

ALPH

UP

CHMO

alcohol dehydrogenase -à assayed for enzlzme activity with
ethanol- as substrate -

al-kaline phosphatase --) assayed for activity with p-nitro-
phenyl phosphate as substrate.

uridine phosphorylase -è assayed for activity with uridine
as substrate.

chlanotrypsinogen å determined by Warburg and Christians
method (67) .

0.2 M K
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FTGURE 38

Densitv qradient centrifuqation of isoenz\¡me #1 in Tris-HCI buffer, pH 7.O"

The gradient was linear from 0 to 18% sucrose (in 0.05 M Tris-HCI
buffer, pH 7.0 + O.O2 M 2-mercaptoethanol + 1 mM EDTA)" Either 2OOyI of
uridine phosphorylase in 0.05 M Tris-HCl- buffer, pH 7.0 or 2OO ¡*T of standard
protein (either 25O ,c'-g alkaline phosphatase or 13.4 ¡g alcohol dehydrogenase
or I mg of haemoglobin) were layered on each 5 ml gradient" The tubes were
centrifuged for 16 hours in a SW 50.1 swingout bucket rotor following which
16 fractions were collected by means of a d.rop counter "

ALPH

UP

Hb

alkaline phosphatase 
-> 

assayed for activity with p-nitro-
phenyl phosphate as substrate"

uridine phosphorylase 
-> 

assayed for activity with uridine
as substrate.

Haemogloþi¡¡ ;2 determined by absorbance at 400 g,u.
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F]GURE 39

A Uridine concentration stud in the transferase
reaction between uracil 2-CL+ and uridine

The standard assay medium contained 0-l014mo1es
of uracil 2-cL4 @-o6¡c'i) , o'oo8y'tmoles of K Pi (pH 7'o)
and 9.5 /\Lg enzlzme protein from step 7 , preparation IV
(isoenzlzme I and 2 both present). Incubation was for 30

minutes at 37oc.

B - Doubl-e reciprocal plot of velocitv aqainst
uridine concentration, when l-.6 mM phosphate 1a-a-a-)
was present in the assay system, oT when 0.033 mM ribose-l-P
and 2.0 mM uracil (O-O-OJ was present"



' 
sr-

186

FIGURE -39

URAC I L-2 cla+u n I o I N E :ì U p I D I N E-2 C14+ unacl t-

A

fl

tr

t

o- o.E r.ø

mM UR¡EINE

t-
oI
Lt-t

t
S-o.:tr'
\"o
o
o
tnc
o

bo.
Çl
'õ
o
Ð
.n

_o
o

=)

!-
t)
o
IJJ)¡s

48
',1

o

B V

mM URIDIN E



IB7

FIGURE -40

t-
rJI
IIJ

t-
(J
o
LJ-r

URAC I L-2 C14+ UR tO lN E *; UR I D I NE-2C14.¡ URACT L

MM URACIL

/"
-4

I
lTffi URACIL



1B7a

F]GURE 40

A Uracil concentration stud in the transferase
reaction between uracil 2-Cl4 and uridine.

The standard assay medium contained 0.199¡-rmoles
of uridine, variable uracil-2-C14 of constant specific
actívity (0.19 34¡.ûi per.¡mole uracil) and 9-5 ¡tg enzyme
protein from step 7 preparation IV (isoenzlane 1 and 2 both
present). Incubation was for 30 minutes at 37oc-

Independent background radioactivity had to be
determined in the uridine spot for every concentration of
uracil- used.

B - Double reciprocal- plot of vel-ocitv aqainst
uracil concentration, when I.66 mM K phosphate pH 7.0
(V--v-v) or 0.033 mM ribose-I-P (O--O-O) and 2.0 mM

uridine was present.
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FIGURE 4I

A - Enzrzme concentration studv of the transferase
reaction

The standard assay medium contained O.3OI4mol_e
uracil--2-cL4 (0.06 /rCL) , O.l99rumo1e uridine and 0 .OZS

¡mole of K phosphate buffer pH 7.0. The enzyme fractions
used contained 4.75 ¡..r-g, 7.L2 7tg, 9.51^9, lf .87 ¡tg and
L4.25 fg protein from step 7, preparation IV in which both
isoenzyme I and 2 were present. fncubations were for 30
minutes at 3 7oC. See methods section for other detaits.

B - Time studv of the transfer between uracil and
uridine.

The standard assav medium contained 0"199¿tmole
of uridine , O.LOIymo]e of irraciL-2-cL4 (0.06 /-(CL) ân¿ 9.5
¡tg enzyme protein from step 7 , preparation TV, in which
both isoenzlnne I and 2 were present.

Incubations were at 37oC for different lengths of
time.
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FTGURE 42

A - Effect of phosphate concentration on the
transfer between uracil and uridine.

iThe standard assay medium contained 0.199¡emole ,:

uridine , O.299/mole uracil- (0.Oølt{i) , L9 /^g enzyme protein
from step 7 , preparation TV, which had both isoenzlzmes I 

,

and 2 present. The phosphate concentration ranged from
O.0266 mM to 0.399 mM.

B - Doubl-e reciprocal- plot of vel-ocity against
phosphate concentration. The assay conditions are as des-
cribed in A above.

C - Effect of hiqþ concentrations of phosphate on
the transfer between uraci] and uridine.

The assay conditions !üere as described in A
except that the phosphate concentration ranged from 16.6
mM to 166 " 6 mM.
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FTGURE 43

Transfer between uracil-2-Cl4 and uridine at
dif ferent l-evels of phosphate and variabl-e uridine.

:.j

A - Doubl-e reciprocal plot of velocity against I
uridineconcentration.-ThestandardaSSaymediumcontained
O.zO2¡moJ-e uracil--2-cLA rc.L.þCí), 4.6 /ug protein of iso- Ì
enzlzmê #1 fraction obtained after step 7 , preparation V; r
uridine concentration was varied from 0.066 ¡¡iM to 2.0 mM, :

at different levels of phosphate which were 0.033 mM
(s-6-6), 0.1 mM (x--x-x), 0.2 mM (_n_O ) and .

0 .66 mM ( v-v- v-) .

B - Replot of vertical intercepts against phos-
phate concentration 

,

c-DerivationanddefinitionofhorizontaIin-
tercept (Kii) of replot in kinetic terms. Calculated value '

of Kii i¡,¿as obtained for phosphorolysis from Ka and Kip
values published previously (10) 

"
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FIGURE 43 C

Rate equation for
Yt Yz

Bi Bi (r28)
PQ.
neq

ordered

(AB_
V= I(ia Kb VZ + Kb V2 A + Ka Y, B + Y,

vrPQ KqvtAP KavrBQ
' Keq Kia Keq Kiq

AB+KqVrP I{pV1 Q

Keq' ' Keq

v2ABP VI BPQ
Kip - Kib Keq

*
P'

V=

[UracÍI 2-C74]--]s furidine] transfer, with e (Ribose-I*p) - O.

vlv2AB
Kia Kb V2 + Kb A VZ+ Ka B Yr+ A B Y, + A B P Y,

Kip

KqVrP KqVTAP
' Keq Kia Keq

KqP
Kia Keq B V,

1

v

1

v

Kia Kb Ka
VA

1

I
a_.V

I
Kb

!-f.VR
I

/*r^ no Kbt-f,-¿

\v, a n u,_

)
+1/ rip

\P

P*x.pr1 *

I
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I
V

KqP
A Keq V,

Plot asai.nst fi -+ slope

Replot ïntercept against (A is phosphate)1

Ã

At pH 8.1
for uridine
phosphorylas

(10) for
phosphoryls i

Ka (phosphate) = O.349

Kip (uracil at lorv
phosphate) = 0.315 mM
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I
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FIGURE 44

A - Effect of ribose-I-p on the transfer between
uracil and uniforml-v Jabel_led uridine.

The standard assay medium contained O.2gg r,",,moleof uracil + 0.2¡tmol-e of uridine-Jg (O-25yCí), and 19 ¡_tgof enzlzme protein from step 7 , preparation rv which coá-
tained both isoenzlzmes r and 2. The ribose-r-p concen-
trations were from 0"0166 to 16 mM.

B - Doub1e reciprocal- plot of vel-ocity against
ribose-1-P concentration.

C - Effect of deoxyribose-I-p on the transfer
between deoxlruridine and thymine 

"

The standard assay medium contained 0.5 ¡.rmoIesof uniformly labei-led deoxlzuridine (O.25 ,,Ci), 0.á pmole
of thlnnine and 19 yg of enzyme protein rlom step I i pre-
paration IV which contained both isoenzlnnes I and 2 (g.-g-9)
The same assay medium was used for the assay with thlanidine
phosphorylase fraction after step 4 ( a-4-¡- ¡ .
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FIGI..'RE -45
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FIGURE 45

Effect of uracil on transfer betw""., 32pi to ribose-l-P.

A Enzlzme concentration study in the presence or
absence of uracil.

The standard assay medium contained 0 .5 ¡,cmole
(O.23 /*'j,L) of 32Pi, 0.5¡mo1e of ribose-l-P and O.OZ ¡v-mole
of uracil (x--x-x) or no uracil (O-O-O) as well as
11.5 fg Lo 69 yg of protein of Ísoenzl'me #l- fraction ob-
tained after step 7, PreParation V.

B Effect of variabl-e uraci] or, 32ni to ribose-I-P
transfer "

The standard assay medium contained O.25 7umo1e
(0.23 lrcL) of 32Pí, O.2s¡mo1e of ribose-l--P and 46 rug of
protein from isoenzyme #f fraction after step 7, preparation
V" Uracil concentration was varied from 0.133 mM to O.66
mM.



,:i:.1::.:;: *::-,2:i:i-*{::ì
I

195

FIGU!ìE -4ó

AñEC HAN Ë5M OF P¡.OOsPHOR.O!"Ys¡5 OF UR[Ð[NE

AT pFå E'O

D

ALTERSüATE BIFUDENG S¡TE



196

FIGURE - 46
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ELECTRONM]CROGRAPH Ï
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ELECTRONMTCROGR.APH TTT
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