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PURIFICATÏON OF URIDINE PHOSPHORYIASE OF RAT LIVER, SUI,FHYDRYL GROUP

MODIFICATION, AND INITIAL VEI.OCITY AND PRODUCT INHIBTTION STUDIES

by

This study entailed the purification of uridine phosphorylase

(uridine:orthophosphate ribosyltransferase, E.C. 2.4.2.3) from rat liver

homogenates. With the aid of heat treatment, DEAE-Sephadex, Sephadex

G-20O, and hydroxylapatite chromatography, â 1,900-fo1d purification of

the enzyme was achieved. By disc ge1 electrophoresis, this preparation

was shown still to contain two major bands. Certain properties of uridine

phosphorylase such as, the pH-activity relationship, molecular weight,

transferase activity, and stability were investigated.

Arthur Kraut

ABSTRACT

The initial velocity patterns of nucleoside cleavage and uridine

synthesis, and the product inhibltion patterns of uridine cleavage were

consistent with a kinetically ordered mechanism which has a ternary

eomplex and in which phosphate and CX-ribose-I-phosphatecombi-ne with the

free enzyme. Uracil inhibited uridine and deoxyuridine synthesis with

50% inhibition occurring at a concentration of about 1 mM.

Aged purified preparations can be substantially reactivated with

2-mercaptoethanol or dithiothreitol. Various studies were done with seven

sulfhydryl reagents including time, concentration, and pH studies. The

results suggest that uridine phosphoryl.ase has at least one sulfhydryl

group at or near its active site.

A model for the mechanism of urldine cleavage is presented.
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It is well to remember, however , that though these practical
benefits of biochemistry have been great, and promise to be greater,
they are the result of studies largely undertaken for thelr oriln sake,
rather than as consclous attenpts to cure a disease or to increase a
crop.

Fruton and Simmonds
in

t General Blochemistry I

SECTION T

INTRODUCTION



Uridine phosphorylase (E.C. 2.4"2.3") eataLyzes a reversible

transfer of rlbose or deoxyrlbose from certain pyrimidine nucleosides

to inorganic phosphate. A typical reaction is ilrustrated berow in

whlch urldine is the nucleoslde:

A. ORGANIZATION OF TITE TIIESIS

HoHzc.h/
1-1

oll-
Íl -F
\N/ \-- O

OH OH

uridine

Thls thesls on uridine phosphorylase is divided lnto three major

sectlons:

(1) Purification and properties

(2) Sulfhydryl group modiflcatlon studles

(3) Initlat veloclty and product inhibitlon studies

A search through the literature has revealed that only a few

papers have been pubrished on these topics. These papers will be dis-

cussed in some detail ln the appropriate sectlons, although a synopsis

of recent papers on urldine phosphol'yrase is given berow. For the pur-

pose of orlentation this sectlon will also include a classification of

nucleoside cleavlng enzymes, and some comments on the metabolic role of

nucleoside phosphorylases.

o
ll

+ o-P -o
f
OH

o
lr

/\
It ^f, +
\'qz+ o

È. Fi

- + Ho-Hc -ø@\¡(H) e- --"'¿--" 
\*ilonor"OH OH

inorganic
phosphate

uracil d-ribose-1 -phosphate



The latest survey of phosphorylases (1) and nucleoside phos-

phorylases (2), in particuLar, was published in 1961. Since this tlme

more detailed studies have been published on nucleoside phosphorylases,

i.e. purine nueleoside phosphorylases (3-7), th¡rrnidlne phosphorylases

(8-12), and uridine phosphorylases (7, 13-21) "

Up to 1960 the studles of urldine phosphorylase were primaril$

concerned with the role of this enzyme in metabollsm (22-27). The

studies appearing since 1960 can be annotated in the following way;

purification (7, 13, L4, 28); classiflcation (fS¡t induction and re-

generating liver experiments (16-19, 29); enzyme activlty with analogues

(13, 20,21-,30-34); klnetlcs (13,35). Thus, perhaps five of these

papers (13, L4,19, 26,35) are of direct importance to thls partlcular

study, although comparisons are made with certain polnts in other papers

(22, 25, 27) .

2. Classification of Nucleoside Cleaving Enzymes

Since the 1936 studtes of Cori and Cori the name rphosphorylaser

has become a generlc term for all enzJrmes that catalyãe the cleavage of

their organic substrates by a phosphorolytic meehanlsm (36). These

enzymes are the prineipal ones, lf not the only ones, for the c1eavage

of nucleosides in mammalian tissues. Transferases and hydrolases are

the tivo other major classes of nucleoside cleaving enzymes in llving

matter.

1. Recent (1960*1969) Studles on'Uridj-ne Phosphorylase

B" LITERAîTIRE RE"VTEW

-e-



a) Phosphorylases

i) Uridine phosphorylase, thymidine-phosphorylase, and purine

nucleoside phosphorylase

Kalckar, in 1947, during his study of purine metabolism (32) in

mammalian tissues, \.vas the first to suggest that phosphorolysis of

nucleoslde linkages may be of universal significance in nucleic acid.

metabolism" rn 1954, Friedkin and Roberts isolated a pyrimidine cle-

oxyribosyl phosphoryrase from horse river', which they named lthymidine

phosphorylasel (38). Two years earlier, holever, paege and schlenk had

studied a pyrimidine ribonucleoside phosphorylase from Escherichia coli

-4-

(27) " They named it rrrridine phosphorylaser, br-rt its specificity for

ribose-l-phosphate was not established" Later work showed that an

enzJ¡me isolated from E. coli had some activity, albeit fairly Iow, to*

wards deoxyuridine (one-third that of uridine) and thlnnidine (one-

twentieth that of uridine) (15) " For the enzJrme from mammalian tissues

some workers suggested that the name uridine-deoxyuridine phosphorylase

would be a more descriptive one (2O), since the enz5rme has high cleaving

activity towards urid.ine and deoxyuridine" Nevertheless, the systematic

name is still uridine:orthophosphate ribosyltransferase.

A classification of nucleoside phosphorylases incorpoz:ating in-

formation found in the literature up to this time (July, 1969) is

shown schematically in Figr:re tA. The sub-divisions given for uridine

phosphorylase and purine nucleoside phosphorylase should not be con-

sidered of universal significance yet, for only a few preparations from

different sources have been studied. Sti1l, nucleoside phosphorylases

are readily separable into two major groups based on the specificity of

the enzyme towards the nitrogenous base (t): those that are active with



purine nucleosides and those that are active with pyrimidine nucleo-

sides. The specificity of the enzymes also appears to be directed to-

wards the N-glycosidlc bond of the nltrogenous base since the pyrimidine

nucleoside cleaving enzJrmes cataLyze the formation and cleavage of 3-

pentosyr purines and the purine nucreoside cleaving enzJrmes of 9*pen-

tosyl purines (31, 32). partially purlfied preparations of uridine

phosphorylase can cata]-yze a reversi.ble reaction with 3-ribosylxanthine

(32) , the cleavage of 3-ribosyluric acid (15), and the synthesis of 3-

ribosyloxallopurinol (31). Thymidine phosphoryrase can catalyze a

reversible reaction rvith 3-deoxyribosylxanthine (32), and the synthesis

of 3-deoxyribosylallopurinol (31). These findings are consistent with

the observation that a pyrimidine ribonucleotide pyrophosphorylase,

purified 5,400 from beef erythrocytes, can arso accept purines as sub-

strates to form 3-ribosylnucleotides (89).

Pyrinidine nucleoside phosphorylases (Figure 1A) have been sep-

arated into a uridlne phosphorylase fraction and a thynidine phosphory-

lase fraction (14, 19). cytidine phosphorylase activity has not as yet

been detected. The separation of these phosphorylases from mammalian

tÍssue extracts was accomplished six years (14) after their separation

from extracts of E" coli (40) . These phosphorylases \'r'ere not further

purified after being separated and they were probably between l0-20

fold pure relative to the homogenate. In the initial separation from

rat liver by DEAE-cellulose chromatography (15), the uridine phosphory-

lase fractlon had significant activity towards three naturally-occurring

nucleosides, i.n the order uridine ¡ deoxyuridine )¡ thymidine, at pII

7"4. The thynidì.ne phosphorylase fraction, on the other hand, was

highry specific for the deoxyribosyl moiety, and the major substrates

-5*



$/ere deoxyuridj.ne and thymidine with uridine being cleaved to a very

smalI extent at pH 7.4 (data for rat liver thynidine phosphorylase was

not given) " The uridine phosphorylases were also grouped according to

their pH optimum for the phosphorolysis of uridine. Some tissue sorrrces

have an enzyme with a pH optimum of 8.1 (group A, Table r) , while others

have a pH optirnum of 6.6 (group B, TabLe r), The latter enzJrures were

posturated to act by a hydrolytic mechanism with phosphate acting as a

stabilizer rather than as a substrate. rt is now known, hov/ever, that

E. coli and guinea pig intestinal enz¡rmes operate phosphorolytically for

they have been shown to catalyze ïeverse reactíons with ribose-I-phos-

phate (3r); thermodynamically, a hydrolytic mechanism wourd. not be

easily reversed. In addition, the different pH optima found. for the

uridine phosphorylase fractions suggested to the authors (15) that the

enz)rmes in group A would be found in the nucleus of the cerl-, while

those in group B ivould be found in the cytoplasm. This relationship

between pH optirnum and intracellular location was not apparent for the

uridine phosphorylases of rat liver (to ¡e discussed below) (19).

certain features in the chromatograms in the paper by Krenitsky,

Mellors, and Barclay (15) bring up the question of whether uridine and

thymidine phosphorylases from different sources are separable to the

same extent by DEAE-cellulose chromatography (discussed again in sectlon

II E 2c).

(1) The relative activity of each enz¡rme fraction for the sub-

strates varied widely. For example, dog liver uridlne phosphorylase

had very high cleaving activity towards both uridine and thymidine

(ttrymioine phosphorylase activity was not detected), whereas in mouse

intestinar epithelium, uridine phosphorylase had eight times greater

-6-



activity towards uridine than towards thymidine.

(2) The rela'cive proportions of both enzymes varied widely.

For example, mouse liver had very high thymidine phosphorylase activity

and low uridine phosphorylase activity, whereas the reverse was true

for mouse intestinal epithelium. In Ehrlich ascÍtes celIs, a thymidine

phosphorylase fraction was not detected. Of course, it is quite likely

that the difference in distribution was due to the nature of the source.

(3) The relatlve posltion of the activì-ty peaks for the two

enz¡rmes from different sollrces changed (14, 15).

-7 -

DEAE-Sephadex chromatography separated a tat liver preparation

into three active fractions (19): a cytoplasmic uridine phosphorylase,

a cytoplasrnic th¡rmidine phosphorylase, and a nucLear uridine phosphory-

lase (it contained about LO% of the total uridine cleaving activity).

Recent work from the same laboratory, however, suggested that the Lattev

enzyme i.s localized mainly on the plasma membrane (Bose and Yamada, un-

published results). On the basls that they catalyze the same reaction,

are separated loy chromatography on DEAE-Sephadex, have similar pH

optima and substrate specificities, it was suggested that the uridlne

phosphorylases might be isoenzymes (19).

An anomalous pyrimidine nucleoside phosphorylase, partially

purified from fish muscle (7), catalyzed the phosphorolysis of uridine

and thymidine to about the same extent, but acted very slowly on de-

oxyuridine. Perhaps this is an indication of two very specific phos-

phorylases as found in E. coli; however, these activities were not

separable by DEA,E-cellulose chromatography (DEAE-Sephadex chromatography

was not used).



ir) Differentiation between uridine phosphorylase and thymidine

phosphorylase

The informatj-on available at the present time points to a number

of possible differences betr,veen these two enzJrmes, apart from substrate

speeifi city 
"

(1) Substrate specificity. Basically, uridine phosphorylase

is specific for the pyrinidine moiety of the nucleoside and thymidine

phosphorylase for the deoxyrlbose moiety (fS¡ 
"

(2) Order of addition of substrates to the enzyme (25, 35) 
"

This is discussed in the rlntroductiont to section IV"

(3) Transferase activity (tf, 35) " This is discussed in section

*8-

IB2b"

(4) Effect of inhibitors. Deoxyglucosylthymine inhibited the

uridine, deoxyuridine, thymidine creaving activities of a partiarry

purified uridine phosphorylase from Ehrlich ascites celrs. rt had no

effect on the deoxyuridine and thymidine cleaving activities of an

extract of thymidine phosphorylase from horse l-iver, but it produced

a 50% inhibition of deoxyuridine cleavlng activity of a crude rat liver

preparation (33) 
"

2-fhiouracil may inhibit uridine phosphorylase preferentially

but the evi-dence is vague at this time" It has been shown that nucleo-

side synthesis occurred using a partlally purified thymidine phosphory-

Iase preparation from E. coli with 2-thiouracil and deoxyribose*1-phos-

phate or ri.bose-l-phosphate (L/2sOth that of deoxyribose-r-phosphate)

(40) " Yet with the horse tr"":;iTi3- "rro d.eoxyribonucteosides were formed

with 2-thlouracil to the same extent with a partlally purified thymidine

phosphorylase preparation (+f¡ " Uridine phosphorylase from rat liver



could not form the ribonucleoside from 2-thiouracil, yet the latter. in-

hibited the synthesis of uridine (21) " rt may be that 2-thÍouracil is

a substrate for uridine phosphoryiase only in the presence of deoxy-

ribose-1-phosphate. Another point that has not been checked is the

actlvity of rat liver thymidine phosphorylase for 2-thiouracil with

ribose-l-phosphate and deoxyrlbose-1-phosphate.

Allopurinol did not inhibit the synthesis of uridine by a crude

uridine phosphorylase preparation from human leukocytes, but it did

inhibit the formation of deoxyuridine by thymidine phosphoryLase (42).

Agai.n the lnhibition of deoxyuridine synihesis by uridine phosphorylase

was not reported.

(5) Activity with substrate analogues, Partially purified

-9-

mammalian uridine phosphorylases cataLyzed the cleavage of 3-ríbosyluri-c

acid (15), the synthesis of 3-ribosyloxallopurinol (31), and possibly

the cleavage of 1-p-D-arabinosyluracil (43 (8, coli enzyme)). Experl-

ments were not done to check whether uridine and thymidine phosphory-

lases could cataLyze the cleavage of S-deoxyribosyluric acid, or the

synthesis of 3-deoxyribosyloxallopurinol. Thymidine phosphorylase

c;ataLyzed the synthesis of deoxyribosylxanthine at a greater rate than

uridine phosphorylase catalyzed the synthesis of ribosylxanthi-ne (32).

The synthesis of deoxyribosylxanthine by uridine phosphorylase was not

checked. A thyniidine phosphorylase preparation (20,O00 x g) from human

spleen did not cataLyze the phosphorolysis of p-D-arabinosylthymine, or

of p-D-arabinosyluracil (3O) .

(6) pH optimum. Uridine

for uridine cleavage and 6"6 for

thymidine phosphorylase has a pH

phosphorylase has a pH optimum of 8"1

deoxyuridine cleavage (14, 19) whereas

optimum of 5.9 for the phosphorolysis



of deoxyuridine and thynidine,

(10, 30) .

b) Transferases

There are two possible mechanisms by which a pentosyl transfer

can occrrr (35) :

i) Indirect transfer (phosphate dependent)

-10-

The initial phosphorolysis of a nucleoside results in the for-

mation of a free pentose-l-phosphate or enz¡rme-bound pentose-1-phos-

phate, which then can react with a free base (B) to form a neTV nucleo-

side. This is sinply the reverse of phosphorolysis, that is,

Br-pentose + phosprrate Ê8, + pentose-l-phosphate

pentose-l-phosphate + B, Ênr-nentose + phosphate

ii) Direct pentosyl transfer (phosphate independent)

and one of 7.3 for transf erase acti_vity

A nucleoside or an enzyme pentosyl intermediate is the pentosyl

donor:

The indi-rect transfer mechanism should be catalyzed by all phos-

phorylases under appropríate substrate eonditions, however the direct

mechanism is not a general one. With purified purine nucleoside phos-

phorylases and thymidine phosphorylases nechanism (ii) occurîs, with the

phosphorylase and transferase activities apparently catalyzed by one

enz5rme (3, 8, 9, 11 , L2, 44). Thynidine phosphorylases catalyze de-

oxyribosyl transfer between pyrimidines while purine nueleoside phos-

phorylases cataLyze ribosyl and deoxyribosyl transfer þetween purines.

Br-pentose + B, Ê er-nentose -r B,



one report with purlne nucleoside phosphoryrase suggests that the two

activities are functions of different but interconvertible molecular

specles of one enzlrre (45) " Some of the transferase stud,ies with the

purine nucl-eoside phosphorylase (3, 44) may ]¡e invalidated by possibre

trace amounts of phosphate in the enzSrme preparation (5, 35).

Evidence at this time suggests that uridine phosphorylase does

not catalyze a rlbosyl transfer (s0, 33, 35), however thj.s was not

checked with a purified preparation that is not contami.nated with

thymidine phosphorylase activity. rn addition, a search of the liter-

ature did not reveal any studies on deoxyribosyl transfer with uridine

phosphorylase. Conditions which may be important in the study of trans-

ferase activity of uridine phosphorylase will be mentioned in the

rDj-scussioni (section rr E 6c). rn sunmary, conclusive evidence for

direct transfer in mammalian tissues has been presented for thymidine

phosphorylase onIy. In bacteria, separate enzymes have been found that

eatalyze a direct ribosyl transfer (46) or a direct deoxyrilcosyl trans-

fer (+Z¡, both being nonspecific for the accepting base.

-11 -

c) Hydrolases

Purine and pyrimidj-ne ribonucleoside hydrolases have been found

in bacteria (48) , yeast (49) , mung bean (50) , and fish muscle (51).

Similar enzymes have not yet been shown to occur in mammalian systems

(2) .

Friedkin and Kalckar (2) tabulated sources of nucleoside phos-

phorylases from 1930-1958. Table I gives more recent exaflples from the

3. Rat Liver as a Source of Uridine Phosphorylase



riterature on the distribution of uridine phosphorylase, although few

new sources are evident (no urpase was extensively purified, and only

in references (15) and (r9) has a separation of urpase from Tdrpase

been shown) " Results on specific activity and total aetivity of uridine

phosphorylase preparations are scant, and in addition they are d.ifficult

to compare for the various authors used different units of activity.

Arso, in one study (25) enzJrme activity was assayed by an i-ndirect

ribose transferase reacti-on (which is assumed in Table I to represent

urpase only). For clarity, the specific activíty values and the units

used are given in Table rr. rt is apparent that the specific activity

of uridine phosphoryrase in river may not be the highest, but liver is

probably the best source in terms of total activity. In addition, much

of the metaboric work has been done with rat liver (16-19 , zz-25).

-t2-

Besides playing an important role in nucleic acid catabotism by

cataLyzing the cleavage of nucreoside, urldine phosphorylase is one of

the phosphorylases in the rsalvaget {sz¡ or treserver pathway (22) of

nucleic acid anabolism. This pathway utilizes the combined action of

nucleoside phosphorylases and nucleoside kinases:
AîP 

-A_DP- \'-.--ry
uracil + ribose-l-phosphate ê? uridine-ìZ iiMp. . . . .

+ phosphate

At the formation of the nucleotlde, the de novo and salvage

pathways merge. The interrelationship of these two pathways in the

synthesis of nucleic acids was shown schematically in a review by Sugino

(SS¡. Thls article was concerned with metabolism of deoxyribonucleotides;

4. RoIe of Uridine Phosphorylase in Metabolism



stilI very little information was given on any of the phosphorylases"

In addition, there is evidence for the direct synthesis of mononucleo-

tides from pyrimidines and phosphoribosyrpyrophosphate in beef ery-

throcytes, mouse liver, carf thymus (39) and mouse leukemic cells (54)"

This compricates the salvage pathway as shown above, but as yet a py-

ri-midine ribonucleotide pyrophosphorylase has not been found in normal

rat liver (26).

Another de novo pathway, not involving orotic acid. but rather

-13-

free uracil, had been proposed about ten years ago (52, 55) . It was

discounted, however, after an evaluation of the reversibility of the

enzJrmes whieh were thgçght to be lnvolved in this pathway. Briefly,

the pathway entailed the decarboxylation of carbamyl-aspartate fol-lowed

by the action of the hydrolase and dehydrogenase from the pyrimidine cat-

abolic pathway" After uracil had been so synthesized the action of the

salvage pathway enzymes wotrld lead to the production of uMp.

The physiological role of the salvage pyrimidine nucleotide path-

way is not entirely clear but several possibilities will be discussed"

Skold (22) has shown that in some cases there is a direct correlation

between the activity of the salvage pathway enzJrmes and growth. For

exampler Ehrlich ascites cells, intestinal mucosal cells, and regenerating

Iiver of mouse show high activity of the salvage pathway enzJrmes and low

activity of the de novo pathway as a whore; heart muscre, brain,and liver

from mouse, show relatively low phosphorylase and kinase activiti-es. Un-

fortunately, bone marrow which also has a rapid ceII turnover ha.s relatively

low enz¡rme levels, but this may have been due to difficulties during iso-

lation (22) " Another point to be explained is why the main inerease in

uridine phosphorylase activity comes about l-2 hours after the main i-ncrease in



ribonucleic acid synthesis (22). But a factor pointing to a role of

the salvage pathrvay enzymes in growth is the concomitant decrease in

the enz5rmes involved in the catabolism of pyrimidines in regenerating

liver (22, 56); liver 1s believed to be the only organ to have the

catabolic enzymes (26, 52, 5T)"

Yamada has shown that in regenerating rat rlver, the specific

actlvity of nuclear and cytoplasmic uridine phosphoryrases were in-

creased by injecting a rat with uridine or cytidine; on the other hand,

the specific activity of thymidine phosphoryrase was not changed by

uridÍne injectlon and it was decreased after cytidine injection (rg).

cortisol injection also increased. uridine and deoxyurÍdine phosphory-

lase activities in normal and regenerating river (16). perhaps in the

future some relationship will be shown to exist between this response

to inducers and growth.

Kornberg speculated that reactions such as phosphorolytÍc ones

would have a very useful function in the ebb and flow phase of metabolism

(36). In a similar vein, Cohen suggested that the ready reversibility

of the phosphoryrases allowed these enzymes to function in a pivotal

position for possi-bre reguratory contror of metabolic processes (1).

To elaborate briefly on thls point, uridine phosphorylase is a branching

enz)rme between the salvage pathway and the pathway of pyrinidine eata-

bolism. Results on regenerating liver (22, 56) suggest that the increase

in the specific activity of urid.ine and. deoxyuridine phosphorylases

36-72 hours after partial hepatectomy overlaps that of nucleoside

klnases (z+-+a hours) and, later on, that of the catabolic enzymes

(60-96 hours). Slnce the increase of the kinases and the catabolic

enzyrtles are inversely related, they would presumably control the ultimate

-L4-



direction of uracil metabolism for they catalyze the rate-limiting

steps. Still it may be important to have direct control on uridine

phosphorylase in order to make it unidirectional either toivards nucleo-

side synthesls or breakdown, at the appropriate ti.mes. This may be

especlally important in the direction of nucleoside synthesis since

a crude rat liver preparation of uridine kinase has been found to re-

quire a very high concentratj.on of urídi.ne to saturate it (55), i.e.

0.01 M (but this does not appear to be true for Ehrlich ascites celI

preparations (58, 59)). If this 1s the case for rat liver it would be

highly beneficial if uridine phosphorylase could be made to operate only

in the dlrection for nucleoside synthesls and thus to force up the con-

centration of uridine as quickly as possible in order to get maximum

synthesis of IJMP" For thymidine phosphorylase, differentj-al inhibition

of nucleosj-de cleavage and formation by thymine has already been shown

(10) .

Friedkin and l(alckar (2) speculated that nucleoside phosphory-

lases night be involved in preventing the loss of sugars from the ceIl

by the free diffusion of uncharged compounds. After 'phosphorylase

capture' they can be shunted into various pathways. Perhaps the catabolic

products of uracil and thymine pray a special roIe, for example, f-alanine,
a catabolic product of the pyrimldine pathway, is necessary for the

synthesis of anserine. rn this connection, it is interesti-ng to note

that about lO% of the total labeled uridine (using unlformly tritiated

uridine, uridine-S-3U, or uniformly labeled r:ridine-14") *u= found in

mouse liver protein (60). The amino acids were analyzed with an auto-

anaLyzer after first hydrolyzing the protein fraction with 6 M hydro-

chloric acid. Radi-oactivlty was found under aspartic acid, glutamic

-r5-



acid, and aranine peaks" Perhaps the presence of a uracÍr-amino acid

(uracil-alanine, pK values of 2.5 and 8.5) and its derivatives on acid

hydrolysis may have interferred. with the above analysis. This pyrimi-

dine-aminoacid has only been found in pea seedllngs (61) 
"

rn the regression of tumours, Freidkin and Roberts (3g) suggest-

ed that,

"The synthesis of uncommon nucleosid.es by the nucleoside phos-
phorylases may be a primary enzJrmatic event which eventually results in
the known antimetabolic effects of unnatural pyrirnidines and purine
basestt.

-16*

In a recent study on thymldine phosphorylase (62) the authors

stated that,

"The metabolic functions of the protei.n containing deoxythymidine
phosphoaylase and pyrimidine deoxyribosyltransferase activities have
not been clarified" The demonstration that the enzyrnatic activities
of this protein can be subjected to su.brstrate inhibition, product in-
hibition and inhibition by purlne bases suggests that it may play an
essential role 1n the intracellular metaboLism of pyrimidine deoxy-
nucleosideslt,

If the above three points are accepted as criterla, one can say

that uridine phosphorylase rmay play an essential role in the intra-

cellular metabolismr of pyrimidine ribo- and perhaps deoxyribonucleosides,

besides having its basic rol-e of nucleoside cleavage. In the present

work we have shown that uridine phosphorylase can be inhibited by sub-

strate and product, and Gallo et al have shown that hypoxanthine and

G-mercaptopurine inhibited the activity of uridine phosphoryLase (42).

A quote from a 1961 review of nucleoside phosphorylases (2) would

be an apt conclusion to this discussion on the role of these enãymes in

metabolism:

"Despite intensive lnvestigation and speculation of biochemists
over a pqriod of 25 years, the role of purine and pyrimidÍne phosphory-
Lases in ceIlular physiology remains an enigmatt.'



Perhaps by directing more studies into the properties of a pur-

ifled urldine phosphorylase, new evidence may be uncovered concerning

its role in metabolism. This work is an lnitial step in this direction.

C. PURPOSE OF THE PRESEÌ\ìII STUDY

-L7 -



PURIFICATTON AND SOME PROPERTTES OF I]RTDINE PHOSPHORYT,ASE

The investigator must be prepared to find his ov:n way ttrroughthe jungre represented by the protein mixture he has elected. tofractionate. The difficur-ties of any rigid schedule wirl quickry be-
come apparent under the test of general application.

H. Sober et al. (68, p.9l)

SECTION IT



One of the two main objectives of this study was to produce a

homogeneous protein preparation that contains uridine phosphorylase

activity. The other major objective was to provide more kinetic in-

formation on uridine phosphorylase than at present available from the

literature; in many instances this involved detailed analysis. Thus,

the purlflcation of uridine phosphorylase is the cornerstone of this

thesis, for serious kinetic studies are best pursued with pure enzJrmes

(64, VoI. II, p. 77L)"

A" INTRODUCTION

Ob,jectives and L.iterature Review

Although the present preparations of uridi-ne phosphorylase are

highly purified, they are not homogeneous. At the most, from past work,

uridine phosphorylase from Ehrlich ascites ceIls had been purified up

to a 250-fo1d increase in specific activity (13, L4), and in one ot"

these cases (14) it was shown to be homogeneous by moving boundary

electrcphoresis" It has also been purified IO-foId from rat liver (26),

2O-fold from E. T]! QZ>, and al¡out 8-fold from rabbit bone marïo\t'

(63). A brief sutnmary of two of these purification procedures (13, 27)

may be found in'Methods i-n Enz5rmologyr (65, VoI . VI , p. I89). In a

recent paper a method. was developed for separating purine nucleoside

phosphorylase, thymidine phosphorylase, and uridine phosphorylase ac'

tivi.ties from each other in E. cofi preparations by acid precipitati-on

and chromatography on Dowex-l, but a high degree of purification was not

achieved (28). Since most of the methods from the above studies have

no actual bearing on the methods used in the present study, they will



not be described here, but certain parts will be referred to in the

appropriate places in rDiscussion' 
.

Table III summarizes some of the purification results of nucleo-

side cleaving enzymes. Evidently the increase in specific activity re-

ported in this thesis i-s one of the betier ones at this time. Five

highly purified uridine phosphorylase preparations were obtained from

this work with a purifleation range of 300-19OO fold relative to the

homogenate. For the sake of clarity, it would be useful at this time

to give the major studies carried out with these flve preparations, for

most of these preparations were used for experiments on propeïties of

uridine phosphorylase. The summary is shown in Table IV.

-20-

The enzyme assay used in this work is a spectrophotometric one

that is based on the method of Yamada (19), but there are a numl¡er of

methods which may be used to estimate nucleoside phosphorylase activityi

(a) Determination of inorganic phosphate in the presence of

esterified phosphate (2, 13).

, Assays for Nucleoside Phosphorylase Activity

(b) A coupled assay for the esti-mation of purine nucleoside

phosphorylase actlvity. Hypoxanthine, a produci of the phosphorolysis

of inosine, j-s oxidized to uric acid by xanthi-ne oxi-dase; uric aeid is

detected spectrophotometrically (3 , 37).

(c) Detection of the pentose moiety by using the:

Burton diphenylamine reagent - an estimation of deoxyribose-1-

phosphate formation (8).

deoxyribose-l-phosphate formatlon (

Thiobarituric acid reaction - an estimation of deoxyribose and

13) .



formation (I3, 2L, 26, 27) .

Orclno1 reaction - an estimetj.on of ribose and rlbose-I-phosphate

(d) Spectrophotometric assay

of free base and nucleoside in strong alkali (8, g, L4, Ig

50); the reading 1s taken after the addition of alkali to

Direct reading. This is based on the differential

Indirect readlng. This 1s based on the differential absorption

-21 -

280 m¡-r between urldine and uracil at pH 7.0 (49), that is, eontinuous

reading with time.

(e) Radioactive assay

Enzyme activity can be estimated by the incorporation of radio-

active base into a nueleoside (25, 30), or by the formatlon of labeled

base from labered nucleosid e (2L, 22). The separation of nucleoside

and base is commonly done by paper chromatography (25) or column ehroma-

tography (21).

From the literature, j-t appears that this type of assay for

purine nucleoside phosphorylases, uridi.ne and thymidine cleaving en-

zymes were developed by different workers.

(a) Carter (in tgSf) described two methods for the assay of

uridine hydrolase activity from yeast (49).

Direct assay (described above). This method was employed by

Historical Development of the Spectrophotometric Assay

, 26, 27 , 38,

the assay tube.

absorption at

Carter during his purification procedures.

Carter for kinetic studies. In one variation of the indirect assay,

Canellakis (23) measured the increase in alcsorption at 285 n¡-r in I M

Indirect assay (described above). This method was employed by



sodium hydroxide after phosphorolysis by a crude :l.at liver urídine
phosphorylase preparation. rn anoiher, Reichard and skord measured

the change in absorption at 3OO mp in all<a1ine solutj-on after first
stopping the reaction with 4 N perchloric acid; protein wourd also

be removed by this method (SS;.

(b) FrlerrÞ*in and Ror¡erts developed an assay for thymidine phos-

phoryrase utillzing the marked difference in absorption spectra be_

tween thymine and thymidine at 3oo m¡-r in arkatine solution (3g) . per-

chlorie acid was used to stop enz¡rmic aetion.

(c) Kalckar described differential spectrophotometry between

purines and their nucleosides (BZ).

-22-

since the purlfication section of this thesis is extensive, it
would be of value at this time to crearry indicate the approach that
was taken to the problem of puri.ficatj-on. In thi.s regard the authoz,

would like to polnt out the value of the articles by schwinmer and

Pardee (66), Dixon and webb (67), and sober et a1 (68) in elucidating
the problems involved in purification.

The basic assay procedure was arready welr estabrished (19) a'd
the technique necessary for separating uridine phosphorylase from

thymidlne phosphorylase was already known (r4, 19). rn addition the

initiar steps for ol¡taining a high-speed supernatant were taken from

the work of Yamada (rg). Tire first approach r,vas to brief 1y examine

some of the cl-assical methods for purlfying protelns, i.€. ealcium

phosphate ge1 frac'cionation, acetone precipitation, and anmo¡ium sulfate
fraetionation. The major effort in developing the purification scheme,

4. Approach to the Problem of puriflcation



however, went i-nto an investigation of the r"ractionation of proteins by

chromatography on columns, i.e. ion-exchange, adsorption, and molecurar

sieving columns.

As will be pointed out with the data many of the properties of

uridi.ne phosphorylase were not studied with the most highly purified

preparatlon from each run. Properties srieh as stability (13 , 14),

effect of pH on enz)ryne activity (13, 19, 22, 26) , transferase activi'cy

(2O,33) have been studied to some exten'c a'L least in the past. It

shottld be noted that for most of these studies either a 10-20-fo1d pure

uridine phosphorylase preparation was used (19, 22, 26, 33) , although

several experiments were done wittr a highly purified Ehrlich ascites

cell enzJrme (13, 14). Thus ihis present work Llses enzJrme preparat:i.ons

puri-fied 2o0-fo1d or greater, free from thymidine phosphorylase activity,

for the first time, in a detalled study of uridine phosphorylase frorn

any source. The infolmation avail-able on the above mentioned properties

from past work j-s confirmed and exteirded here. In a separate category

are the estirnate of molecular weight, the effect of small molecular

weight thiols on the activity of uridine phosphorylase, and stibstrate

inhibitlon by uracil sj-nce data have not been found in the literature

on these points.

qo



Animals

Male albino rats

Equipment

The folloiving equipment was used in these studies:

Balances: Top-loading (Mett1er); Torque; Sartorius Selecta

Centrifuges: Sorvall RC-2 refrigerated; Spinco (model L)

Beclqnan (nodel E)

Chromatography:

B" MATERTALS

were obtained from Holtzman Company, I{isconsin.

paper - Whatman #1

chromatography tanks - Research Specialties Ltd.

columns - Pharmacia Flne Chemicals Ltd,

fraction colleetor - Gilson Medical Electronics

Colorimeter: Klett-Surunerson

Electrophoresis: CanaIco, model 12 (disc gel)

Homogenizing and- Dialyzing :

homogenizer, teflon pestle (Potter-Elvehjem)

dialyzing tank - Oxford Laboratories (model B)

dialyzing brags - A.H. Thomas Co,, Catalogue No. 4465-/:2

connecting tublng - Tygon

Micropipeties: Pedersen (1 to 1000 microlitres)

Mineralight: Ultra-Violet Products Inc.

Parafilm: American Can Co.

pH Meter: Radiometer, model 22

Spectrophotometer: Beclsnan, model DU

Water Bath: Research Speciali.ties Ltd. (Temperature controlled)



ChemÍcals

fmportant chemicals that

are given belorv:

Chemi cals

(a) General

Ammonium sulfate (enzyme grade)

Dipotassium hydrogen phosphate

Di. thiothreitol

Ethylene diamine tetraacetate
(sodium Salt)

GIycyIgl-ycine

2 -Mercaptoethanol

Molecul-ar weight markers

Polyethylene glycol (Carbowax-
2OM)

Potassium dihydrogen ortho-
phosphate

Potassium chloride

Polyvinylpyrrolidone

Sodium chloride

Sucrose (enz¡'me grade)

Tr i s -hydrox5rme'chy laminomethane
(HcI)

Tr i s -hydr oxymethy lami nomet hane
( bas e)

(b) Column Materials

Bio-Gel agarose (0.5 M)

BIue dextran

Cellex p
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were used in this worl< and their sotlrces

Firm

Mann Research Lab.

Matheson Coleman and BelI Ltd.

P-L Biochemicals

Sigma Chemical

Sigma

Eastman Organic Chemicals

Mam(kit #81094)

Union Carbide

British Drug Houses Ltd.

Baker

Mann (Pharmaceutical Grade
(40) )

Baker

Mann

Sigma

Sigma

Bio-Rad Lab.

Pharmacia

Bio-Rad Lab



Diethylaminoethyl Sephadex

Hydroxylapatite

Polyacrylamide P-300

Sephadex c-20O

Sephadex G-200 superfine

(c) Inhibitors

Deoxyglucosylthymine

Chemicals
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5,5t Dithiobis (2-nitro-
benzoj-c acid)

Iodoacetic acid

Iodoacetamide

o-S.odosobenzoate

N-ethylmaleimide

p-Mercuribenzoate (sodium sal"t)

p -Mer cur i phenyl suI f onat e
(sodiun salt)

(d) Polyacrylamide ge1 electrophoresis

Acrylamide (electrophoresi s
grade)

Anido black

Ammonium persulfate

Coomassie bri.lliant blue R 250

5, 5 t Diethylbarbiturate
(BarbitaI)

Glycine

Kodak Photo-Flo 2OO

Firn

Pharmacia

Pharmacia

Bio-Rad Lab

Pharmacia

Pharmacia

Gift from Dr. M. ZÍmmerman
(Merck Sharp and Dohme Research
_Laboratories, Division of
Merck and Co. Inc., Rahway,
New Jersey, 07065)

Calbiochem

Mann

Calbiochem

Mann

Mann

Calbiochem

Sigma

Eastman Organic Chemieals

Canalco

Canalco

Consolidated Lab.

Fisher Scientific Co.

Nutritional Biochem

Eastman



Chemi cals

N',N' Methytenebisacrylamide

Riboflavin

Nt ,Nt ,Nt ,Nt , Tetramethyl-
ethylenediamine

Substrates

Deoxyuridlne

Deoxyri bose -1 -Phosphate
( cyclohexylammonium s at t)

Ribose-l -Phosphate
(di cyclohexylammoniurn salt)

Thymidine

Uracil
1¿,Uracll--2-* ^C (58.0 mC,/nmole)

Uridine

(e)
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Firm

Eastman

Eastman

Eastman

Sigma

Sigma

Sigma

Mann

Signa

Sehwayz Bioresearch Inc.

Mann



Deionized redistilled water (occasionally, redistilled water)

was used for the preparation of solutions, and phosphate buffers were

in the form of their potassium sarts. The pH of assay tubes was taken

by the method explained in section rr c 8. Assays of activity during

purification, kinetic, and transfer studies involved dÍfferent techniques,

as explained below.

C" METHODS

1. Enzyme Assays

a) Assays for purification studies

The spectrophotometric method of yanada (19) for nucleoside

cleavage was used throughout the purification work"

i) The following procedure was used in all purification steps ex-

cept for column chromatography at pH 8.O. The final lncubation medium

contained the following (in micromoles) in a final volume of 1.5 mI:

phosphate buffer at pH 7.5, 150: 2-mercaptoethanol, T,Si enzyme diluted

to O.5 ml with O,05 M phosphate buffer, pH Z"Oi Ur, Udr, or Tdr at pH

7.O, 5"0. The final pH of the reaction mixture \rr'as 7"34" Tl¡e reaction

was started by the addition of the nucleoside. After a ten minute in-

cubation period, the reaction was stopped by the addi.tion of 0.45 ml

2.12 N perchloric aeid, and by the introduction of the assay tube im-

mediately into an ice-bucket at 0o. To the controls (one for each assay

tube or duplicate d.eterminations), perchloric acid was added first, fo1-

lowed by the addition of the nucleoside after a few minutes (there was no

apparent effect on the absorbance readings if the controls were incubated,

left at room temperature, or placed in an ice-bucket).



After fíve minutes in ice, the tubes were centrifuged at 14,goo

x g for ten minutes at 2o in a RC-2 centrifuge" From eacir tube one mI

of supernatant was renoved and mixed with 0.07 rnl of I0 M sodium hydroxide

(not standardized). The readings were taken against controls at 290 n¡-r

for Ur and Udr and 295 m¡_L for Tdr.

ii) This incubation medium was used to assay effluents from columns

at pH 8.0 (¡-", micromores) ;phosphate buff er, pFI 6.g5, 30; phosphate buf-

fer pH 7.4, L7o;2-mercaptoethanor, T.Sì enzyme diruted to r.2 ml with

0.O2 M phosphate buffer, pH 8.0; substrate, pH 7.0, 5. The final pH

v¡as 7.3 (as read a'c szo) . The assay technique was the same as i.n assay

(i).

-29 -

A1l assays lvere done in duplicate and usually with ur, udr, and

Tdr, except when monitoring the column effluents. The enz5.tne activity

in tire various aliquots was estimated from one determination and usually

rvith one substrate.

b) Assay for kinetic studies

This procedure is a modification of assay (ai) and it was used

for kinetic assays with enzyme preparation E and reactivated enzyme

preparation D. However it could have þeen used with the other purified

preparations and with some of the purer fractions obtained during the

purif i cation procedure.

The exact incuba'cion medium used depended on the kinetic exper-

iment so the ingred.ients and other conditlons will be described along

with the relevani da"ca. The reactioir rvas started with nucleoside, and

after incubation it was stopped with perehrorlc acid as previously

i) Nucleoside cleavage



described" After waiting at least five minutes, O"140 mI of 10 M

sodium hydroxide was added directly to the tubes (except for the ab-

sence of enzyme, the control tubes were identical with the assay tubes),

After the tubes were shaken, readings were taken in the manner already

described" When more than 25 ¡rmoles of phosphate buffer were used or

when 150 pmoles of acetate buffer were used, a precipitate formed aftet

the addition of perchloric acid" Nevertheless, the precipitate rvas not

removed by centrifugation since it settled quickly and it dld not in-
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terfere with the assay results"

Under standard conditions of these assays, the formation of free

base was a linear functi.on of time for at least 20 minutes and of pro-

tein eoncentration up to an optical density reading of O.39O (I9).

if) Nucleoside synthesis

The decrease in absorbance due to the formation of nucleoside

was measured (27). The basic incubation medium contained the following

in a final volume of 1.5 ml (in micromoles): glycylglyeine buffer, pII

8"4, 150; ribose-l-phosphate, pH 7.O, 4"2; uracil, 1"0; enzyme, 10

¡:Iltres" The enzyme was diluted with O.05 M Tris buffer before 1t was

added to the incubation medium" The final pH was 8.1. The reaction

was started by the adclition of r¡racil and the tubes weïe incubated for

3O or 65 minutes" The rest of the procedure is identical to that des*

criþed for assay (bi) " Any change is described along with the relevant

data.

The absorption change between one micromole of uracil and one

mieromole of uridine at 29O m¡l is 4.40; between uracil and deoxyuridine

at 29O m!r, 4.70; betrveen thymine and thymidine at 295 m!r, 4.30 (19)"

The enzyme was not generally added to the controf tube for the kinetic



and modification experiments, however, a correction for al¡sor]¡ance due

to protein was made where necessary (0.01-0"02 optical density units)"

c) Assay for transferase activity

(fO¡ and de Verdier and Potter (25). Transferase aeti-vity was assayed

by measuring the eonversion of uraciL-z-L4ç to uridin"-z-LLc. only

qualitative results were obtained, that is, absence or presence of

radioactivity in the uridine spot"

i) Direct transfer (phosphate independent assay)

The assay is a modification of the procedures of Gallo et aI
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The final incubatlon mediLm contained the following in a volume

of 0.3 m1 (in micromotes): glycylglycine buffer, PH 8.9, 50; Tris

buffer, pH 7.2,4.8i uridine, ÞH 7.O, O.2i uracil , 0.05; utacil-2-I4C,

0.0086 (0.025 ¡rC); enzyme (in 0.05 M Tris, pH 7"0-1 mM EDTA, pH 7.0-5 mM

z-SH) 5 pI (7.2 W proteinj . The final pH of the incubation medium

was 8.I. The reaction was started by the addition of urj-dine. After

the assay tuþes had been incubated for 30 minutes, the reaction was

stopped by placing the tubes in a bolling water bath for four minutes.

A control tube, with no enzyme present, was treated in the same viay.

The nucleoside and the free base \ryere separated by descending

paper chromatography in a solvent system composed of the upper phase

from a mixture of ethyl acetate-water-formic acid (l2z7zl-). The lower

o? aqueous phase rtras poured into a 25 mL beaker and placed at the bottom

of the developing tank which was covered with upper phase (approx" one

centimetre in depth). After 0.2 nl of each sample was applied to Whatrnan

#1 chromatography strlps, the paper was pre-equilibrated overnight with

the solvent system already in the tank as described" Then the upper

phase was slorvly poured into the trough and the chromatogram t;/as developed



for 90 minutes" The strips were dried with hot air, and then examined

with an ultraviolei lamp to ascertain rvhether the separation was suf-

ficient for counting irl a radiochromatogram scanner.

ii) Indirect transfer (phosphate dependent)

This is the same procedure as in direct transfer except that the

incubation medium also contained 0,25 ¡rmoles of phosphate at pFI 7.O.

_JZ-

The method of Lowry et al (7O) was used for estimating the pro-

tein concentration of individ.ual enzyme fractions (duplicate determin-

ations). The protein concentrations of effluents from column chromato-

graphy were determined by the method of llarburg and Chri-stian (71) from

optical density readings at 260 m¡-i and 28O rn¡r. Specific aetivity is

defined as the number of units of enz¡,.rne activity per milligram of pro-

tein.

2. Estimation of Protein Concentration

One unit of enzyme(uridine phosphorylase or thymidíne phosphory-

lase) 1s defined as ihat amount of enzyme that catalyzes the formation

of 1.O micromole of free base per hour or 1.0 mieromole of nucleoside

per hour.

3. Unit of Activity

a) Nucl-eosides

Stock soltitions (0.1 M) of uridine, deoxyuridine, and thymidine

rvere made by dissolving the appropriate quantities of nucleoside in 10

mI of water. The pH was adjusted to 6"9-7"1"

4. Preparation of Substrates



b) Uracil

A stock solution lvas made by dissolving

water (0.0I If)" No pH adjustment was made.

Ribose -1 -Phosphat e

of

c)

A stock solution was made by dissor.¡ing g2 mg of ribose-I-phos-

phate in 5 mI of water (O.OaS U;. The pH was adjusted to 7.0.

d) Phosphate

Stock solutions (I,0 M) of KIIrpOn and KrHpO4 were prepared. The

appropriate pE values were obtained by mixing the two stock solutions

in definite ratios" The appropriate concentrations were usually rnade

by subsequent dilution"

5. Purification Procedure

-.)J-

56 mg of uracil in 50 mI

A schematic outline of, the program 1s shown in Figure 18. The

following proceduïe is a detalled account of the methods used in the

purification of preparation C. Although this represents the general

scheme followed with o'cher preparations, the schemes for preparations

A to E differed in certain respects. These variations are noted at the

end of this general account.

A1r steps rvere carried out in a cord roon held at 40 or in ice

buckets at Oo. The pH of the þuffers were measured at room temperature

and all the buffers used contained I mM EDTA except for those used in

hyd.roxylapatite corumn chromatography. All diaryzing bags were washed

wi-tln I/o EDTA and then rvith the buffer to ]re used in dialysis. Only the

final combined fraetion from each step was assayed for Ur, Udr, and

Tdr cleaving ac'civities" It was apparent after preparation A that at

least 50 rat livers should be used for each preparation of purified



enzyme in order to obtain reasonable quantities of

to 3 and 7 are based on the methods of Yamada (10¡.

niques involving chromatography with Sephadex were

available from Pharmacia (Canada) Ltd.

a) Procedure for preparation C

Step 1: Preparation of the homogenate. The rats were fed purina

rat pellets ad libi-tuir. Eíght to ten rats (250-35O grams) were kilIed

by decapltation, usual.ly between 9 A.M. to I P.M. Their livers were

perfused in situ irnmediately upon death with ice-cold 0.9% sodium

chloride until blanched, then removed, blotted with filte1. paper,

weighed, and cut into fine pieces. The livers were homogenized in a

5O ml glass vessel (immersed in Íce-rvater) with three volumes of 0.25 M

sucrose (Potter-Elvehjem apparatus). After about 50 strokes the homo-

genates were filtered through two layers of cotton gavze (28 x 24 rnesh).

Step 2: Preparation of supernatant and nuclear pellet. The homo-
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activity. Steps I

The basic tech-

taken from booklets

genate was centrifuged at 9O0 x g for 20 ninutes in an RC-2 refrigerated

centrifuge. The pellet was re-homogenized in two volumes of O.25 M

sucrose and centrifuged as above for 10 minutes. Both supernatants

were eombined and filtered through two layers of cotton gauze. The

nuclear pellet was resuspended with homogenization in one volume of

0.O5 M P., pH 7.0-5 mM z-SH. The nuclear and supernatant fractions ard
].

a few millilitres of homogenate were dialyzed against 20 litres 0"05 M

P., pH 7.0-10 mM 2-SH for 16 hours in a continuous flow dialyzing ap-
1

paratus. The nuclear fraction was then frozen at -2Oo.

Step 3: Prepara'cion of supernatant 2" Dial-yzed supernatant 1 was

eentrifuged at 150,000 x g for one hour in a Spinco ultracentrifuge"



The supernatant was filtered through two layers of cotton gauze or

glass wool. The lipid layer was not removed. The peIlet rvas discarded

without an assay or protein estimation.

Step 4: Ammonium sulfate fractionation. Enzyme grade annonium

sulfate was added stowly to supernat,ant 2 under mechanical stirring

(glass stirrer) up to 3olo saturation (o.z grams ammonium sulfate per

nillilitre of solution per LOls saturation) " This required about a 90

minute time period. After stirrlng for another 20 minutes the pre-

cipitate (AS,) lvas removed by centrifugation at 16,000 x g for 20I

minutes" An assay and protein determination was generally done on it"

The pH of the sllpernatant at this point rvas about 6 (pH paper). Ad-

ditional solid ammonlum sulfate was added until- 5O% sattration was

reached, in the same maruLeÏ as in the AS, preparation. After centri-

fugation, the supernatant was di.scarded and the pellet (AS2) was dis-

solved in sli-ghtIy more than the minimal volume of O.O5 M P., pH Z.O-5 nM
1

2-SFI. Assays on the fracti.ons from procedures 1-4 were done within a

week, if not sooner, and after one eycle of freezing and thartring.

Step 5: Combining and dialyzing of ammonium sulfate fractions.

-35-

After steps 1-4 were repeated seven tj.mes over a two month period with

dlfferent groups of rat livers, the AS, fractions were combined and

dialyzed against 13 Litres of 0.02 M P. buffer, pH 8.0-10 rM 2-SH

(buffer A) as in step 2.

Step 6: First DEAE-Sephadex column, pH 8.0 (preparations B-E).

Forty grams of DEAE-Sephadex (A-5O) were allowed to swell for 24 hours

in buffer A. After the gel was ivashed with six 2 litre aliquots of

buffer A (the flnes i:eing removed by suction), the sluïry was packed

into the column. A layer of sephadex G-25 (coarse) washed in the same



buffer was added to the top of the bed to protect the gel surface"

After the column was equilibrated with tlo bed volumes of buffer A,

the reservoir containing the combined AS, fractions was connected to

the column. The column lvas washed with I l/2 bed volumes of buffer A;

then enzyme activi.ty was eluted with a linear potassium chloride gradient"

îhe mixing chamber was filled with 400 nI of buffer A and the reservoir

was f11Ied with 4O0 ni1 of O"4 M KCl in buffer A (buffer B). After all

of the deoxyuridine cleaving activlty was eluted from thà column, the

fractÍons containing more than 36 uníts each of uridine cleaving aetivity

were combined and concentrated with ammonium sulfate (up to 75/o satur-

ation). The deoxyuridine eleaving activity from other fractions was

not collected (25/6 or more of the total) " The concentrated fraction

was dialyzed immediately against 5 lltres of buffer A for nine hours.

After an assay and a protein estimation lveTe done, the fraction was

frozen at -2Oo.
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Column parameters:

column size
bed volume
flow rate
aliquot
time

In the case of preparation C the sample was applied twelve days after

the previous column. Sufficient DEAE-sephadex was prepared in Step 6

for trvo columns, After packing the column, about one cm of Sephadex

G-25 (coarse) was applied, and the column was equilibrated with one

bed volume of buffer A" The dialy zed enlzyme fraction was adsorbed on

Step 7: Second DEAE-sephadex column, PH 8.0 (preparations A-E)

2.5 em X 9O cm
400 ml
24 mL per hour
12 m1

55 hours (frorn application of
sample to end of concentration).



the column. A linear potassium chloride gradient (as above) was

started after one Jced volume of buffer A had passed through the column.

After most of the deoxyuidine splittlng activity had been collected.,

eight fractions, each eontaining more than 200 units of uridine split-

ti-ng activity (fraction #1), and seven fractions containj-ng deoxyuridine

splitting activity (fraction #2) were combined. and concentrated sep-

arately with ammonium surfate up to 85% saturation. Both fractions

were dialyzed imroediately agalnst 4 litres of 0.05 M p. -10 mM z-sFI

(buffer C) for 1O hours usj-ng the continuous-flow dialyzing apparatus.

Column parameters:

column size
bed volume
flow rate
aliquot
time

grams of DEAE-Sephadex were allowed to swelI in 0.02 M p., pH7.l for

24 hours at 40. After washing the gel five times with one litïe allquots

of the above buffer, the column was packed with the slurry (the fines

vr'ere removed by suc'cion). A one cm layer of sephadex G-25 (coarse)

washed in the same buffer was add.ed to the top of the bed. After the

column was equilibrated with 2 L/2 bed volumes of buffer C, the re-

servoir holding fraction #1 was connected to the column. The enzyme

fraction was adsorbed to the column. A linear potassium chloride

gradient was begun after one bed volume of buffer C had passed through

the column. The mlxing chamber was filled wlth 400 mI of buffer C and

the reservoir rvas fiIled with 400 ml of 0.20 Ni KC1 in buffer c. After

most of the d.eoxyuridine cleaving activity l,vas eluted, the fractions

Step 8: Third DEAE-Sephadex column, pH 7.0 (preparation C). Twe1ve

2.5 cm x
4O0 nl
40-58 ml
12 ml
41 hours

90 cm

per hour



containing more than 150 units of activity (5 fractions) rvere combined

and concentrated. with ammonium sulfate (up to 85% saturation). In

addition, it was further concentrated a faetor of two-fold with Carbo-

wax, over a four hour period. With this parti-cular column a minor

deoxyuridine cleavi-ng peak appeared after the major peak and it con-

tained about L5% of the total deoxyuridine cleaving activity. The

acti.ve fractions of this minor peak were also co¡rbined and concentrated
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with arnmonium sulfate.

Column parametersS

column size
bed volume
flow rate
aliquot
time

Step 9: Sephadex G-200 chromatography, þH 7.3 (preparations A-C).

After twenty gïans of gel were allowed to swell for three days in O.02

M P. , pH 7.3 at 40 it was washed four times with two litre aliquots of
l_

the above buffer (the fines were removed by suction) " In packing the

column, the first few cm were allowed to settle by the force of gravity

alone, then the outlet Was opened and the plessure head was gradually

increased to 1ts final value. After the column was packed with the

slurry, a sample applicator was added and the eolumn was equilibrated

with two bed volumes of buffer D (0.02 M P., PH 7.3-10 mM z-SH). To

check the packing of the column, five ml of O.Zfo BLue dextran 20OO in

O.O2 M P., pH 7.3 were applied to the column. The final fraction from
1

the previous column was applled at one time by pipette; then the outlet

was opened and the protein was eluted with buffer D until all of the

deoxyuridine cleaving activity was collected. The fractions containing more than

2.5 cm x 45 cm

24O mL

34 ml per hour
14 nl
44 hours



400 units of activity rvere combined (four tubes), concentrated with

carbowax over a six hour period, and dlaryzed for two hours against

two litres of 0"02 M P. -5 mM 2-sH 1n a continuous-frow dialyzing

apparatus (EDTA was not part of the buffer system). After an aliquot

of the coneentrate had been removed for an enzlrme assay and a proteln

estimation, the remainder was bottled and frozen at -2oo for two days.
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Co1umn parameters:

column size
bed volume
flow rate
pressure head
aliquot
time

After sixty-five graJns of adsorbent were allowed to swel1 for 24 hours

in O.02 M P. , pH 7.3 at 40 it was washed five times with 5OO rnl aliquots
L

of this buffer. EDTA was not included in any of the buffer systems with

this coltunn for it could interfere with the protein separation by com-

plexlng the calcium ions contained in the adsorbent (74). In packing

the column, the first few centimetres were allowed to settle by gravi'cy.

After the column was packed it was equilibrated with five bed volumes

of buffer E (0.02 M P. -10 mM 2-SH). The ratio of total protein to

bed volume in thls case was 1.3, but in any case it was not greater than

2"O. The enzyme activity and most of the protein was adsorbed onto the

colum¡1; then the column was washed wlth one-half bed volume of buffer

E. Eluti-on of the proteins \ryas then carried out with a linear phosphate

gradient" The mixing chamber was filled with 300 ml of buffer E and the

reservoir was filled with 300 rnl of 0.25 iVi P., pH 7.2-10 mM 2-SH. After

all of the deoxyuridine cleaving activity was eluted, the fractions

Step 10: Ilydroxylapatlte chromatography, pH 7.3 (preparatiors (A-E)"

2.5 cm X
430 ml
32-35 nl
2L cm

12"9 mL

29 hours

90 cm

per hour



containing more than 150 units of uridine cleaving activity were com-

bined (six tubes) and concentrated over a 12 hour period with Carbo-

wax (the time was longer here because the dialyzing tublng was not

repaeked for a seven hour period). the concentrate was dialyzed for

three hours against two, 500 nl aliquots of 0.05 M Tris, pH 7.4-5 mM

2-SH (no EDTA). The dialyzate was clarified by centrifugation at

1I,0O0 x g for 20 minutes. After an assay and protein estimation were

done, the purified enzSnne was stored in six sample bottles and frozen

at -4Oo. This fraction was used for kinetic studies.
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Column parameters:

column size :

bed volume :

flow rate i
aliquot i
time :

b)

This procedure i s a modification of the method of Setlow and

Lowenstein (72) and I(ohn (73). The enz¡rme fraction was ad.d.ed to a

dialyzing bag and immersed in a 5O0 m1 beaker contalning Carbowax.

The dialysis tubing was packed ti-ghtly; its upper end was not tied.

About every 45 minutes the wet wax wa5 removed from the surface of

the tubing and from the beaker, and then the tubing was repacked in

the remalning old wax plus added fresh wax" The above steps were

repeated over a 4-6 hour period, after rvhich time the surface of the

dialyzing bag rvas washed thoroughly with water (dialysis, if done,

followed directly after this washing). After an enzyme assay and a

protein estimation the fraction was applied to the next column. A

dialyzing step was omitted with preparations C and D.

Concentrati-on of protein fractions with Carbowax

1"5 cm X 90 cm

109 ml
8-12 ml per hour
8ml
48 hours



c) Variatlons

tubes containlng substantial enzyme activity in preparations D and E

to give a final concentration of about 10 mM. It was thought that

this rnight stabilize the active fractions during the lengthy column

steps.

(1) 2-Mercaptoethanol. This thiol ivas added to the column
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tein to bed volume, and different protein concentrations

order to establish the best overloading conditlons. This

cussed in section II D ld.

(2) First DEAE-Sephadex column. Ðifferent ratios

the eolumns in preparations A to E was the type of

(0.15 M to 0-4 M potassium chloride), This will be

II D If.

(3) Second DEAE-Sephadex column. The basic

(4) Sephadex G-20O column. In preparations D and E, the pH of

the column. r,vas 8.1 instead. of.7.3. In preparations A, B and E, the

DEAE-Sephad.ex, pH 7.3 fraction was applied in two portions, and in pre-

parations A and B the Sephadex G-200 preceded step 8"

(5) Dialysis. The set-up depended upon the volume of sample

to be dialyzed" Generally a ratio of 1O0 to 2OO of buffer to sample

was used for the various purifled fractions, except for supernatant 1

where a lower ratio was used. If more than four litres of buffer were

necessary, a contlnuous-flow dialyzing procedure was used, lvhere the

dialyzing tank contained four litres of buffer and the reservoir could

ofr total pro-

were used, in

will be dis-

difference between

linear gradient used

discussed 1n section

cûntain a maximum of twenty litres.

(6) Ileat treatment. This was

D onIy. The combined, undialyzed AS,

an addltÍonal step for preparation

fractions were placed in four 50 mI



stainless steel tubes and heated, with stirring, for three mÍnutes at

50o in a water bath, The tubes were then immediately lmmersed in an

ice bucket and stirred for another mi-nute. The precipitate wâs ï€-

moved by centrifugi.ng at, 12,000 x g for 15 rninutes. It was washed

with a few milliJ.itres of 0.05 M P. -5 nM z-SH. After centrifugation

the supernatants were combined and dialyzed for step 6.
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The molecular weights of uridine phosphorylase and thymídine

phosphorylase were estimated by Sephadex G-200'ge1 filtration (75) of

fractions #1 and #2 from preparation B (36-fold pure and.I3-fold pure,

respectively) 
"

6. Molecular Weight Estimation

a) Preparation of the column

The prepara'cion of the gel and the packing of the column were

done the same way as described 1n step 9, but the buffer was 0"05 M P.,

pI{ 7.0*10 mM z-SH. A sample appllcator was not used because the column

diarneter was too srnall. The column was equil-ibrated wi-th three times

its bed volume. Blue dextran 20OO (average molecular weight: Z x tO6;

was applied first to check the packing of the eolumn. '

b) Calibration of the column

The calibrating proteins were obtained from a molecular weight

K1t:

Protein

apoferritin
S-g1obulin
albumin
ovalbumin
chymotrypsinogen

Source

horse
human
bovine

beef pancreas

Molecular l[eight

480, O00
160 ,000

67,000
45,000
25,000



Each protein lvas made up to a concentration of 5 mg/rnl in the

corumn buffer, and 0.5 ml of each was chromatographed separately by

layering the protein solution, using a micropipette, und.er a mlnimal

volume of buffer already present at the top of the bed. uridine phos-

phorylase (O"Z mt; 9 mg protein) and thymidine phosphorylase (0"2 mI;

11 mg protein) were arso eluted separately. protein was estimated

spectrophotometrically by measuring the absorbance at 280 m¡r. The two

enz)¡mes were also detected by their enzymic activity" The effluent

volumes corresponding to the maximum concentration of protein was es-

timated to the nearest nillilitre from the elution diagram by extra-

polating both sides of the protein peak to an apex.
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Column parameters:

column size :
bed volume :

flow rate :
:

allquot

Only anionic systems and 7/o polyacrylamide gels were used" The

method of Davis (76) was used for electrophoresis at pH 8.9, and the

method of Williams and Reisfeld (77) for electrophoresis at pH 7.5.

Both diagnostic and elution erperiments were performed. The method of

polymerization was the same for both e>cperiments except that 5 mM

2-mercaptoethanol was included in the buffer system for the elution

experiments.

7 " Polyacrylamide Gel Electrophoresis

1.5 X 30 cm

41"5 mI
6.5 mllhour
2.0 nl

a) Preparation of the gel

The ingredients used, and the make up of the gel will not be



explained for it is available in the above two references. The tech-

nique itself, however, is slightly different in the present work.

Briefly, the stopper wells were filled rvith 0.3 ml of 0.25 M

sucrose. The gel column (0.5 qn X 6 cn) previously coated with Kodak

Photo-Flo solution was attached to the rvells. On top of the sucrose,

O.4 ¡nl of rspacer gel I were allowed to pol¡rmerize for about 30 minutes

under the influence of fluorescent light" Then the rseparati-on gelt

was added to the column until a bead of ge1 formed at the end. This

was removed with parafi-Im. The ge1 was allowed to polymerize, arvay

from strong light for 30 minutes. The sucïose was then drained and

the sample, diluted with spacer geI (3-to 2o-fold) or with sucrose

(two-fold), was ad.ded to the top of ihu 
"p"."r 

ge1. If sucrose was

used then another layer of spacer gel was added in order to sandwich

the sample between spacer gels" If spacer gel was used for dilutions,

then, after draining, the column space \ryas washed with this ge1 to

remove traces of sucrose.
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b) Analytical disc gel electrophoresis ex¡reriments

This type of electrophoresis was used- to shorv the banding pattern

of preparations C-E, and also that of different fractíons obtained from

the purification scheme. Norrnally, electrophoresis was done at room

temperature for about 90 minutes with a curren'c of 2 to 2.5 mÃ/tube,

The concentrations of sample that were applied ranged from 0.3 to 13

mS/mL with absolute amounts of 5O to 200 pg" The protein bands were

visualized with Coomassie blue (78), although Amido black was used i.n

the initial experiments. The gel samples rvere stored in 2/" trichloroacetíc
oacid at 4 -

i) Diagnostic geI electrophoresis



Several different procedures were tried for eluting enzyme

activity from the geI, but all of them were based on allowing the cut

up pieces of gel to stand in buffer. The method described below gave

the best recovery of activlty, although this rvas on:.-y 7/6 (this method

was only tried once).

Four geI columns weïe prepared at pH 7"5. The enzyme sample

was diluted 1:1 with 4O/o sucrose and then sandwiched between two layers

of spacer gel" Each column contained about 260 pg (3 mg/ml) protein,

and 19 units of uridine cleaving activity. Electrophoresis was per-

formed for 3 hours at 40 with a current of 1" 75-2"00 mArltube. The

upper and lower reservoir buffers contaj-ned 5 mM 2-rnercaptoethanol.

After development, one gel column was stained with Coomassie blue for

a period of 50 minutes, while the other columns were kept at 40 . With

the stained column as a guide, each of the other columns v/ere cut into

seven pieces with the correspondlng ones being combined. The cornbined

gel sections were allowed to stand in 0.06 ml of O.O5 M Tris, pH 7.1-5

nM z-SH for two hours at 40 (with occasional stirring). An assay was

done for uridine and deoxyrr"idirr" c1eaving activities.

fi) Elution gel eleetrophoresis
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The kinetic assay procedure was used to measure the effect of

on nucleoside cleavage and uridine synthesis. A special note should

made on the method of pH measurement. Blank assay tubes (no enzyme

present) were first incubated at 37o for several minutes before a

reading ivith the pH meter (equipped with a temperature compensator)

rvas taken. The reading rvas taken within 10 seconds of its removal from

B" pH Study

pH

be



the water

were used

section II

bath" Acetate,

to provide a pH

D 2d)"
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phosphate, Tris, and glycylglycine buffers

range of 4-10 (concentrations are given in



The enzyme was purified on fi-ve different occasions wÍththe in-

crease in specific activity of the final fractions belng between 300-

1,900 fold relative to the homogenate. Besides being due to variations

in experimental technique, this wide range is due, to some extent at

least, to changes in the procedures used in obtaining the purified

preparatlons. Atthough these dlfferences in the final degree of purlty

cannot be clearly assigned to differences in procedure at this time, the

changes wil-I be pointed out in the appropriate places. To show these

differences more clearly, purification tables of preparations A (Table VI

and D (Table VII) are presented along with preparation C (Table V) r

aLbeit in less detail. Since preparation C was the one described in the

'Methods' section, the results will emphasize this particular preparation

for the sake of clarity. Also more detailed work was done wlth this

preparation than with most of the other ones (Table IV). In addition,

Table VIII presents a list of general data on each of the five enzyme

preparations,

Purification of Uridine Phosphorylase

D. RESULTS

a)

Assays and protein estimations are given for dialyzed fractions

on1y. The nucleoside cleaving activities of a sample of homogenate,

dialyzed and undialyzed, were never directly compared. Nevertheless,

when the difference in activity between undialyzed homogenate and the

sum of the activities in (dialyzed supernatant 1 and nuclear fraction)

was compared to the dlfference in astivity between dialyzed homogenate

Homogenate, supernatant 1, and nuclear fraction



and the sum of t}:re activities in (dialyzed supernatant 1 and nuclear

fraction), the difference was negligible (not shown).

The percent recovery of uridine, deoxyuridine, and thymidine

cleaving actlvitÍes from the homogenate in (supernatant 1 plus nuclear

fraction) was virtually always in the range of 80 to 12O/o for each set

of rats with the average for each substrate being over 90/6 (6 to IO rats/

set) . The ratios of the specific activlties of the homogenate for tJr/tJdr,

arld Ur/Tdr in 36 different sets of rats had a range of 0.32-0.57 (O.44)

and 0.60-1.1 (O.75>, respectively (the average values are given in paren-

thesis). Also in 36 sets, the specific activlty values for uridi-ne were

grouped around 0.07 or 0.09 with a range of O.O65 to 0.100. The range

of values for deoxyuridine and thymidine were 0.14-0.21 and O.O74-O.12,

respectively.
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The percent recovery of the enzyme activity 1n the nuclear fraction

for the seven sets of rats Ín Table V ranged from 7-I4% (Ur), 6-LO% (UOr) ,

and 4-9/s (fOr¡. In five of these sets the order of the percent recovery

was Ur>Udr>Tdr. Higher values for each of the three substrates were

frequently obtained in other experiments, but lower values were seldom

observed. This is in harmony with the fact that this fraction dÍd not

consist of pure nuclei, and therefore variable degrees of cytoplasmic

contamination would be expected. The average percent of protein recovered

in the nuclear fraction from 36 sets of rats was 43/o, and the ratio of

the protein estimations of (supernatant 1 plus nuelear fraetion/ homogen-

atê has a range of 0.86-1.39 with an average value of 1.03.

b) Supernatant 2

cent removal- of protein of 54/" in preparation C with an absolute range

Ultracentrifugation of supernatant I resuLted in an average per-



of 57 to 69/, ín the different sets of rats in preparation C. fn 36

other sets, similar r:esults were obtained. The percent loss of activity

for each of the three substrates of the seven sets in preparation C as

well as in other sets wa.s not reproducible. The range of the loss for

each nucleoslde was normally between 2-23/o. Nevertheless, there ap-

peared to be a pattern in these losses, albeit a weak one at thls time:

where the loss in uridlne cleaving activity was low, deoxyuridj-ne and

thymidine cleaving activiti-es were either both low or both high. If the

Ioss in uridj-ne cleaving activity was hi,gh, the loss j-n deoxyurldlne

cleaving activity was high, but that of thymidine cleaving actlvity was
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low or high. This pattern was obeyed for 11 sets out of 16 and it

suggests that the activities of uridine and thymidine phosphorylases may

not have been recovered

c) Arnmoni-um sulf ate fract ionati-on

The increase in specific activity over the previous fractj-on was

rarely more than two-fold for any of the three substrates, but con-

comitant with this increase was a decrease of volume from supernatant 2

of about 15-fo1d. The average recovery of activit)'in the seven, second

ammonium sulfate fractions of preparation C (step 48, Table V) , was 76/o

(Ur¡, 87% (U¿r), and 80% (Tdr) - based on supernatant 2. Similar reeoveries

were obtained from fourteen other preparations. These AS, fractj-ons had a

reddlsh-brown colour; as a result of lnadequate perfusing during excj.sion

of the liver, hemoglobin may have been present in the homogenate.

The first ammonium sulfate fracti-on (0-30%) appeared to be en-

to the same extent in different preparations.

rickr.ed in thymidine phosphorylase

thymldine cleaving activities, and

(rable V) . Even up to aL least 3.5/4'

activity, i.e, high deoxyuridine a.nd

Iittle urldlne cleaving activity

saturation wlth ammonium sulfate,



there was stil-l ccnsiderable enrj-chment of Tdrpase over Urpase in this

fraction (not shown). Table V shows three dj-fferent steps for the

second ammonium sulfate fraction (steps 48, 4C, and b). The first one

(AS2) represents a summation of the actlvities from the indivÍdual assays

on each of the seven sets of rats in preparation C. The values in paren-

thesis are corrected for enzyme activity used for trial studies, for

example concentration of protein solution by ElectrophorectlcPj-l-ter/

Concentrator (79). The second assay (AS2c) i-s an assay on the undialyzed

combi-ned AS^ fractions, and the third'one is an assay on this fraction
2

after dialysis (AS2cd), The percent change in the acti-vít1es towards the

three nucleosides, before and after dialysls, was smal1. Most of the

other preparations gave a similar result. Table V shows that a significant

decrease 1n uridine cLeaving activity between AS, and ASrc occurred with

no decrease with the other two substrates. This effect v/as observed also

with preparation E.
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The ammonium sulfate fractions

loss of uridine cleaving activity and

thymldine cleaving activities relative

least three reasons for this big loss;

(1) The removal of the nuclear

a loss of LO-ZO/¡ in activity for each

(2) The ammonium sulfate step

activity.

(3) Storage of the ammonium sulfate fraction for two months at
o-2O involved at least a IO/, Ioss in activity.

of preparations B-E showed a 5O%

about a 40% loss of deoxyuridine and

to the homogeriate. There are at

d) First DEAE-Sephadex column, pH 8.0

The possible advantage of

was discovered accidentallY' and

and the 150,O00 x g pellets entailed

pe11et,

1tself involved a 1,0-15% loss in

using an overloaded

this type of column

DEAE-sephadex column

was subsequentlY



used with f ive preparat j.ons (B-D, EI , ,r) . Thls procedure looked

promising, for example, the recovery of uridine cleaving activity was

SOlo or better in all preparations used, and for preparation C itself it

was 92/o. The recoveries of deoxyuridine and thymidine cl-eaving activities

were variable, and they were dependent on the extent of overlap of the

uridine and thymidine phosphorylase peaks; the column fractions that were

combined were chosen only on the basis of the relative amounts of uridine

cleaving activity present. The enzymic acti.vity towards the three nucleo-

sides in the ammonium sulfate concentrate of the selected column fractions

was stable to dialysis.

To properly evaluate the results obtained with this column, the

increase in specific activity should be related to the increase one gets

by using a properly set up colLlmn alone as in step 7. Only preparations

C and D gave an additional two-fol-d increase in speci-fic activity. Stll-1,

relatively small decreases 1n the amount of protein in the final concen-

trated pooled fractions after chromatography could have a beneflcial
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effect on the separation of proteins in succeeding columns, (in prepara-

tlon E, one gram out of 3.5 grams was removed). Sufficient data is not

available to clarify this point.

ft was difficult to dupllcate the effects of overloading. Both

the ratio of (protein applied to bed volume), and the concentration of

protein applied, had to be above certain values in order to obtain either

breakthrough and/or an incomplete separation of the Urpase peak from the

Tdrpase pea.k. For example, protej-n to bed volume ratios of 20, together

rvith a concentration of protein above 35 mg,/m1 generally gave an in-

complete separation of the two phosphorylases. Nevertheless, the amount

of breakthrough and the degree of overlap lvere not reproducible when these



two parameters were varied above these values

e) Second DEAE-Sephadex column pH 8.0

The recovery of uri-dlne cleaving activlty in the eluate was 80/,

or better, and the recovery after concentration with ammonium sulfate

and after dlalysis was al-so generally in the same range. In preparation

C, the recovery after concentrati-on was 100% (Table V). Wlth prepara-

tion D, however, 32% of the uridine cleavi-ng actj-vity and 24/o of the

deoxyuridine cleaving activity were lost after concentratlon with am-

monium sulfate; with preparation A about 35% of the uridine and deoxy-

uridine cleaving activities were 1ost. These losses were exceptional

events (2 out of 11 cases). The only difference for procedure D was

that Baker Analyzed ammonium sulfate was used instead of Mann (enzyme

grade) , as in other preparations. The loss with preparation A was

probably due to poor technique. An intense reddish-brown colour always

appeared with the initial protein material eluted as well as with the

uridine phosphorylase peak.

In general, a 3 to 4-fold increase in specific activity for

uri-dine cleavage was achj-eved wlth thi-s column, along with a good

separation of uridine phosphorylase activity from thymidine phosphory-

lase activity in 11 different trials - that is, one peak had mainly

uridine and deoxyuridlne cleaving activities, and the other peak had

mainly deoxyuridine and thymidine cleaving acti-vities - as had been

previously found by Yamada (fg). Nevertheless, as shown in Figure 2

(preparation A, Table VI), there appears to be a certain degree of

overlap j-n this separation for a base line was not reached. The uridine

cleaving activity in the conmon region indicated by dotted lines is B/,
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or less of the deoxyuridine cleaving activity in the first activity



peak (the enzyme âctivity was not assayed in detail with both substrates),

and no uridine cleaving activity was detectecl in

thymidine phosphorylase peak on the few occasions

The significance of the thyrnidine cleaving activity present in the u.i-
dine phosphorylase peak will be discussed in section II E 2a.

f)

The recovery of protein and enzyme activity from this column was

usuarly 8o/o or better, with an increase in specific activity of 2 to B-

fold. The elution proflre with preparation c is given in Figure 3. A

reddish-brown col-our was evident throughout the enzymati-calIy active
fractions. Ifith this preparation two cuts were taken of the col-umn

eluates as indicated by the horizontal arrows. The minor peak appeared

to be identical with the major peak with respect to certain properties,

i.e. phosphate clepenclence, pH optimum for uridine (with lo/s of the totar
activity stil1 present at pH 6.b), and the pH optimum for deoxyuridine.

Third DEAE-Sephadex col-umn pH Z.1

-53-

the upper slope of the

when this was checked

In one experiment

detected at pH 7.

(sectj-on II D 2d)

reveal any differences in migration on visual inspection.

The minor peak may just be an artifact resulting from experimental

conditions. Figure 4 supports this view for the shoulder of the major

band (decreasing slope-side) appeared to Ìre dependent on the potassium

chloride gradient. As the gradient increased from 0.15 M to 0.4 M the

activlty peak became more symmetriear; a similar change dld not occur

in the protein profile (although the width of the band u-nder the activity
peak was l-ess with 0.4 M gradlent). since assays for uridine and deoxy-

uridine were not done a comparison of gradient effects on these two

, however, deoxyurldine cleaving activity was not

8, whereas 40/o should normally remain at this pH

. Disc ge1 electrophoresis of these fractions did not



activities cannot be made.

lTith preparation A and B, steps I and g ivere reversed. The

present procedure is preferable for a smaller volume of sample could be

applied to the Sephadex G-200 column 1f the anion exchange column were

done first. As previously explained in 'Methods' , dialysis of the com-

bj-ned concentrated DEAE-Sephadex, pH 7.1 fraction was not performed on

preparations C and D, for it was not really essential in preparation

for a molecular sieve column. In preparation A there was a 241" loss in
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uridine cleaving activlty, and a 4/o loss in deoxyuridine and thymidine

cleaving activities on dialysis. In preparation B there \ryas a L7/¿ loss

in uridine cleaving activity and an 8/o loss in deoxyuridine cleaving

activity on dialysis. At present, this cannot be explained,

g) Sephadex G-20O column

The recovery of protein and activity after elution was 9016 or

better, although for preparation D (Figure 5, Table VII) a low recovery

or protein was recorded (l out of 8 cases). This might have been due

to an error in the protein estimation of the flnal fraction in the

preceding column. The aetivity peaks for deoxyuridine and possibly

uridíne were fairty symmetrical. The protein profile shows at least

four peaks. In all cases the elution profile of Blue dextran indicated

tailing (Figure 5B) . Again enzymati-cally active column eluates had a

reddish-brown colour. The concentrated uridine phosphorylase fractlon

was stable to dialysis.

The G-20O columns (bed volumes about 400 m1) were developed at

either pH 7-7.3 (preparatlons A-C) with 0.02 M P, or 0.05 M P. , or at
11

pH 8.1 (preparations D and E) with 0.02 M P. (in all cases 10 mM Z-.mer-
l_

captoethanol was present). With the two procedures dífferences in



elutiorl profil-es and extent of purification were found

with buffer at pH 7.1 produced a definite shoul-der in

profile which was absent at pH 8.1.

were not as sharply defined as at pH

specific activity of the flnal concentrated pooled fractions for urj--

dine and deoxyuridine was 1.8 with preparations A-C. The increase in

specific activity of the final fraction for uricline and deoxyuridine,
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in the case of preparation Dr was 5-fo1d, but wlth preparation E it

was only 2.6-fo1d. This point will be taken up in section II E 2b.

h) Hydroxylapatite column

The recovery of uridlne and deoxyurj-dine cleaving activities in

the effluent was over 9O/s in all cases (preparations A-E), but usually

only 5O/" of the protein was eluted after six bed volumes. This was

simllar to the purification results of Zimmerman (8), where it was

found that inactive protein was hetd back, but that thymidine phosphoryl-

ase actlvity (human spleen) was only partially retarded. Figure 6

(preparation D) shows fairly symmetrical and coincident peaks con-

taining uridine and deoxyurj-dine cleaving activities. The protein

profile shows at least four protein peaks, Other preparations did not

give such symmetrical activlty peaks, but this 1s probably due to in-

accuracies in the assay (duplicate assay tubes were not done) for the

unsymmetrical areas were never in the same places.

The increase in specific activi-ty 1n the combined concentrated

column eluates was generally between 4 and 6-fold, but this increase

was greatly dependent on the width of the actli-ty band that was

col-lected. The specific activity for urldine in the best fraction

I

8

n addition, the

. Development

the activity

protein bands

The average increase in

from preparation D (containing 25/, of the total activity) was 510 and



this would represent a purification of 7,000-fo1d. Unfortunately, in

order to obtai-n a reasonable yie1d, column fractj-ons with a specific

activity range of 63 to 510 were combined. The specific activity for

deoxyuri-dine in the most active fraction from preparations A to E was

30, 29, 31, 38O,. 42,

of the total activity

between 7O-8O%; but the specific activity range for uridine in these
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four tubes was 40-47 (preparation B) , 37-46 (preparation C), 230-5tO

(preparation D) , and L5-42 (preparation E) . Atthough there was no

constancy across the activity peak, the specific aetívíty values were

much closer for the two most actj-ve tubes (given for uridine): 30-32,

46-48, 39-43, 460-510, 36-42, for preparations A to E respectively.

The highest specific activity obtained for uridine cleavage was

144 (1¿¡1e VIII) which 1s 40 times greater than that obtained by

Canell-akis with a partially purified rat liver preparation (26) . In

preparatlon E, the main activity band was divided into two cuts and

respectively. In preparation B to E the percent

present in the four most acti-ve fractions was

each one was concentrated separately, with fraction Eu showing a 3-fo1d

increase 1n specifie aetivity, and fraction EO showing a 13-fold 1n-

crease; it contained 6016 of the total activity (Table VIII). No colour

was eluted along with the enzymatically active fractions. There was

iittle loss in activi.ty after concentratlon in Carbowax and subsequent

dialysis (based on the assays of the various col-umn fractions themselves,

for with this column, assays were not done on the combined selected

fractions before concentration, and on the concentrated fraction before

dialysis) . Preparation A, which was concentrated wj-th ammonlum sulfate

(up to 9Ols satwration) , showed a 44% loss in activity after dialysis.

An explanation for this will be given under heading (k).



i) Heat treatment

Only preparation D rvas heat-treated and the maximum increase in

speclfic activity was l-.5 based on the ammonium sulfate (fraction) step

(Table VII). The percent decrease in protein was between 32-45/o. Four

different protein estimations were done, i.e. the heat-treated sample

itself, a Tris dialyzate, and the diluted and undiluted phosphate

dialyzate, and the estimations varied fr.om 61600-8/300 ng of protein.

Thymldine phosphorylase activity decreased to about the same extent after

heat treatment as uridine phosphorylase activity (18/" decrease for Ur,

2O/o for 'rJd,r, and L9% for Tdr) . This was expected from heat treatment

studies on partially purified preparations of thymidine phosphorylase

from human spleen (8), and of uridine phosphorylase from Ehrlich ascites

cells (13). Also the results of the present study were essentially in

agreement with those of Canellakis (26) with rat liver uridine phos-

phorylase, where a heat treatment step was incorporated into the pu::ifi-

cation scheme. The increase in purification in that study rvas 2.3-fo1d.
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i)

Three different speclfic activity rati-os for the substrates, Ur,

Udr, and Tdr, are gi-ven in Table IX for preparation C. The constancy of

these ratios was evident after the second DEAE-Sephadex column in which

thymidine phosphorylase activity had been removed. Table X summarizes

the specifle activity ratios of the fractions from steps involving

column ehromatography of preparations A to E. The ratios were faj-rIy

constant. This suggests that the preparations may be enzymatically pure

Specific activity ratios

with respect to the presence

( 66, p . 388) with no ev j-dence

of other uridlne and thymidine phosphorylases

a separation of uridine cleaving activityof



from deoxyuridine cleaving activity. In addition, the

thymldine in all purifled preparations appears to be an

in the action of the uridine phosphorylase isolated in

(discussed in section II E 2a)

k)

Ammonium sulfate (80 to 90/o saturation) was normally used to

precipitate enzyme protein from pooled column fractions lvhen the concen-

tration of protein was above 4 mg/m\ in the majority of the individual

fractions. Below this concentration Carbowax was used. In preparation

A, however, ammonium sutfate (up to gO/s saturation) was used to concen-

trate the selected fractions from the hydroxylapatite column, and the

protei-n concentration at the most was 0.9 mg/nr in the indj-vidual

fractions. The result was a loss of 44/6 in enzyme activity. The Carbo-

Concentration of protein fractions
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wax procedure did not result in serious losses, but an unusual result

oceurred i.n the proteln estimations from the final hydroxylapatite

phosphorolysis of

inherent feature

thls study

fraction of preparations B, D, and E; a ye1low precipitate formed on the

addition of the Folin-ciocalteau reagent. This would suggest that an

impurity, probably from Carbolvax, was introduced into the dialyzing bag.

In preparation D, the Lowry estimation and spectrophotometric determina-

tion (absorbance reading at 260 and 2BO m¡_r) gave identical protein

estimations. With preparation B the yellow precipltate was formed when

10 Ul of sample were used for the estimation but not when 5 ¡11 were used.

Polyvinylpyrrolldone (73) as rvell as the Electrophoretic Fj-l.ter/

Concentrator (7g) were used for.concentrating fractions, but the recovery

of activity was Iow (experiments were done at 40¡.



1) Other purification steps

Acetone fractionation of AS, fractions resulted in about a 9O/"

l-oss i-n activity with no increase in specific activity. In calcium

phosphate ge1 fractionation, the total recovery of the enzyme activities

towards Ur, Udr, and Tdr was 83/o, but to obtain a two-fold increase in

specific activity it was necessary to discard about 5O% of the total

uridine cleaving activity.
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Sephadex G-200 superfine and Bio-Gel agarose (0.5 M) were also

briefly studied as possible alternative molecular sieving columns. Both

columns, run at pH 7.0, gave 90-1L4/o reeovery of activity and protein

with the activlty peaks being more synmetrical than with Sephadex G-200.

The protein profiles showed only one broad band rather than several

broad bands as with Sephadex G-200, but the increase in specific actlvlty

based on the peak tube was slightly greater than wlth Sephadex G-200.

Columns using Cel1ex P and polyaerylamide P-300 were not successful.

After five bed volumes had been collected from the start of the gradient

only 5O/, of the uridine cleaving activity and protein were recovered

from the Cellex P column (mixing chamber: 1O0

mM ED{IA, pH 7.1-10 mM 2-SH; reservoir: 100 mI

EDTA-IO mM 2-SH). A similar result was obtained

at pH 8.0. The flow rate with

zero (bed volume 39 ml) after

thi-s point.

t

Enzyme assay

Experiment s

a)

the polyacrylamide column r,vas close to

two packing trials; it was abandoned at

m1

of

Properties of Uridine Phosphorylase

of 0.02mlP., pH 7.1-l

O.1 M P. , pH 7.1-1 mM

when the buffers were

on the rate of uracil formation as a function of time



and protein concentration were not done on crude fractions containing

uridine phosphoryLase activity in the present study. Yamada (19) has

shown, however, that for a dialyzed homogenate there was linearity with

time of incubation for at least 20 minutes, and with protein concentration

up to an absorbance reading of 0.390. Simil-ar experiments were done in

the present study wì-th hlghly purified preparations. The change in ab-

sorbance during the phosphorolysis of uridine was linear wi-th time for

at least 30 minutes; during urldine synthesis, 1i-nearity was evident for

about 70 minutes (Fig. 7). A similar result was obtained with a partially

purifiecl E. coli preparation (27). The phosphorolytic reaction was also

linear with added protein over at least a 10-fo1d range (4.9 to 49 ug)

(Fig. 8). It shoulcl be noted however that for most of the studies in-

volving uricÌine synthesis L-2 V"C of protein were frequently used.

Each point on the lines in Figures 7 and 8 (and i-n subsequent

experiments) generally represents the average of two readi-ngs . If,

however, the duplicates do not agree, both readings are given on the

graph. To clearly indicate which fraction from the purificati-on pro-

cedure was used in an experiment, the followi-ng notation rvas devised:

the most highly purified fraction of a given preparation is denoted by

a subscript 'f', for example prep.Ati any other fraction is denoted by

a number which refers to the step 1n which it was prepared , for example

prep. A, (ammonium sulfate fraction). The two final fractions in4

preparatj-on E will be denoted as fraction E and fraction E, (Table VIII).
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b) Stabillty

A comprehensive study of the stabili-ty of uridine phorphorylase

activity was not done. Nevertheless, general information is given here



so that one can obtain

phoryl ase preparations

i) Storage of

Preparations Br,Cf, and D, were dialyzed against 0.05 M Tris,

pH 7.4-5 nM z-SH. Aliquots were taken and they were frozen at -4Oo.

Preparation E was dialyzed against 0.05 M Tris, pH 7.4-1 mM EDTA-5 mM

z-SH. Preparations C, and EO Lost 22/o of thelr uridine cleaving actlvity

(assayed at pH 8.1) after 60 days in storage. On the o'cher hand,

preparatlon D, ( I mS/nI protein) Iost 65/o of its actlvity in 18 days

of storage. Uridine phosphorylase fractions (20-30 mg/mL protein) from

step 6, if stored after concentratlon with ammonium sulfate at -4Oo, dicl

some idea of the stability of the uridine phos-

in this work.

enzyÍne fractions

-61 -

not lose any uridine or deoxyuridine cleaving a.ctivity after one month,

but lost L7/s of each activity when stored for two months. Fraction E

(7 ng/mL protein) lost about 25% of its activity towards

deoxyuridine after three months at -4Oo. After repeated

thawlng, aliquots from fracti-on EO lost about 35% of its

20 days in addition to the activity lost by storage alone

The purified preparations of Pontis et al (13) and

(1/') from Ehrlich ascites ce11s were much more labi-le than the present

preparations (except for preparation D)

maintain the activity of the enzyme for two weeks or more by storing

the fraction j-n 1/o bovlne serum albumin, and by freezlng at -2Oo . The

final enzyme concentration from their purificatj-on scheme was 0.06 mg/ml

fi) Effect of 2-mercaptoethanol and EDTA on storage

procedures, for storage, and in

2-Mercaptoethanol was used in thls study during the purification

used in puriflcation and storage

uridine and

freezing and

activity in

Pontis et al were able to

Krenitsky et al

most of

of many

the assay procedures. EDIA was

of the enzyme fractions, although



it was only used for storing one purified preparation (fractions E, and

E, ). EDIA dld not appear to have a stabilizing effect on the activity
b

of the stored enzyme at l-east at this stage of purification (1000-fo1d) .

Pontis et a1 (13) found the same effect with EDTA uslng a 20 to 4O-fo1d

pure uridine phosphorylase fraction. In the summary shown 1n Table XI

it is apparent that 2-mercaptoethanol and EDTA were not commonly used to

proteet nucleoside cleaving enzymes, even though in references (3, 8, 50)

the enzyme preparations were shown to be sensitive to sulfhydryl reagents.

2-Mercaptoethanol. did not appear to have any effect on the activity

of a fresh preparation of uridine phosphorylase when added directJ-y to

the assay medium, and it probably has little effect on an aged prepara-

tion of uridine phosphorylase if it were only in eontact with the enzyme

for 10 minutes and only at a final concentration of 5 mM (results under

headlng iii) , Preparation Ea lost very 1ittle of its activity towards

Ur' Udr, and Tdr when di.al-yzed for 16 hours j-n the absence of 2-mercapto-
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ethanol. After dlalysis for 90 minutes to remove this thiol from fraction

E_, no loss in either uridine or deoxyuridj-ne cleaving activities was
a

evident. Again using preparati-on EU there was no effect on activity by

Z-mercaptoethanol over a concentration range of 10 ¡_rM to 10 mM during

the 10 minute assay incubation period. Po'ntis et a1 (13) found that

glutathione had no effect on enzyme actlvity (2O to 40-fo1d pure

preparation), however, there was neither an indication of the age of

the enzyme preparati-on nor of the time lnvolved in the incubation of

enzyme and thiol. Nothing can actually be concluded from the present

work on the effect of 5-10 rru\4 z-mercaptoethanol on the stability of

uridine phosphorylase on storage, for no preparation was ever stored

without this thi-ol being present. Setlow and Lowenstein (72) found that



freezing crude adenylate deaminase preparations in the absence of

2-mercaptoethanol stabilized the eîzyme for at least two months, whereas

freezing the enzyme in the presence of the thiol caused inactj-vation.

Nevertheless, durlng purification and storage of the pure enzyme at 40,

2-mercaptoethanol (O.f% by volume) , glutathione or dithiothreitol was

needed for stability. There was no indlcation of the effect on freezi-ng

the pure enzyme with Z-mercaptoethanol present.

Although uridine phosphorylase wj-11 be shown in the next section

to be a sensitive sulfhydryl enzyme, thi.s does not necessarily mean that

a low moLecular weight thiol will be needed for storage. Creatine kinase,

one of the most sensitive sulfhydryr enzymes known, did not require a

thiol for stability (80) . It is possible that the disulfide formed on

oxidation of 2-mercaptoethanol by dissolved oxygen and catalyzed by

substances in the medium, flây actually inhibit the activity of the enzyme

by forming mixed disulfides with enzyme sulfhydryl groups (64, Vol I, p.

625) . Excess oxidized glutathione decreased the activity of phosphofructo-

kinase by about 30% (8I). A study on nucleoside monophosphokinases re-

vealed that cMP ki.nase, UMP kinase, and dcMp kinase activities are

differentially inactivated by oxidized glutathione with bOlo loss of dCMp

kinase activity at a concentration of glutathione of about 24 nM (53).

iii) Inactivation and reactivation experiments
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of

The effect of 2-mercaptoethanol and ctithiothreitol on the activity

aged enzyme preparations rvas discovered by accident near the completion

the studies done for thls thesis.of

of 20 mM dithiothreitol, reactivated fraction E

Inactivation. After 24 hours at room temperature,

showed no loss in u:ridine

in the presence



or deoxyuridine cleavlng activity. After 48 hours, horvever, the loss

of activity with both nucleosides was 27lo and after 96 hours it was B2/o.

After 72 hours a white fluffy material began to form (ge1 formation or

bacterial growth?). On the addition of 13 mM dithj-othreitol at 96 hours

there was no clarj-ficati-on and very little reactivati-on after an incu-

bation period of three hours (the absorbance readings at different time

intervals were too variable to give a percent value here). Differential
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inactivation of the

activation studies at room temperature, rvith 2-mercaptoethanol and

dithiothreitol, were done on aged fraction E, and EO (after a three

month aging period at -4Oo). InitÍa11y, thls was done by adding the

thiol directly to the assay tubes, however, with dithiothreitol the

absorbance readings were not reproducible when 10 ÍM or greater concen-

trations were used. It is interesting to note that with a hlghly purl-

fied purine nucleoside phosphorylase preparation dithiothreitol would

sometimes first activate the enzyme and subsequently inhibit it (3).

An increase in absorbance was sti11 apparent with urldine phosphorylase

for example, the increase in activity with uridine at pH 8.I and 7.4

and with deoxyuridine at pH 7.4 was between 1O-LOO%. The increase in

activity with 2-mercaptoethanol was more reproducible. The result of

a time study is shown in Figure 9A-1. The values are corrected for the

decrease in activity of the enzyme in corrtrol tubes at different times

(control readings decreased by LO-2O/6 for a 5 to a 120 mj-nute pre-

incubatlon periocì) . Wlth 50 nu\.{ 2-mercaptoethanol maximal reactivation

is being approached, still the two hour preincubation period does not

Reactivation of aged preparations

nucleoside cleaving activities was not evident.

, Time and concentration re-



appear to be the optlmal one (Figure 9A-2).

Reacti-vation with I0 mM dithiothreitol was repeatecl on fra-ctions

E and E. bv first dialyzing to remove 2-mercaptoethanol and then addingab
dithlothreitol to make a final concentration of t0 mM. Aliquots were

removed and assayed at different times. The increase in absorbance on

activa'cion for fractions E, and EO with uridine and deoxyuri-dine as

substra-tes (assayed at pH 7.4) is shown in Fi_gure gB. These readings

are not a true reflection of the extent of activation for the absorbance

reading of control tubes at different time periods were not taken.

Addition of dithiothreitol to.give a 1O mM increase in its concentration

after 130 minutes did not produce a sj-gnificant change j-n absorbance.

Fraction E did not show a great increase in activity on reactivation
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probably because it was not aged enough.

This polnt may be better understood by

the results of reactivation of preparations C,

The activity towards uridine and deoxyuridine

with the above preparation.s after a

though in two cases

results suggest that

better maintained by

Fraction E lvas completely reactivated but it did not have far to go.
a

The number of bands and thelr relative intensity by visual inspection

(disc gel electrophoresis) did not differ before and after activation

for any of the preparations.

no activity was

the activity of

Even though reactivation results

been found in the literature, few thiol

activating the preparations at frequent intervals

looking at Table XII where

to E, are summarized.

cleavage ivas j-ncreased

3 to 9 month storage period, even

present before reactivation. The

uridine phosphorylase may have been

and time studies (84) to show optimal conditlons were given concomitantly

of aged enzyme preparations have

concentration studies (82, 83)



For phosphofructokinase (85), 1oo mM 2-mercaptoetha.nol was incubated

with the enzyme for 10 minutes at 3To. For malic enzyme, 1 mM dithio-

threitol preincubated for 80 minutes at 26o, reaetivated the enzyme

optimally (84). Mitochondrial nucleoside diphosphokinase was incubated

with 100-200 mM 2-mercaptoethanol for 8 minutes. For deoxycytidine kinase,

50 mM 2-mercaptoethanol, preincubated with the enzyme for 6O minutes at
o37 , reactivated the enzyme maximally (82). The conditions for maximal

reactivation of aged uridlne phosphorylase preparations are not yet

known, horvever, it appears that the enzyme should be preincubated with

50 mM 2-meteaptoethanol for at least 180 minutes or with lO mM dithio-

threitol for r2o minutes , at 25o. such long periods of reactivation

are not uncommon. wlth the citrate cleavage enzyme, it was found

necessary to incubate wj-th 5 mM dlthiothreitol for as long as 24 hours
oat 0 for complete activation (86) .
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c) Homogeneity

Besides the crlterion of constancy of specific activity as

menti-oned with the results of the hydroxylapatite column, two other

criterla were used to judge the homogeneity of the purified preparations

i) Polyacrylamide disc gel electrophoresis

bands on disc gel electrophoresis at pH 8.9 as shown in Figure 10, with

Diagnostic electrophoresis

bancì A allays being the widest and darkest staining band. preparations

D (photos 1 and 2) and fraction Eo also had very fai-nt bands, two above

and two below the dense bands

faj-nt bands better (ccmpare photo r wj-th 2, and 5 with 6, in Fig. 10)

than Amido black when the same amount of protein (bo ug) was applied.

Preparations Cr-E, gave two dense

Coonassie blue appeared to bring out the



The banding pattern

pH

In

8.9 except for a

preparation C, four additionaÌ

paration was 1O weeks old with a

A1so, the minor band (B) was more heavily stained than in the original

preparation. These pattern differences on aging were al-so apparent Ín

preparation D but not in fraction EO. With freshly prepared fraction E"

(specific activity 20) three derise bands appeared on electrophoresis, but

band A still stained the darkest (not shown).

A definitive concentration study was not done, so there is the

possibilì.ty that band B was due to aggregation effects. Stil1, in

preparation C, the protein concer.rtration was 1 .3 mg/m|, whereas in

preparation D, and fraction EO it was between 0.2-0.5 mg,/ml, and no

differences in the bandlng pattern were observed. One more fact worth

noting j-s that 200 ¡_rB of preparation C (photo 3) did nct show the faint

bands which appeared with 50 Ug of aged preparation C (photos 5 and 6) .

Furthermore, the banding pattern with 280 ¡_rB of preparation D (not shown)

dj-d not diff er from tha-t with 50 ¡-Lg (nhoto 2) .

of preparation D at pH 7.5 was sirnilar'co that at

narrow light staining band i-mmediately above band A.

- ôt -

faint bands appeared after the pre-

concomitant loss of activity (about 50/r)

and deoxyuridine cleaving activities were lost. Since the absorbance

readings were between 0.03 and 0.07 units for uridine and deoxyuridi-ne,

Elution electrophoresis. On elutlon , 90% of the orlginal uridine

it is not possible to present any meaningful results, although 1t should

added that 9O/" of the remaining uridine and deoxyuridine cleavingbe

activities was recovered 1n band A. These results are included

thesis in order to account for over 75/o of preparation D, (Table

was used in an effort to find better conditions for recovery of

on elu-bion, Some precautions that were taken were:

in this

IV) that

aet ivi ty



(1)

(2)

(3)

(4)

to add 2-mercaptoethanol to the buffers

buf f e:c

to apply the protej-n sample in sucrose instead of spacer ge1

run the geJ- column at 40

extend the time of contact between the ge1 pieces and

to

LO
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(5) to apply larger protein samples.

Few papers have been found in 'che literature that actually gave

the percent recovery of enzyme activì-ty after elutj-on (87-95). In one

paper, however, 40% recovery of activi'by was reported (90). Perhaps

modification of the elution procedure would produce a better recovery

of activity, although a preparative disc ge1 technique would provide a

better sclution (96, 97). Stil.l it should be noted that the two most

frequent approaches used j-n the recent literature for detection of

enzyme activity from disc gels do not involve the preparative technique.

One basic technique is to allow the cut pieces of gel to stancl 1n buffer

for varying time intervals up to 24 hours (88, 89), and sometimes to

macerate the pieces afterwards (87) or right away (90, 91), and then to

assay for activity. The other technique is to assay for the enzyme

dir:ectly on the gel or pieces of the ge1 by adding a speclfic dye or

indicator to the assay medium (92-95).

ii) Ultracentrifugation

Sedimentation veJ-ocity analysis wi-th preparation C, (4 mg/m\

protein) at 60,000 rpm. for 90 minutes, resulted in a small band such

as seen in the othscstudiæ(93, 98), No peak ças evident, however, with

fraction E, (5.7 ng/ml protein) under the same conditions. The reason
n

for this discrepancy ì-s not understood

it is difficult to say for certaln whether it is symmetrical, neverthe-

Because the peak was so small



1ess, the lack of homogeneity

from electrophoresi.s alone.

d) pH-Actlvity study

. 
The pH-activity relatiorrship for uridine and deoxyuridine over a

pH range of 4-10 is shown in Fì-gure 1I. The pH optima for uridine and

deoxyuridine are 8.2 anrJ 6.5 respectively. This j-s essential 1y the same
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as shown by Pontis et a1 (13) for a partially purified Ehrlich ascites

cel1 preparation; by Yamada (19), and by Canetlakis (26) for partially

purified rat liver preparations. A greater pH range was used in the

present study, and the pH curves appeared to be more symmetrlcal here.

At the pH optimum for each substrate the ratio of Ur/UdT activities was

1.1, which is lower (compare to 1.4) than that obtained for a 15-fo1d

pure preparation of uridlne phosphorylase (19). The ratio for the

Ehrlich ascites cell preparetion was 1.0 (13). Paege and Schlenk found

the pH optimum for the phosphorolysis of uridine with a 2O-fold pure

E. coli urldine phosphorylase preparation to be 7.2 (27), although a

more recent paper has reported a value of 7,6 on a l5-fold pure pre-

paration (28) .

For the phosphorolysis of nuclecsides about 100 mM phosphate was

used, 1n addition to acetate (I00 mM), Tris (1O0 mM), or glycylglycine

(167 mM) buffers, in order to obtain the different pH values. Tris

inhiblted the phosphorolysis of deoxyuridi-ne by about 25/o, but it had

no effect on the phosphorolysis of uridine. It is interesting to note

in this connection that the deoxyribonrlcleoside cleavj-ng activity of

thymidine phosphorylase was also inhibited by Tris (50 mM); more details

are given under heading (fi-i). The loss in activi-ty at pH 5.4 and 9,4

in the purified preparations was evident



wlth trridine as the nucleoside was not due to inactivation of the etzyme

for when it was preincubated at these pH values for 10 minutes, ancl then

assayed at pH 7.6 or pH 7.9, the normal absorbance readi-ngs were recovered

(Figure 11) .

the normal uridine cleaving activity at pH 8.0 was sti1l present. This

When phosphate was nct included in the incubation medium, lO/" of

was not apparent with deoxyuridine as the nucleoside (Figure ll) , This

difference may be due to experimental error since the absorbance readings
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were very 1ow, or perhaps to the presence of a uri-dine hydrol-ase. Never-

theless, it might also be a reflection crf active site differences in

uridine phosphorylase for the cleavage of uridine and deoxyuridine. It

should be noted that the phosphorolytic and the hyd::olytic activj-ties

appear to have the same pH optimum.

The pH optimum for the synthesls of uridine appeared to be about

8.5. This is 1n good agreement with a value of 8.2 for a crude Ehrlich

ascites ce11 preparatíon (22) .

e) Molecular weight estimation

The molecular weig-hts of uridine and thymidine phosphorylases

(based on one determination) by Sephadex gel fil-tratlon were both esti-

mated to be about 110,O00 (Figure 12). These molecular wei-ghts are not

unreason.able estimates with respect to a value of 80,000 for a purine

nucleoside phosphorylase preparation (3) which was estimated by Sephadex

G-100 chromatography (Table III), and values of 78,000 arrd,148,000 for

partially purified pyri-midine nucl-eoside phosphorylases from E. coli and

B. stearothermophilus, respectively (estlmated by sucrose density gradient

centrifugation (99) ) .



The points representing the five standard proteins on Figure l2

clo not all have to be on the standard line, and, i_n adcìition, the ones

that deviate may stil1 be used as long as their behaviour is recognízed;

for example, ovalbumin, deviates +IO%, and )-g1obulin, -BO% (75) , In

the present study both of these proteins deviated from the line, but not

to the same side of the line as gj-ven by Andrews (75). Andrews suggested

that his data be taken as the stanclard reLationship for globular proteins

Tht-ts, it would be of value to compare the ratios of elution vol-ume to
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void volume for the proteins used.

given in brackets: chymotrypsinogen,2,4 (2.3); ovalbumin, Z.

albumin , 2.O (1.9) ; I -globulin, 1.5 (I.5) ; apoferritin , I.2

The aggreement is quite good.

f) Transferase activity

The transferase experiment performed as described in 'Methods' ,

showed that phosphate independent ribosyl transfer did not occur, tlnat

is, direct transfer. Phosphate dependent (0.83 mM phosphate) transfer

did occur, that is, indirect transfer. The equations for these reactions

were given and explained in section I B 2b. Indlrect transfer actlvj-ty

si-mp1y indlcated what had been shown previousry wlth lO-fold or less

pure preparations (25, 35), namely, tlr'a'c uridine phosphoryl-ase can

ca'Lalyze a reversible reaction. The above experiment was done in order

to show the connection between the inhibition of phosphorolysis by deoxy-

grueosylthymine (described below) and transferase activity, fox a pre-

paration of uridine phospholylase free from thymid:i-ne phosphorylase

activlty. To the author's knowledge this was not done before.

i) Transf erase experiment

The values for the present stucly are

3 (2.0);

(r.2) .



Deoxyglucosylthymine inhiblted the phosphorolysis of uridine and

deoxyuridine as well as the synthesis of uridine (Figure 13) . The

inhibition of the synthesis of deoxyuridlne was not studied. The concen-

tration of deoxygluccsylthymine required for 5O/, inhlbition of the phos-

phcrolysis of uridine at pH 8.1- was 0.10 nM, and for deoxyuridine at

pH 6.6, 0.018 mM. Also the IrO values for uridine and deoxyuridine at

pH 7.3 were 0.11 mM and 0.019 mM, respectively. For uridine synthesis

at pH 8.1, the IrO value was 0.14 mM. Except forbhe pH 7.3 studies, as

indicated below, each complete experiment was done once. The lnhibltion

produced by deoxyglucosylthymine after a 20 minute preincubation period

ii) Inhibition of activi-ty by deoxyglucosvlthvmine
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was the same as after a 5 minute

uridine (assayed at pH 8.1) wÍth

thymine did not reduce the degree

The phosphorolysis of deoxyuridine and thymidine by thymidine

phosphorylase (preparation DrO) was not inhibited by a deoxyglucosyl-

thymine concentration of 0.19 mM. In connection with this fraction, it

shorild be noted that it had already lost 50% of its activity towards

the two nucleosides after dialysis against 0.05 M Tris-I mM EDTA (per-

formed just before the inhibition study) . The same loss occurred even

when 5 mM 2-mercaptoethanol was added to the dialyzing buffer. The

lnhibi'cions by deoxyglucosylthymine of uridine phosphoryl-ase and the

Iack of inhibltion against thymidine phosphorylase are in agreemerrt rvith

previous results on crude rat liver and Ehrlich ascj-tes cell enzyme

period. Prei-ncubation of phosphate or

tl:e enzyrl^e before adding deoxyglucosyl-

of inhibition.

preparations (2O, 33).

As indical.ed in the legencl of Figure 138, the flrst experiments

wlth uridi-ne and deoxyuridine a.b pH 7,3 were done on one dat¡. The



experj-ments at pH 8.1 and 6.6 (Fig. 134) and the second experiment for

uridine at pH 7.3 were cìone about one week 1ater. The irregular shape

of the urldine curve could not be reproduced in the second experiment.

The only apparent difference between the two pIÌ 7.3 experiments was that

';he absorbance reading of the control for the experimeni on (8.12.68) \.vas

2O/, Lower than for the experlment on (28.11.68).

g) Substrate inhibltion
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The synthesis of uridine at pH 8.1 was inhil:ited by uracil (Fig.

14) wittr 50% inhibition occtrrri-ng at a concentration of 1,2 mM uracil.

With deoxyrlbose-I-phosphate as the second substrate, 1,1 mM uracil

inhibited the synthesis of deoxyuridine by 65/6 at pH 6.5 (not shown).

Optima-I concentrations of the pentose-1-phosphates were used (1.4 mM) .

The type of inhibition that was produced is difficult to classify

since the Dixcn plot (1,/v versus uracil) was not obeyed as shown in the

insert of Figure 14, tliat is, the lines did not cross the positive

y-axls and they did not irrtersect in the negative x-quadranf, (67' p.80).

In passing it is interesting to note that the Dixon plot was obeyed for

the lnhibitj-on of thymidine synthesi-s by thymine for thymidine phos-

phorylase preparations (9, 10). If the velocity values on inhibition

were.obtained at higher concentrations of uracj-i, the lines may have

:Lntersected in the expected quadrant. This suggests that cooperative

effecbs between trvo or more uracil sites rnay have aided the progress of

inhibition. Also the concept of overlapping sites for urldine and

deoxyu-ridine is an aLtractive hypothesis for this situation and it will

be discussed in some detail later (sections III D 5b, and III D 8c).



h)

These results are sketchy, for the llmited amount of enzyme at

this late stage made it impossible to do detailed studies; nevertheless

Anomalous results after reactivation

the findings rvere considered to be of some interest and they will_ be

descrilred.

Preparation D, and fractions E" and EO, one to two months after

reactivatlon, gave unexpected absorbance readings for the phosphorolysis

of urj-dine and deoxyuridine at different pH val-ues. Table XIII summarizes

the effects with fraction E. This fraction had excepti.onally low uri-
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dine cleaving activity

thls act ivity j-ncreased

into the Ì:tiffer system

glycylglycine had been

deoxyuridine cleaving

marked decrease in the

near its optlmu-m pH

substantlally when

(experiments 3 to 7)

previously recorded.

ments 9 to 11). Nucleoside synthesis with ribose-l-phosphate (with

glycylglycine) and deoxyribose-l-phosphate gave'normal' absorbance

readings (experiments 12 and 13). Synthesis of uridine in the absence

of glycylglycine was not checked. The results with preparatj-on D, and

fraction E were similar, but the effect of glycylglycine ivas only
a

checl<ed with fraction EO. Reactivated preparation C, did not give the

above anomalous results, îhe only difference in procedure that was

activity near its pH optimum, but there was a

phosphorolysis of deoxyuridine at pH 7.3 (experi-

(compare wlth Fig. f1) but

glycylglycine lvas incorporated

. No such increase with

Still there was substantial

evident was that this

original reactivation

were thawed numerous

experimerits on reactivated samples did not reveal any differeuces for

The reason for the anomalous effects is not known yet. Previous

preparation was only thawed twice after its

, whereas preparation D, and fractions E, and E

times before all assays were completed.



the phosphorolysis of uridine and d.eoxyuridine,

reactivated aged samples is an important factor.
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Perhaps aging of the



Although about 80% of urtdine and d.eoxyuridine cleaving activities

were found in the soluble portion of the ce11, this does not necessariLy

mean that these activities are locaIÍzed in cytoplasmic or solubLe fractions

in vivo. Thus, if the tissue is homogenized in O.25 M sucrose, most of the

nuclear sap components, i'e. enzymes and1ow molecular weÍght chemicals, will
occur in the soluble fraction of the cell (56, 100) . The soLubLe space of

the cell may be defined as the extraparticuLate compartment of the intact
celI in which proteins and metabolites are free in solution (56). fn addi-

tion, cytoplasmic enzSrmes themselves may be Loosely bound to some particu-

late fraction but released quickly on homogenization in 0.25 M sucrose, as

has been found with mitochondrial hexokinase (1Ol) and 5t-nucleotid.ase (102)"

Green has concluded that the glycolytic enzJrmes are bound to the erythrocyte

membrane with various degrees of firmness (1OS¡. fn this connection it is
interesting to note that a purine nucleoside phosphorylase has been foqnd to

be highly concentrated in the nucleolus of starfish Oocytes (IO+¡, and that

Bose and Yamada have l-ocalized most of the enzyme activity from the crude

nuclear fraction as described in the present study, in the pLasma membrane

(unpublished results from this laboratory).

L. rntracellular Localization of uridine phosphorylase

E. DTSCUSSION

a) Thymidine cleaving activity of uridine phosphorylase

The col-umns gave an overall recovery of activity of 85 to g5% w:-t:n

generally little loss on subsequent concentration and dialysis. The losses

that did occur were usua11-y a resuLt of the sel-ection of only certain column

2" Column Chromatography



fractions in order to obtain a concentrate of high specific aetivity.

The DEAE-sephadex column (step 7) gave a good separation of Urpase

from Tdrpase, horilever a base line rvas not evident in the chromatogram.

This would suggest that the uridine phosphorylase peak was contaminated

with a small amount of deoxyuridine and thl'rnidine cleaving activities of

thymidine phosphorylase. However, in studies by Yamada (19), where a base

line was usually reached, a small but significant thymidine cleaving peak

was shown to be present under the uridine cleaving peak. In addition, in

the present study, the specific activity ratio lJr/far remained relatively

constant for the fractions obtained in the purification procedtrre after

step 7 in the five different preparations (Table X). Also it was observed

that if a smal-l amount of thymidine phosphorylase activity contaminated

the uridine phosphorylase peak after step 6, it could be removed by the

subsequent column step (Table IX). Thus , tlne above three points suggest

that the thymidine cleaving activity remaining with the purified uridine

phosphorylase preparations is an inherent part of its catalytic action.
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b) Explanations for the variation in the final specific activit

The differences in specific aetivity in the purified samples

(Table VIII) perhaps may be explained by the following four factors,

(besides using the argument of technical variation):

(1) overloaded DEAE-Sephadex column

(2) Sephadex G-200 column at PH 8.0

(3) heat treatment step

(4) recombination technique for column fractions

The low final specific activity of preparation A was probably due,

for the most part, to the absence of an overloaded DEAE-Sephadex column in



the procedure, and to the fact that fractions collected from the hydroxy-

lapatite column had a wide range of speeific activiti-es ranglng from 8 to 32.

rn preparations B and c, although the same steps were used, the range of

specific activities of the fractions collected from the hydroxylapatite

column for B (from 26 to 47) was greater than for C (from 35 to 46). Stilt

the loss of enzyme activlty from preparation B through spilling probably had

a greater effect than the above point on its flnal specific activlty.

Perhaps faetors (1) to (3) can explain why preparation D

highest finar speciflc activity of the five preparations. Heat

resulted in less than a 2-fold increase in speclfic activity but
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of 12 grams of protein were eliminated.

effect on the resolution of proteins in subsequent column steps. The

Sephadex G-200 column normally gave a 1.8-foId increase in speciflc activity

(2-fo1d in the most active column fraction) in the f1nal concentrated fractíon,

but in preparation D, a 5-fo1d increase occurred (6.6-fo1d in the most active

fraction), and in preparation E, a 2.|--fold increase occurred (3.9-fo1d in the

most active fraction). The only apparent difference between the columns used

in preparations D and E ardin the other preparations was the change of pH of

the buffer from 7.1 to 8.I. It is difficutt to assess the contribution of

the change of pH to the increase in specific activity since the columns were

not repeated often enough, but as already mentioned there were differences in

activity and protein profiles in buffers with the above pH values.

One should also consider the volume of sampl-e used, si-nce the sep-

aration of proteins on a molecular sieving column is greatly depenclent on

thj.s volume. rn preparation D, the volume of sample applied was r/s of t]he

bed volume whereas in preparation E it was 3/o. But when the sample volume

was I/o with a column at pH 7.1 the increase in specific activity was still

This could result in a significant

had the

treatment

about 4 out



only Z-fo1d, Another point

and E is the recombination

D (3o%) than with E (L5%) 
"

Sephadex dextran gels have

for Sephadex G-200 this is

c)

The Ur/Udr specific activity ratio at pH 7.4 from a IO-fold pure rat

liver uridine phosphorylase preparation was given as 2.0 by ltrenitsky et aI

(tS1, however this ratio varied from I in E" coli to O.5 in dog intestinat

epithelium (in the present study the ratio was 1.3). purified urÍdine

phosphorylase from Ehrrich ascites ceIls gave ratÍos of 1.1 (13), and 2.0

(t+¡ at pH7,4. The Ur/Udr ratio indicates the preference of the enzSrme for

ribose or deoxyribose, whereas the Udr/Tdr ratio indicates the preference

for uracil or th¡rmine (fS¡ . Thus, from the present study and anot.her study

(t0¡, it appears that uridine phosphorylase of rat river has a greater

preference for the ribose moiety from pH 7 "2 to LO, and for the deoxyribose

moiety from pH 5"L to 7.2. In addition Ít has a preference for uracil over

thymine from pH 5"5 to 1O (this is only an estimate for a pH-activity curve

for thymidine was not done here).

SpecifÍc activity ratios

to consider in connection with preparations D

technique, for more activity was discarded with

In passing, Ít is interesting to note that

an aromatic affinity for solutes (fOS), however

not very pronouneed.
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At this point , it would be meaningful to looir et Krenitskyt s specific

aetivity ratios for his various preparations more closely as given in Table

I (15). One explanation that can be given for the variation in the ratios

is that uridine phosphorylases from different sources have dlfferent sub-

strate specifÍcities" Other explanations \¡/ere discussed in detail in

section 1 B 2 ai. However another possibility is that the ratios may vary

as a result of a pH effect. The pll profiles for ur, udr, and rdr for any



of Krenitskyrs sources were not given, and all the assays were done at

pH 7.4. The pH optimum for the main substrate was said to be the same in

all cases, i.e. 6.6 for uridine cleaving enzymes of group B, 8.1 for uridine

creaving enzymes of group A, and 5.5 for thymidine creaving activity of

thymidlne phosphorylase. The 1j-terature values for the pH optima for

urldine and deoxyurldine for uridine phosphorylase have been reported for

rat J-iver (19) and Ehrlich ascites cells (13), and in both cases they were

6.6 for udr and 8.1 for ur; the pH optimum for the thymidine cleaving

activity of uridine phosphorylase from rat liver was reported to be 5.7 (I9);

from Ehrlich ascites celIs, 6.8 (14); and from B. stearothermophilus, 7.2 (gg)

although the evidence that this enzyme also catalyzes the phosphorolysis of

uridine and thymidine is not conclusive yet. Perhaps i.t is possible that

the pH profiles of deoxyuridine and thymidine in relation to the pH profile

of uridine are different for enzymes from dlfferent sources. This could

account for the variation in the t¡r/Udr and Ur,/Tdr ratios.
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A number of explanations for the significance of the two major bands

on di.sc gel electrophoresis are considered below:

(a) One band is specific for uridlne cleavage and the other for

deoxyuridine cleavage, or band A has both activities and band B has only

3. Interpretation of the Disc Gel Patterns

one activity.

(b) Both bands have two activities,

activity (I) towards both substrates or (2)

(c) Band A contains both uri-dine and

and band B 1s due to aggregation effects or

but band A has the greater

'cowards only one substrate.

deoxyuri-d j-ne cleavlng activlties

to some artifact produced durlng



electrophoresis 
"

(d) Only banci A has the cataLytic activity and band B contains Ín-

active protein (with rega-rd to the activities of uridine phosphorylase).

The information available from the present study cannot definitely

point to one interpretation. The elution results can only be considered as

a weak support for' the fourth contention because the recovery of activity

was very low, Nevertheless, it is felt that this explanation is the most

likely one at this time; each explanation is considered below:
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(a) Band A appears to be at l-east the major active band. Ti:ere was

enrichment of A over B during purification in preparations C-E. fn addition,

there was further enrichment in fraetion EO relative to fraction 8". Also

fraction X, car:tained 8O/" of the total uridine and deoxyuridine cleavingb

activities whereas fraction E" contained 20% of the total uridine and deoxy-

uridine cleaving activities from preparation E, (Table VIII) " The specific

activity ratios of E" and Eo were virtually identicar (Table x). Thus

explanation (a) does rrot appear rikely, and, at the most, band B contains

an enzyme with low activity tov¡ards one of the nucleosides.

(b) Explanation (b1) cannot be ruled out, but (b2) cloes not appear

likely on the basis of the information given above.

(c) ThÍs explanation does not appear likely for the lack of homo-

geniety was also evident by the incons-tancy in specific activity across the

activity band in the hydroxylapatite column. Also, variations in procedure

for electrophoresis did not produce a marked difference in the patterns

(section If D 2 ci).

(d) This is the simplest explanation, but band B may still- be more

than just an inactive protein. This is discussed under heading 4b.



a) Future experiments

activation by 2-mercaptoethanol and dithiothreitol indicate the presence Ín

the protein of one or more reactive thiol grotips which are essentiat for

maintaining the protein in an actÍve conformation. It would be interesting

to explere the above effect further. An investigation of the following

points âr€ corrsidEred to be worthwhile in this connection:

(1) The effect of different thiols (mc,no and di) on reactivation of

enzyme activity towards nucleoside cleavage and synthesis.

4. Reactivatior' of Uridine Phosphorylase

The inactivation of uridine phosphorylase with time and its re-
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(2) Aging of the enzyme at differen.i; temperatures, pH, and ionic

strength conditions.

(3) The formation of disulfide bonds wj.th o-iodosobenzoate and

tetrathionate followed by reactivation with 2-rnercaptoethanol, dithio-

threitol, etc.

(4) The effect on activity of different ratios of reduced and

oxidized thiol"

(5) The effect of substrates on aging, that is, protection of

sulfhydryl groups.

(6) The effeet on molecular weight.

Perhaps a differential effect on uridine and deoxyurid.ine cleavage

will be revealed on reaetivation. Such an effect was evident with a nucleo-

side monophosphokinase preparation, purified up to 147-fo1d, with substrates

dCMP, CMP, IIMP (53, BZ)" If aging and reactivation were simply a matter of

a reversible reaction, with an equilibrium L'etween oxidized and reduced



sulfhydryl group conformational protein forms (discussed under heading 4b),

one might expect that inhibition with o-iocìosobenzoate, to be discussed in

section III D 6, should duplicate the effect of aging. In this section on

'sulfhydryl Group Modification Studiesr, it will be shown that the activity

of uridine phosphorylase is very sensitive to inhibition by o-iodosobenzoate

with virtually complete protection against inhibition afforded by uridine.

Perhaps storing the enzyme j-n uridlne would decrease the rate of the aging

process of the enzyme.
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b) Equilibrium between two thiol states

activity of uridine phosphorylase is given in section

Although more evidence on the lmportance of sul

be no evidence to support or negate the possibility of

an acti-ve uridine phosphorylase molecule wj-th reduced

active uridine phosphorylase mol-ecu1e with oxidized SH

is an interesting possibllity, for equilibria between

of proteins in solution is believed to be an important property of proteins

(106, LO7), and reduced and oxidized thiol states have been postulated (53,

83, 109). Since Sugino et aI have found that the three kinase activities of

dCMP kinase were Oitfererlr-r" inactivated and reactivated (a2> , as reported

above, Sugino suggested (53) that the,

"...redox potential may be one of the factors regulating activities
of some enzymes without change in the net amount of protein."

fhydryl groups for the

III, there will sti11

an equilibrium between

SH groups and an in-

groups. Still this

various conformations

they dì-d obtain rapid activation of dCMP kinase with thloredoxin, thiore-

doxin reductase and NADPH2 (109). Reversibitity was not shown. The above

speculative discussion can be adequately summarized, by showing a generalj.zed

version of the sketch given by the above authors. As a tentative

Although Sugino et a1 did not report on an in vivo enzyme system,

explanatlon for band B, an additional enzyme form is added (irreversibly



oxidized uridlne phosphorylase).

irrevers ibly
f

/aging
/

active Urpase inactive Urpase
(band A?) q-

d.".,_-=.*.
oxidized metabofite reduced metabolite

(-s-s-¡ 

--_---ø 

(-SH2)
enzyme

reduced coenzyme ---F****- oxidized coenzyme
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This equillbrium between two thiol states will be consi-dered in more

detail in connection with a model for the mechanism of action of urldine

phosphorylase in sectlon VI B

The phosphate species that is involved as a substrate in phosphorotysis

is not known (1). One report gave the concentration of monoanion and dianion

as being equal at pH 7 .2 (LIO). This is an interesting point for at this pH

the enzyme has equal activities towards uridine and deoxyuridine (Figure 11) .

Although this may inply that the monoanion i-s involved in deoxyuridi.ne

cleavage and the dianion in uridine cleavage, there are difficulties inherent

in this proposal for neither a.ctivity is at 5O/, of its maximum value at thls

pH, that is, uridine had 66% of its maximum, and deoxyuridine has 74/o. One

should note however, that the pH curves are rather steep in this region.

The apparent splitting of uridine rvithout adding phosphate to the

incubation medium might indlcate that the phosphorolytic and hydrolytic

activities are an intrinsic feature of uridine phosphorylase. Sucrose phos-

phorylase isolated from -1euconostoc mesen des, exhibited hydrolytic

activity of the order of I to 2/, of its phosphorolytic activity even after

oxidized Urpase
(band B?)

pH-Activity Study



extensive purification (I11). The authors concluded both activities to be

an intrinsic property of the enzyme on the basis of: (1) constant ratios

of phosphorolytic to hydrolytlc activity durlng purification, (2) the same

pH optimum, (3) inhibition by glucose.

It is worthwhile to note that the hydrolytic cleavage of only uridine

was not the only difference found in the action of uridine phosphorylase on

uridine and deoxyuridine. There was also inhibitlon of only deoxyuridine

cleavage by Ti:is, and the loss of only uridlne cleaving activity under

certain conditions as given in section II D 2h. These points will be referred

to once more in section III D 5b in connection with overlapping nucleoside

sites for uridine phosphorylase.
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Although the present resul-ts suggest that uridine phosphorylase does

not have direct ribosyl transfer activity, this conclusion has already been

predicted by Krenitsky É al (14) based on rather indirect evidence (3O, 33)

Their reasoning is based on three experimental findings which are given

below in order to show the extent of previous work in this area:

(a) Zimmerman found that mouse and rat tumours have 1ow thymidine

cleaving activity, but no transferase activity, whereas normal rat liver and

6. Transferase Activity

human tumours have both activitles (30).

(b) Thymidine cleaving activlty in rat and mouse tumours was completely

inhibited by deoxyglucosylthymine, whereas in normal rat Liver and human

tumours both activities were not inhibited (30).

(c) At about the same time, it was found that Ur, Udr, and Tdr

cleaving activities of a partlally purified Ehrlich ascites ee1l uridine phos-

phorylase preparation were inhibited by deoxyglucosylthymine; deoxyuridlne and



thymidine cleaving activlties of a partially purified horse 1i-ver thymidine

phosphorylase preparation were not inhibited (33).

Thus, the present studies on uridine phosphorylase are more direct.

Nevertheless, at this point, further experiments, such as the following

ones, should still be done before it is concluded that uridine phosphorylase

does not have direct transferase activity:

is the optimum for the phosphorolysis of

for transferase activity may be different

pH optimum for transfer of a deoxyribosyl
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(a) pH experiment. The actlvity was only measured at pH 8.1, which

1ysis, 5.9 (10). In addition, perhaps uridine phosphorylase may also be

able to ca'caLyze the direet transfer of a deoxyribosyl moiety.

(b) Concentration experj-ment. The concentration of nucleoside may

be important for detecting transferase activity. For thymidine phosphorylase

the transferase mechanism predominated over the phosphorolytic one in the

presence of phosphate for the synthesis

of 5 mM for the nucleoside (1f) . In the

0.66 mM was used in the presence and in

uridine, however, the pH optimum

. For thymidine phosphorylase the

moiety was 7.3, and for phosphoro-

a) Compari-son with results from the literature

Although no study, up to thi-s tlme, has been directed towards the

inhibition of uridine synthesis by uracil, it is still surprising, in the

light of the present results, that in many studies the concentrations of

uracil were between 4-Ì0 mM and substrate inhlbi-tion was not observed (13,

22,26,27). In two other studies an assay for indirect transfer actlvity

was used and the final uracil concentrations were 0.67 mM (25) and 0.17 mM

of nucleosides above a concentration

present study a concentration of

the absence of phosphate.

7. Substrate Inhibition



(35) . In one paper (21) it was noted that the activity of

purifled uridine phosphorylase preparation from rat Iiver

high concentratj-ons of uracil, but a concentration of 6.6

The above results cannot be reconciled with the fact that substrate inhibition

was found in the present work above

noted, however, that a purifled rat

study from the literature, and in only two cases were rat liver preparations

used (2L, 26) .
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b) Comparison with resul-ts on substrate inhibition of thymidine phosphorylase

Substrate inhibition of thymidine phosphorytase preparations has been

studied in some detail (9, 10) and 1t would be of interest to compar" I5O

values with the present study. With a highly purifled thymidine phosphorylase

preparation from rabbit liver (9), inhibition by thymine began at about 3 mM

with 50/¿ inhibi-tlon at about 8 mM. I{ith a partially purified thymidine phos*

phorylase preparation from human leukocytes (10), lnhlbition by thymine of

thymldine synthesis resulted in an IrO value of about 7 nMi inhibltlon by

uracj-l of deoxyuridi-ne synthesis resulted i-n an IrO value of about 10 mM. Thus

uridine phosphorylase (with an IrO value of about 1.1 mM) j-s more sensitive to

substrate inhibition than thymidine phosphorylase, atthough a rat liver pre-

paration of thymidine phosphorylase has not as yet been examined.

a concentratlon of 0.7 mM. It should be

liver preparation was not used for any

a partially

was inhi.bited by

mM was still used.

c) Physiological role for substrate inhibition

Substrate inhibitlon by uracil should

numerous effects of other metabolites on the

are i-nvolved j-n ribo-and deoxyribonucleotide

circuits, however, are very complex and they are beyond the scope of this

thesis. Still it was suggested in the 'Introduction' (section f B 4) tlnat at

an appropriate concentration of uracil-, uridine phosphorylase might be forced

be looked at in relation to the

kinases and other enzymes that

metabolism (53). Feedback



to catalyze art essentially unidlrectional reaction, that is, nucleoslde syn-

thesis. Furthermol.e, this may be an irnportant development for producing

sufficiently high concentrations of uridine for the efficient catalysis of

UMP production by uridine ki.nase during periods of growth. In the most

general terms one could say that the function of substrate inhibition by

uracil is,
ì'the maintenance of cellular economy and the eellular physiological

balance at the lower metabolite leveI" (53).
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While uridine phosphorylase from rat liver has been purifled as much

as 1,9OO-foId relative to the homogenate with a recovery of 8% of the initial

uridine cleaving activity, a number of ways can be suggested for improvlng

the yield and decreasing the time involved:

(a) Purchase frozen perfused rat lj-vers.

(þ) Increase the capacity of the homogenizing equipment.

(c) Spin at (54,000 x g) instead of (150,000 x g) in order to make

use of larger centrifuge tubes; or use newer larger capacity ultracentrifuges.

(d) Assays on the nuclear fraction and the supernatants as well as

detailed assays on columns could be eliminated.

(e) Replace the overloaded DEAE-Sephadex column with the heat treat-

ment step.

(f) Concentrate purifled enzyme fractions by Diaflo membranes rather

than by Carbowax.

(g) Prepare a homogenous enz)rme fraction using preparative disc gel

electrophoresis after the hydroxylapatite step or perhaps after an earlier

8. Modiflcations of the Present Scheme for Purifying

Uridine Phosphorylase



steP.

(h) Monitor columns for activity by using the kinetic assay proeedure

or the direct reading procedure of Carter (49) 
"

(i) Improve the separation of the uridine phosphorylase isozJnnes on

DEAE-Sephadex (19),

(j) A DEAE-Sephadex column at pH 8.8 or a CM-cellulose at pH 6.5

might be a useful procedure after step 7, for the protei.n(s) in the second

band (g) of the d.isc ge1 electrophoresis pattern may be more negatively

charged than the proteins in band A,

The working time for the purificati-on of uridine phosphorylase could

be reduced to 200 hours by incorporating suggestions a-f into the present

purification procedure (Figure 1B) .
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SULFHYDRYL GROUP MODIFICATTON STUDIES

a prograrn relating SH groups to activity cannot
be undertaken l1ghtJ-y.

J.L" Webb (64)

SEC1TION IIT



Phosphorylases, as a class, contain sulfhydryl groups which are

essentiar for enzymic activity, as based on inhibitì-on by sulfhydryl

reagents (1), although only 3-phosphoglyceraldehyde dehydrogenase (rt2)

and glycogen phosphorylase B (113) have been investigated in detair.

Phosphorolysis in its broadest sense includes any conversion of i.n-

organic phosphate to organic phosphate. If uridine phosphorylase con-

tinues the pattern set by other phosphoryrases it shourd have a sub-

stantial number of sulfhydryl groups, for example, glycogen phosphory-

Iase B has 18 Si{- groups (113), and 3-phosphoglyceraldehyde dehydro-

genase has 20 SII groups (112).

The role of the sulfhydryl groups in nucleoside phosphorylases

has as yet to be determined, and no detailed studies have been found

1n the literature on any of these enzymes. Table xrV summarizes the

results found in the literature on inhibitíon of nucleoside phosphory-

lases by sulfhydryl reagents. Most of these inhibition studies were on

erythrocyte purine nucleoside phosphorylase (3, 69, aL4) , and it appears

to be a sensitive enzyme towards p-mercuribenzoate (pMB). Although

there is some disagreement bet\.veen workers, the dlff erent experimental

conditions used make it impossible to project a valid comparison (dis-

cussed under section III D 9). No information has been found in tne

literature on the inhibition of uridine phosphorylase by sulfhydryl

reagents.

A" INTRODUCTION

1. Literature Revierv

The writings of Boyer (115) and Webb (64) were very helpful in

establishing a theoretical foundation on this subject and in providing



an experimental approach to the study of enz¡rme sulfhydryl groups"

Boyer defined a sulfhydryl enz}rme as one that loses catalytic
activity when some or all of its original surfhydryl groups undergo

modi.fication. uri.dine phosphorylase was found to obey this general

definition" A detaired discusslon of the role of sulfhydryl groups in
enzymes is not warranted for the present study. Nevertheless, sj.nce

uridine phosphorylase is a sulfhydryl enz¡rme, it wourd be of interest

to rook at four major rvays in which this type of enzyme may be clas-

sified, based on the postulations of the original author. The majority

of the enzJrmes listed in Table xv have sulfhydryl groups which are

thought to be important in maintaining protein structure. of the

eleven enzymes praced under the first two headings, perhaps only for

the ones marked with an asterisk is there sufficient experimental

evidence to support an involvement of sulfhydryl groups in the catalytic
process or in the binding of substrates.

2" Definition and classificati-on of sulfhydryl Enzymes
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This study was not actually concerned

evidence for the role of sulfhydryl groups,

establish whether uridine phosphorylase is a

give some information on the sensitivity of

reagents.

3. Purpose of the Present Study

A

There are at

nyoryr groups 1n an

Approach to the Study of Inhibition

with providing unequivocal

but rather it seught to

sulfhydryl enzyme, and to

its SH groups to sulfhydryl

least two general approaches

enzyme.

to the study of sulf-



(a) Experiment in detail with a specific reagent which can be

shorvn to react with sulfhydryl groups on the enzyme. Thls approach

appeared to be favoured by Boyer:

"Although the recommendation is often made that various types
of reagents be used in order to establish that an enzyme has essential
SH groups, careful testing with a moïe specific reagent is to be pre-
ferred ..." 1115, p. 569).

(b) Experiment with a number of different types of inhibitors.

This approach is favoured by Webb:

t'The groups introduced by iodoacetate and p-chloromercuribenzoate
are negatively charged, whereas those from iodoacetamide and phenyl-
mercuric acetate are uncharged, and this could rvell be responslirle for
some of the differences observed between these inhibitors. This is one
reason why many studies wlth SH reagents would profit from a quantitative
comparison of the effects of a. large number of inhibitors of different
types"tt (64, Vor rr, p. 649).

The present approach was to study the effect of a number of in-

hibitors on enzyme activity (through changes in absorbance). A direct

titration of the SH group(s) was not technieally feasible because the

enzyme was not available in sufficient quantities, and also the enzyme

preparation was not honogeneous. The following studies were the basic

ones that were perfoïmed with most of the inhibltors:

(1) time study
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(2) inhibitor concentration study

(3) reversal of inhibition wi'ch Z-mercaptoethanol

(4) protection of sulfhydryl groups by substrates

(5) pH study

The inhibitors

their reaction rvith a

5. Inhibi-tors

that were used fall

thlol group:

lnto five classes based on



curiphenylsulfonate (pMpS) .

Mixed disulfide formation

Mercaptide -Formation - with p-mercuribenzoate (pMB)

acid) (DTNB).

Oxidation - with o-iodosobenzoate (IOB).

Alkylation - rvith iodoacetate (rA) and i-odoacetamide (rNHz) 
"

The chemical reaction of an inhibitor with a thior group will be i1-

lustrated i-n the approprÍate graphs.

The inhibitors listed above were chosen sinee they are con-

sidered to have high specificity for sulfhydryl groups under experimental

conditions that are easj.Ly reproducible in the laboratory. In addition,

these are the coÍImon reagents used for 'che specific reactions listed

above. The experimental conditlons that are necessary to give the

gïeatest specificity for the thiol gr.oup have not been well-defined.

Nevertheless, reaction ivith other grollps in a protein often requires

higher concentrations of lnhibitor, longer reaction times, and higher

temperatures than with thiol groups (64). This poiut will be mentioned

again j-n various parts of the 'Discussionr " StiII experimental guide-

lines have been given by webb (64) fol most of the inhibitors used in

this study:
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Addition to double bonds - with N-ethylmaleimide (NEM).

- with 5,5r dithiobis (2-nitrobenzoic

and p-mer-

PMB: pH should be around neutrality; use minimum concentration.

DTNB: not given.

TOB:

use ml_n].mum

inhlbition.

NWi:

pH about 7 (not much lower); temperature between.1,5-250i

concentration; 30 minutes is about minimum time f,or maximal

pH should be below 7; excess reagent should be avoided.



IA: pH about 7; concentration of iniribitor should be below

5 nM; 60 minutes is minimum for maximum inhil¡ition. Although these

points are useful as an experimental guideline "each protein ol: eïLzyme

must be treated as a special problem" 164, Vol III, p. 3S7).

All of the inhibitor studies shown in the present work were

done wi.th fraction EO (Table IV) . Since this fraction lvas stored 1n

a buffer containing 2-mercaptoethanol, 6.2 m¡1rnoles of this thiol were

alivays introduced into the incubation medium along with protei.n" This

amount corresponds to the maximum amount present and does not exclude

losses due to the oxidation of 2-rnercaptoethanol during storage or to

freezing and tharvi-ng" ßvo recent studies have revealed that metal ions

such as the ferric ion (116) and the cupric ion (I17) have an important

role in cataLyzing the oxidation of cysteine. In the absence of a

cati-on the oxidation was very slow (116). Since EDTA was used through-

out purification (except during the step involving the hydro)çylapatite

column) as well as deionized redistilled water, the oxidation of 2-

mercaptoethanol by rnetal ions should be minimal. The above concerl-

tration of this thiol in the incubation medium will probably affect tire

I-^ values of pMB, pMPS, IOB, DTNB, because these values turn out to be
ÐU

r,vithin the range of the thiol concentration.

Ethylene diamine tetraacetic acid (1.3 m¡-rrnoles) was also intro-

duced into the incubation mediLlm along rvith protein. This reagent

might affect the I5O values of the mercurials by forming a complex with

the organic mercurlal ion (fl8; 64, Vol I, p. 744).
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6" Enzyme Fraction Used for the lnhibition Study



The assay technique is the same one as described under assay

(bi) in seetion rr c. rn all cases 7.2 vs of sample were used for each

assay tube. Enzyme activity was arrvays assayed. in the direction of

nucleoside cleavage. Tire flnaL incubatíon media for the three pFI con-

ditions used 1n these stud.ies are given belorv.

I M G-c, pH 8.9 O O Z35b
I M Ac, pH 5.5 150 ¡.rI O ^ 0
1 M Tris, pH 7.4 L35a 1S5o 1S0
0.05 iVi Tris, pH 7.2 ZOO ZOO 200
Water 650 BOO 550
Enzyme 5 5 5
Inhibitor 15? 154 15b
0.05 M P1, pH 6"0 300 0 0
0.O5 M P1, pH 7.O O 3OO 300
0.1 M nucleoside 50 50 bO

pH 7.O
pH of incubation 6"7 7,4 g.z

medium

symbols 2 ã, volumes of the two solutions were always 150 pI;
b, volumes of the two solutions were always 250 ¡_LI .

2. Procedure for Inhibition of PhosphorolysÍs

B. METHODS

1. Incubation Media

The inhibitor and the enzyme were preincubated for a specified

period of time at 25o as described in tire legends of the figrires show-ing

concentratlon studies. The time necessary for maximum intribition was

determined for most or the inhlbltors before other studies were done,

After the preincuJration period, phosphate was added to the incubation

medium first, followed by the nucleosi.de. The general procedure (assay

(bi)) was folloived after this poínt. The action of the inhibitor was

not stopped prior to addition of the substrates" This could have been



done by adding Z-mercaptoethanol or EDTA to the assay tube. The same

order of addition and timing was followed for the blank, except that

the enzyme was not present. control assays, i.€., measurement of ac-

tivity at different times without inhibitor being present, were usually

done; the experiments for which this was not done will be pointed out"

The percent acti.vity remalni.ng after inhibition was found by dividing

the absorbance readlng of the tube containing the inhibited enzyne by

the reading of the appropriate control tube.
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After one of the substrates (Ur, Udr, or P.) was preincubated

lvith the enz)rme for 5 minutes at 25o, the inhibitor was added to the

assay tube. The second preincubation period (given ín the legend to

the appropriate figure) with the inhiþitor present was not necessarily

equal to the time for equilibrium of inhibition to be attained - the

experiment to determine the time of equilibrium was not always done

J¡efore the protection study (DTNB, NEM); rvith iodoacetate and iodo-

acetamide, the time was very long. After this second. preincuba'cion

period, the second substrate was added, ancì the assay tube was immed-

iately incubated at 37o for 10 minutes. The final concentrations of

substrates (for any protection experiment) introduced into the assay

tube were: Ur (3.3 mM), Udr (3.3 mM), and P. (10 mM)'1

tiWixedt nucleoside protection studies, that is, with both nueleo-

sides being present in the final incubation medium, were only done with

DTNB as the lnhibitor. For example, in one case, after deoxyuridine

protection of the enzJrme at pH 8,2 an assay was done after the addltion

of urldine and phosphate.

3. Procedure for Substrate Protection



4" Procedure for Reversal of Inhibition with Z-Mercaptoethanol

The general method was to preincubate the enzyme with inhibitor

for a specified period of time; then to add 2-mercaptoethanol and pre-

incubate at 25o for another specified. period of time, i.ê., the reversal

time. After the reversal time had expi-red the substrates tvere added,

and the remaining activity \.vas assayed in the usual manner. For clari-ty,

the exact times and the concentration of Z-mercaptoethanol that were

used are listed below.
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Inhibitor

INHz
IA
PMB
DTNB

IOB

The only detailed study of different reversal times was done with pMPS.

After the enzyme and inhibitor were prej-ncubated together for 1.5

mj-nutes, 2-mercaptoethanol was added to give a final concentration of

Inhibition
time (nin)

20
60, 30
5
30
15

5 mM" The enzyme activity that remained was checked at different re-

versal times from 1 to 3 minutes. Appropriate controls (inhibition

without reversal) vrere done

Fi.na1 conc
of 2-SH (nM)

5
50, 5
5
5
5

As a precaution agai.nst deterioration of the inhibitors, fresh

solutions were prepared daily" In the case of iodoacetate and iodo-

acetamide stock solutions were prepared for each assay. Serial dilutions

were usually made. During its use, the solution of inhibitor was kept

in an ice bucket at 0o, The preparation of stock solutions is summarized

belorv:

Reversal
tine (min)

20
30, 30
15
15
15

5, Preparation of Solutj-ons



Inhibitor
(mlvi) x

0"5 pMB

0.5 pMPS

O" 5 DTNB
5"O rOB

1OO NEM
500 rNH2
5OO IA
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* best stock solution.

1 M glyeylglycine, pH 8.9
I M glycylglycine, pH 8.9
1 M glycylglycine, pH g"9
I M potassium hydroxide (to
a final pFI of approximatgly
water
1MTr1s,pH7"4
1 M Tris,
As wíth IOB

Solvent

give
7) and



Most of the Figures are based on one experiment with each point

representing the average of tests d.one in dupricate. Both readings

are given if the duplicates varied widely" The results obtained w-ith

each sulfhydryl reagent is given below under separate headings, in the

order of increasing r5o varues. A compendium of these results is

given in Table xvl.

C. RESÏ.ILTS

Figure 15 gives the results of time, iniribitor concentratÍon,

reversal, and protection experiments. Maximum inhibiti.on of uridine

cleaving activity at pH 8.2 was reached after'3 minutes of preincubatj-on

wi.th O.65 pM pMPS (Fig. 154). An inhibitor concentration study with

trridine as the nucleoslde at pII 8.2 gave ur I50 value of 0.4 Unn (FiS.

158). The substrates, uridine and phosphate, did not show any pro-

tectj-on against inhibition by pMPS (fig. 158),

Reversal of inhibition with 5 mM 2-mercaptoethanol was quite

marked, with the original 60% inhibition Ievel, that occurred after a

1.5 minute preincubation period of inlribitor plus enzyme, decreasing to

8% (ris" 15c).

1. Inhibition by p-Mercuriphenylsulfonate

A time study was not done. Nevertheless, it was thought t}:at a.

5 minute preincuba'cion peri-od probably ivould be sufficient, as ii was

with pMPS (fig" 154). Figure 16A shows the inhibition of urldine

2. Inhibition by p-Mercuribenzoate



cleaving activity at pH 8"2 and 7.4. The IrO value at pH 8,2 was

0.62 pM and at pH7.4,0.85 pM. The curves indicate a rapid loss in

activity with an increase in inhlbltor concentratlon, and possibly

some stimulatlon of enz¡rme activity at low concentrations of inhibitor,

at both pH values (L7% stlmulation at pH 7 "4) . Figure 168 shorvs in-

hibition of deoxyuridine cleavi-ng activity, tn. ,UO values at pH 7.4

and.6.7 were both lower than those of urldine, but the four I-^ values
5U

were within a factor of 2"3 of each other (Table XVI).

The concentration-inhibitlon curves are sigmoidal and steep
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which is expected of inhibitors that combine tightly with enzyme groups

(64, Vol II, p. 77A)" Thymidine phosphorylase does not appear to be

as sensitive to pMB action as uridine phosphorylase, but one purine

nucleoside phosphorylase preparation appeared to have a slmllar sen-

sitivlty to this type of modification (Table XIV) " Although, at this

time, no decrease was observed in the extent of lnhibition under the

present erperimental conditlons, the results on protectlon and reversal

of inhibition are inconclusive (Figures 158, and 168). For example,

a concentratlon of pMB of about L ¡-rM gave inhibitions ot 50 and 9Ol,

for uridlne cleavage at pH 8.2, on the same day with the same inhibitor

preparation, and both points fitted equally well onto the steep portion

of the inhibition curve" Slnce the protection and reversal studies were

done on this portion of the curve, a lowering of the extent of inhlbition

ivould probably not be detectable.

Wherr the IrO value is very low, as it is in the present study,

it may beeome dependent to a great extent on the enzyme concentration.

This will be discussed in section D 4 cii. In line with this possiktility

lvas the observation that when the control value for uridine cleavage



at pH 8.2 was 33ls greater than for the curves shown in Fig" 16A, the

IUO value was BO/¿ greater than tire previous value. Thus I-^ values
bU

may not be the best way of reportÌ.ng mercurial inhibitions (and pos-

sibly inhibitions with DTNB and IOB), Nevertheless, the method of

expressing inhibitions in terms of ¡-unoles of inhibltor per pg otr en-

zyme would not be appropriate, since the enz¡rme pïeparation used in

this study was not a homogeneous one.
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The equilibrium tine appeared to be about 30 minutes rvhen using

a concentration of DINB of 1.3 ¡-rM (Fig" LTL). After equillbrium was

attained, the I"^ value for uridine cleavage at pH 8.2 was 1.8 pM'5U

(¡':.e. 178). The I5O value (Ur) at pH 8.2 after a preincubation time

of 5 rninutes was about three times this value, while the Ib. rrh"

(Udr) at pH 6.7 af.ter 5 minutes was ten times this value (Fig. L7B,

Table XVI). This amply iltustrates the meaninglessness of comparing

I-^ values for the same or different enz¡rmes if equilibrium times are
50

not used for concentration studies.

The subsirates, uridine and phosphate, at pH 8.2 gave complete

protection agai.nst inhibition W 4.0 UM DTNB after 5 minutes of contact

between the protected enzyme and the inhibitor, and substantial protection

af.ter 30 minutes (5O% reduction 1n inhibition) (Ffg. 178). In another

experiment (noi shorvn) uridine reduced the :.nlìibition from 69 to ir3lo

after 30 minutes of contact between the protected enzyme and the in-

hibitor. Deoxyuridine and phosphate (assay at pH 6.7) reduced the in-

hibition from 40 to 2O/, after a protection period of 5 minutes (Fig. 178).

3. Inhibition by 5,5r Dithlobis(2-nitrobenzoic acid)



This figure also shows the slight reversal of inhibition by 5 mi\.[ 2-

mercaptoethanol (from 40 to 3O/") with 1"3 pM DTNB.

The results of protection against inhibition by DTNB by two

different nucleosides ('mixedt protection) j-s given in Table XVII. The

absorbance readings represent a combination of uridine and deoxyuridine

cleaving activitles. But from the pH-activity curve (nig. fl) 1t is

known that over gOls of the activity measured at pH 8.2 should represent

uridine cleaving activity. At pH 6"7, however, the percent contribution

from each nucleoside is uncertai"n for there 1s substantial ufidine

cleaving activity at this pH.

Taþle XVII shows that at equimolar concentrations of the two

nucleosides, deoxyuridine decreased uridine cleaving activity at pII 8.2

by LO% (experiments I to 3, in the absence of inhlbitor). It protected

the enzyme against inhibition as shown by the enzJrmeìs subsequent ac-

tivity with urj.dine (experiments 2, 4, 5)" Nevertheless, uridine pro-

tected the enzyme to a greater extent (experlments 6 and 7). Although

uridine itself is cleaved. at 5O/o the rate of deoxyuridine at pH 6.3-

6.5, when both nucleosides were incubated together the absorbance reading

was less than that of uridine or deoxyuridine alone in the absence of

inhibitor (experiments 8 to 11). Preincubation with deoxyuridine de-

creased the inhibitlon in the presence of 17 pM DTNB by about 40%

(experiments 8 , L2, and ]4) , but when uridine was added after 'che pro-

tection period. the absorbance reading was then almost identical with

the unprotected case (experiments t2 and 15) " Uridine appeareci to pro-

tect the phosphorolytic activity with uridine at pH 6.5 by 10O% (ex-

periments 11, L3, 16) , and when deoxyurid.ine was ad.d'ed af ter the pro-

tection period the absorbance reading changed very little (experiment 17).

-103r



At pH 7.3 (where uridine and deoxyuridine cleaving activities are

approximately equal) there was about a 1O% decrease in the absorbance

reading when uridine and deoxyuridj-ne were incubated together, com-

pared to the activity with uridine or deoxyuridine alone. One does

not know at this time how much of this absorbance reading was due to

uridine cleavage alone"
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The time study in Figure 184 shows that inhlbitlon with IOB

attained equilibrium between 20-30 minutes. The concentration studies

in Figures 188 and lBC and the above tfme study were done on di.fferent

days. The I-^ values for uridine cleavage at pH 8.1 and 7.3 and for
bU

deoxyuri-dine cleavage at pH 6.6, appeared. to be identical (Flgure 188

and 18C). In the case of inhibitlon at pH 6,6, the absorbance readings

were 0.07 units or lower, and in this region of the scale small changes

in absorbance result in large errors in pereent inhlbition. This may

account for the odd shape of the inhibition curve.

The results of the protection studies were unusual- for this was

the only time where the enzyme was protected to different degrees by

uridine and phosphate, that is 'differential- protectionr. At pH 8.1-

uridine reduced. the inhibition on the phosphorolytic activity with

uridine from 42 to 4/o, and phosphate reduced it from 35 to 28/" (based

on two experiments) (¡lS. 1BB). At pH 7.3 uridine reduced the inhibition

of uridine cleavage from 4L to 8lo, and. phosphate reduced it from 35 to

L7/o (based on one e:<'periment) (fig'. 188). At pFi 6.6 deoxyuridine re-

duce¿ the inhibition on the phosphorolytic activity with deoxyuridi-ne

4" Inhibition by o-Iodosobenzoate



from 63 to 36/0, brit phosphate did not alter the extent of ínhibition

(based on one exoerinent) (n:-g. 18C). Cytidine did not protect the

enz]rme against inhibition of 1ts phosphorolytic activity with uridine

(it O:.4 not reduce the absorbance reading when incubated together with

uridine in the absence of inhibitor).

In the experiment on reversal of inhibition (Fig. l8B), the in-

hibitor (3.S ¡¡W¡ and enz¡rme r,veïe preincubated for 15 minutes and then

Z-mercaptoethanol was added for another 15 minute preincubation period

(as described under section III B 4). Therefore the percent inhibition

present after reversal should be compared to the inhibition present after

15 minutes and not after 30 ninutes in the control. The inhibition de-

creased by lÙ/o (from 44 to 34%) 
"
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Although the time required for equilibrium to be attained appeared

to be greater than 30 mlnutes, over 90% of the inactivation produced at

equilibrium was obtained a.fter 15 minutes (FiC. 194). The concentrati-on

studies for both uridine and deoxyuridine itroweA a pronounced pH effect,

with the higher pH for each nucleoside having a lower IUO value (Figures

198 and 19C). As with pMB, the Ib' value with uridine was two tímes

that with deoxyuridine at pH 7.4 (Table XVI). Both uridj-ne and phos-

phate gave significant protection against inhibition of phosphorolysís

at pH 8.1, with uridine reducing the inhibition from 4O to L6lo and

phosphate reducing it from 35 to La% GiS" I9B). Deoxyurldine and phos-

phate reduced the inhibition at pH 6.5 from about 40 to 10% (Fj-e. 19C)"

A reversal study rvas not d,one. With NE1\,I, the time study $as-done after

the concentrati-on study,

5" Inhibition by N-ethylnaleimide



Equilibrium for the inhibition of uridine cleaving activity at

pH 8.2 was not reached after 8o ninutes as shou:r by Figure 20A. The

absorbanee readi-ng of the controls in this study showed. little dÍf-

ference at 5 and 60 minute preincubation periods without substrates.

rn the reactivation experiment in section rr D zbLi-i, the decrease in

the controls was 10 to ZO/s after preincubation periods ranging from

5 to LZO minutes"

The concentration study in Figure 208 indicated a marked pll

effect on inhibition of uridine cleavage. Tn" tr. value at pII 7.3

was three times that at pH 8.1. Uridine reduced the inhibition on the

phosphorolytie activity with uridine from 60 to lr1, and phosphate re-

duced it from 5o to 60/o @t pH 8.1). Although no reversal of inhibition

was noted in one experiment with 6.5 nM iodoacetamlde, 2-mercaptoethanol

(5 nM) did prevent a further increase in inhibition after it was added

to the incubation medium (FiS. 204).

Because of the low absorbance read.ings for d.eoxyuridine cleavage

at this time with 7.2 W protein (two months after the preparation of

fraction Ea; note the effect of aging on enzyme activity, section II D

2 iÞi), and the linited amount of protein still available, a complete in-

hibition study ivith deoxyuridine as the substrate, at pH 7.3 and 6"6

was not feasible. Instead experiments on the inhibltion of urid,ine and

deoxyuridine cleavage after preincubation periods of 20 and 6O minutes

with 6.5 and 13.0 mM of iodoacetamide were done as shown in Table XVIII.

The inhibition of urÍdine cleavage was markedly decreased as the pH was

lowered (experiments 1 to 11). For exanple, at 60 minutes with 6.5 nff

6. Inhibition by lodoacetamide
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iodoaeetarnide the inhibition of uridine creavage was gL% at pH g.l,

6o/¿ at' pH 7.3, and o/" at pH 6.6. At pH 7.8 and.6.6, the inhlbition

of deoxyuridine cleavage was low (experiments 12 to 22).

Equilibrium

with uridine at pH
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shown in Figure 214" Nevertheless, concentration studies were done

rvith this preincubation tlme (Fig. 2rB), mainly for conveníence. rn

addition, iodoacetate and iodoacetamide are reactive and unstable in

solution, arthough at physiotogicar pII and temperature they are re-

latÍvely stable for several hours. one reaction that the alkytating

reagents can undergo in solution is shown below (64, vol rrr, p. g7)t

rc%coo +Hro ã?HocHz@o +H++r-

7 n Inhlbition by Iodoacetate

for

8"2

the inhibition of the phosphorolytic aetLvíty

was not reached at the end of 120 minutes as

The I50 values for uridi-ne cleavage at pH 7.4 and 8.2, and for

deoxynridine cleavage at pH 6.7 were within a factor of two of each

other (tante XVI), Af ter à OO *:.rr.rte preincubation period both uridine

and phosphate offered protection against inhibition by iodoacetate.

Uridine reduced the inhibltion of the phosphorolytic activity with

uridlne at pH 8"2 from 74 to L6% (lS nìM IA) and phosphate reduced it

from about, 74 to 27% (LO rnM IA) (Fie. 21,þ,) . There was no reversal with

5 mM 2-mercaptoethanol (30 minute preincubation period with 13 mM iodo-

acetate followed by a 3ò minute reversal tine) (Fis. zLA). rn another

reversal experiment 50 nìM 2-mercaptoethanol (60 minute preincubation

period. with i-odoacetate and 3O minute reversal time), the progression

of lnhibition lvas hatted and the degree of inhibition itself was reduced

from 74 to 53/o (fig. zLA) 
"



Slnce the phosphorolytic activities of uridine phosphorylase

towards urldi-ne and deoxyuridine have been found to be sensitive

(and in some cases very sensltive) to the usually accepted sulfhydryl

reagents under m1ld. experimental conditlons, it is reasonable to con-

clude that the loss in activity is due to modification of at least one

SH group in the enz)rme that is at or near the active site. Two SH

groups may very well be lnvolved because of the strong inhibition pro-

duced by o-iodosobenzoate (section III C 4). No difference \rr'as evident

between the inhibitions of uridine and deoyxuridine cleaving activities

with any of the inhibltors. Nevertheless, this can stlll not exclude

the possibility of the presence of two similar enzymes (as previously

dlscussed ln sectlon II E 3) or of overlapplng sltes on one enzJrme

(sectlons III D 5b and III D 8c). Although further suggestions are

made in thls discusslon they are highly speculative.

TabIe XIX summarizes the inhibi-tlons of the most sensitive mam-

mali.an enzJrmes with the inhibitors used in the present study. Except

for the inhlbitions by DTNB, the data is complled from tables given

by Webb (64). Thus, at this time, uridine phosphorylase should be

classed as one of the most sensitive mammalian enzJrmes known (under the

important restrietion, that experj.mental conditions cannot be properly

compared; section III D 9). This table will be referred to again

briefly with the discusslon on each of the different inhibitors,

Since a tityation of sulfhydryl groups was not done, it should

be emphasízed tkrat we cannot directly relate SH gropps to inhibltion of

D. DTSCUSSTON

1. General Conclusions



enzJrme activity (64, Vol II, p " 799) " For example,

(a) the inhibition may run paralrer to the sH groups reacted.

(b) the Ínhibition may develop completely before all the sH

groups have reacted.

(c) the lnhibitlon may develop onry after a certaÍn number of

groups have reacted.
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The time studies were done only at pH 8.1 and only when assaying

1n the direction of uridine cleavage. Generally, the time necessary

to attain equllibrium for the above reaction was used in concentration

studies at different pH values wlth w.ldlÐ.e as well as with deoxyuridine

(table xvl). since one cannot conclude that the equillbrium times will

be the same with both nucleosÍd.es and at different pH values it is not

possible to state that the minimum IrO values are always being measured..

Nevertheless, these values will at least show diffeïences in the rate

of inlrlbitlon. Few studies ï/ere found in the literature in which time

curves were done at different pH values (119, r3g) (up to July 1969).

2. Time Studies

The results with each type of inhibitor will be discussed in

order of increa"ln9 I5O values" Extended generaLízed. discussions on

lprotectiont, treversalt, etc., will be included with certain of the

inhibltors. A comparison of uridine phosphorylase wlth other sulfhydryl

enzymes will conclude this section.

3. Organization of the Discussion



a) Protection

The lack of protection afforded by the substrates does not

necessari-ly imply that the thior radlcal is not invorved in binding

of the substrate or in catarysls. since protectlon is generally

considered to be due to a slowing down of the rate of inhibitlon

rather than to a permanent replacement of inhibitor at the substrate

site (64, vol rr, p. 77g), the extent of protectlon wourd be sensitive

to the time of preincubation of lnhlbitsr with protected enzyme and to

the relative concentration of inhlbitor and protector. Other reasons

for the lack of protection were given in section rrr c 2. The present

vietvs on the subject (64) reAate the lack of protection by substrates

to (a) the substrate not covering the sH group adequately and (b) the

substrate havlng too low a relatlve affinity for the enz¡rme. Since the

affinity of phosphate for the enzSrme (the tResultsi of sectlon rv sug-

gest that phosphate binds to the free enzyme flrst to give an active

eomplex) appears to be about 1 mM, the latteï reason is qulte plausible

for one substrate at least. Even if protectlon were observed, as it

was with most of the other inhibltors, this still does not necessarily

imply that the inhibitor reacted sole1y at the active site. This poÍnt

w111 be discussed under rAlkylation' (section rV D ge) , for the results

of the iodoacetate and iodoacetamide studles are used in discussing

possible explanations for protection by substrates.
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4. Mereurlals

b) Reversal

Lack of reversal does not

changes in protein conformation

necessarlly imply that irreversible

were the prlmary result of i.nhibitor



action or that sulfhydryl groups were not involved." Instead. it rnight

be that (1) the binding of the sulfhydryl reagent to the enzyrne is

stronger than to the reverser or (2) the enzyme is chemically altered

by the sulfhydryl reagent (64, vor 1, p. 651). The importance of the

preincubation perlod of inhibitor with enzSrme for the detectlon of

reversal of inhibition was clearry shown by the opposite results in

the reversal experiments with pMB and pMps. weþb has pointed out that

these two inhibitors show little difference in thelr effectiveness

(64, Vo1 fI, p. 860) , and this is i-n agreement with the results of

the present study, that is, with the I5O values (ta¡le XVI).

A summary of the findings of many other enzymes shows that com-

plete reversal was obtalned in 59/s of the cases, partial reversal in

3O%, and no reversal j-n]-L% (64, VoI II, p. 82b). Because of the effect

of time (as well as the concåntration of 2-mercaptoethanol mentioned

above ), future studi-es done under better experimental conditions will

probably show that omplete reversal is possible with both mercurials

in the case of uridine phosphorylase.
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c) Mercurial concentrations

1) Sensitlvity of the sulfhydryl group(s)

In a survey on the effect of mercurials on the actÍvity of enzymes,

Webb arbrltrarily classifled an enzyme as being significantly lnhibited

if it is inhibited 50% or more at a mercurial concentration of 0.0I mM

or less, for such enz¡rmes "could usualty be considered as having reactive

SH groups at or near the active center" (64, yo1 If, p. g}g). ïn ad-

dition, the time for equilibrium to be attained has been used to classify

the SH groups of an elazpe aceording to their sensitivity to mercurial-s 3



class (a) 1-2 minutes; (b) 5 minutes; (c) r5-2o minutes (64, vol rr,
p. 810). By these classifications uridine phosphorylase can be con-

sidered to have very sensitive SH groups at or near i-ts active site.

1r-.) I_^values
õU

The I - values themselves would be an accurate indicati.on of the-50

inhibltion constant (K.) for mercurial inhibition if (64, vol rr, p. g60)

(1) the inhibitor is classically noneompetltive (which in most

cases it is not) 
"

(2) the inhibltion is in zone A, of the mutual depletlon kinetics

system (which it seldom is).

A mutual depletion system (64, vol r, p, 66) is one in which there is

a mutual reduction in the coneentration of free enz¡rme and free in-

hibitor, that is, Michaelis-Menten kinetlcs no longer apply. Three

possible situations exist and these are listed as zones A, B, and c by

Webb dependlng on the relative concentrations of enzyme and inhibitor,

and the dissociation constant of inhibitor from the enzyme. For uridine

phosphorylase, sufficient data is not available to characterize the

system or the type of j-nhlbition produced, i.e", competitive, noncom-

petitive, or uncompetitive. Moreover, a homogeneous preparation would

be a deflnite asset in lnterpreting results with a very sensitive enz5rme.

_LLz.

d) Effect of pH

The effects of pH on enzyme inhibition by mercurials are complex

and unpredictable, for example, seven enzymes have been found to be in-

hibited better at low pH and six enzymes better at high pH (64, vol rr,

p" 7gL). If the reactlve form of the thiol is the anion lgi-s-¡ one would

have predicted that the rate of inhibition would have lncreased with pH,

but the increase with uridine phosphorylase was very small. In this



connection, the compositíon of the incubation medium should be con-

sidered for,

"one must assume that in sorution in most physiologicaL media
the organic mercurlals will exist in a variety of complexes, and that
this will be an important factor in determining the degree of reaction
with proteins and SH groups" (64, Vol II, p. 744),

Thus, there is competition for the mercurial ion by the sulf-

hydryl anion and a ]-igand, and there is also cornpetition for the sulf-

hydryl anion by the mercurial and hydrogen ions (64, vo1 rr, p. Tgg).

A ligand, in this context, is any anion in the incubation medj.um. The

three d.ifferent pII systems used in the mercuriaL study contalned dif-

ferent buffers in the incubation medium, that is, pH 6.2; acetate and

Tris; pH 7.42 Tris¡ pH 8.2: glycylglycine and Tris (phosphate was present

at all pH val-ues). One rnight specul-ate that the competition between

various ions reduced to sorne extent that expected i.ncrease in the rate

of inhibition of enzJrme activity as þased on an i-ncrease in pH (l-Is).
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e) Structural changes?

Since the mercurials can induce structural changes in certain

enzymes and cause aggregation or fractionation into subuníts in others,

the question arises as to whether the inhibitions observed are due

primarily to the modification of functional sulfhydryl groups, or

secondarily to the structural changes that occurred after rnodificatj-on.

The present studies are not complete enough to resolve thls question.

Nevertheless, since the inhibltion curveg were gteep and the equilibrium

time v¡as a few minutes, it appears reasonabl-e to suggest that there r¡as

an initial- reaction of sul-fhydryl group(s) at, or near the ac"tive site.

Then, since reversal of inhibition was not evident after five minutes,

structural changes might have occurred in the protein (other explanations



for the lack of reversal were given in section III D 4a).

f) Comparison with other enzymes

uridine phosphorylase appears to be one of about ten enzymes

that are inhibited most strongly by mercuriars (Table xrx). About 23

enzymes from other sources are inhibj.ted more strongly than urid,ine

phosphorylase. If the amount of enz¡rme used. in these studies is taken

into consideration as well as the two factors mentioned earlier (sec-

tion rrr B 5) then uridine phosphorylase night yet be higher up on the

list of sensitive enz¡rmes.
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a)

This inhibitor was introduced by Ellman (148) in 1959, and. thus

ll¡ebb could not have much information to warrant a section for this in-

hlbitor along with other sulfhydryl reagents (64). At reast twerve

papeïs have been published between Lg67 and 1969 that give some d.a,ta

on inhlbition with DlSt'B (4, 80, 81, 113, L23, L25, 136, L O, L46-L4g>.

No paper published before 1967 was found that included a detailed study

with DTNB (lzg). The Iro value for uridine phcsphorylase was comparable

to values obtained with other enzymes, where a comparison of concentrations

of DINB courd be made (L23, L25, L46, L48, L49) " Lower equilibrium times

were reported in some cases, for example, glyceraldehyde 3- phosphate

dehydrogenase (148) had an equilibrium time of about 15 minutes and

transglutaminase (149) had one of about 5 minutes

Some papers (81, 113, L25, L46, L47, L49) dealt with the differentiaL

reaetivity of the sulfhydryl groups of an enzyme to DTNB, i¡/ith enz¡rme

Comparison with other enzymes

5" 5r5r Dithiobis (2-nitrobenzoic acid)



activity being dependent on certain of these groups. rn the case of

Lactate dehydrogenase (146), actlvity was completely rost after the

titration of one sulfhydryl group per monomer, and in the case of iso*

citrate dehydrogenase (125) activity was eompletely lost by the titration

of two sulfhydryl groups. Titration studies have yet to be done with

uridine phosphorylase,

Besides the formation of a mixed disulfide after reaction with

DTNB as shown in Figure 17, there is the possibility that an intra-

moleeular disulfide bond may result as in the reaction of uridíne

phosphorylase with o-iodosobenzoate (discussed in section III D 6a) (l-49) 
"
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b) Protectlon

The protection studies suggest that the substrates protected

against inhibition by slowing down the rate of inhibition, since there

was less protection after a preincubation period of 3o minutes than

after 5 minutes. The protecticn studies with both nucleosid.es suggest

that there may be a common binding site or two overlapping sites for

the two nueleosides. overlapping sites have not been frequentry postu-

lated,

"indeed., the existence of overlapping sites on enzyrnes may be
much more cornmon than has heretofore beer:. appreciated and ma.y in part
account for the diverse effects on activity exerted by eompounds which
apparently compete for the same site (l-25)

Other effects on the phosphorolytic activity of uridine phosphorylase

with uridine and deoxyuridine were previously summarized in section II E 5"

The experiments of Pontis et aI (13) support the present finding

that urldÍne inhibited the phosphorolysis of d.eoxyuridine to a greater

extent than deoxyuridine inhibited the phosphorolysis. of uridine. In

both cases the inhibition was found to be competitive. AIso the ap-

parent K* values for uridlne (pH 8.0) and deoxyuridine (pH 6.5) lvere



almost identical whiLe the inhibition constants for uridine weïe about

ten times smaller than for deoxyuridine at the above pH values. These

resul-ts suggested to the authors that their highly purified Ehrlich

ascites cell preparation might contain two enzymes or "...two different

active centra - one for deoxyuridine and one for urid.ine". The latter

posslbility appears to be quite close to the idea of overl-apping sites.

In order to follow the reasoning that the above authors used., it

appears necessaïy to assume that the values of the constants are a re-

flection of the affinity of the enzyme for the substrates (although the

authors did not use either of the terms affinÍty or dissociation constant) 
"

To make such an a,ssumption one would need more d.ata on the values of the

rate constants (section IV A 4a). Also if a comparj.son were to be made,

one would think that the Michaelis constants should be compared at tire

same FH, that is both at pH 6.5 or 8.0. In this connection it is in*

teresting to observe that with another highly purified Ehrl-ieh ascites

cell preparation (L4), the apparent K* for deoxyuridine was between B

to 14 times the K of uridine in the pH range 5.5-8.0.

-116-

c) Reversal

Although the reversal wlth 2-mercaptoethanol was quite sma11,

dj-fferent experimental conditions should be tried before any definite

statements on irreversibillty of the inhibition are possible. lTith

lactate dehy'drogei:ase (146), the completely inhÍ]:ited enzyme could be

stored for 24 hor¡rs at 20 and sti11 be completely reactivated irnmediately

on addition of 0.5 m1\[ Z-mercaptoethanol. On the other hand, with iso-

cityate dehydrogenase (125) the activity that rema1ned after inhibition

(L7%) was only restored to 65% of the original actlvity after incubation

with 2" I nM 2-mercaptoethanol for 3 Aays (at 40) 
"



a)

Of the seven inhibitors used, o-íodosobenzoate was the only one

which did not introduce ney groups into the enz¡rme.

Webb stated that "...what evidence exists for proteins suggests

that intramolecular oxidation is dominant" over intermolecular oxidation

(64, Vol II, p" 7O2), in the reaction of IOB with protgin SH groups.

The oxidation state of the sulfhydryl groups aft,er reaction with roB

will be discussed in soïe detail now, for the presence of two sulfhydryl

groups in the acti.ve site might explain the apparent differential pro-

tection by uridine and phosphate found in the present study.

The problem concerning the oxidation state of the sulfhydryt

groups in proteins after inhibltion by lOB has recently been re-investi-

gated (LLz, 15O). Parker and Allison (112) , felt that their work strongly

suggested that an intramolecular bond was not formed with glyceraldehyde

3-phosphate dehydrogenase, for they found evidence for the modification

of only one sulfhydryl group when the inhibitor was tetrathionate or

IOB" For example, with IOB as the inhibitor the eatalytic SH group may

exlst as a sulfenic acid derivative:

Oxidation state of the sulfhydryl group and protection

6.
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o-Iodosobenzoat,e

substrates

"4ä 
+ ïoB <à t<:: + (iodobenzoate) + H+

sulfenic
acid

From a less detailed study with thi-s enzyme, it was concluded that in-

acti-vation of the enz)rne by IOB was due to the formation of an intrachain

disulfide bridge at the active site (112), since two sulfhydlvl groups

in the active site disappeared after titrati-on with one equivalent TOB

per equivalent of enz¡rme monomer.



Little and otBri.en (150) lnvestigated the effect of various

oxidizing reagents on the one thiol group of yeast cytochrome c

(n-SH). Their evidence suggested that weaker oxidants such as copper

sulfate, o-_iodosobenzoate, and potassium ferricyanide caused inter-

nolecular disulfide bond formation under certaín conditd_ons (R-s-s_R),

whereas stronger oxidants such as N-succinimide, iodine, hydrogen

peroxide, and lipid peroxide caused the formation of monomeric oxidation

produets exclusively,mainly sulfonic acid (RSO3H). Th9 best condltions

for disulfide bond formati.on with the weaker oxidants were low concen-

trations of inhibitor and an alkallne pH (to aid dimer formation 0.15

mM eytochrome oxidase was used). With a large molecule such as uridíne

phosphorylase, and in dilute solution (about O.04 ¡_rM),intermolecular

disulfide bond formation is not as probable as intramoleeular disulfide

bond formation or oxidation of a monothiol to a sulfenic, sulfinic, or

sulfonic acid derivative. AIso, in the present study, o-iodosobenzoate

has a low r-^ value and the pH range used was between 6.5-g.1. still,bU

present evidence does not conclusively support either of the above pos-

sibilities. Perhaps titration studies in the absence and presence of

substrate would clarify the problem to some extent.

One may speculate that the differential protection shown by

uridine or deoxyuridine, and phosphate against roB was caused. by the

protection of two sulfhydryl groups by uridine directly through bind.ing,

whereas phBsphaf,e lndirectly protected them, possibly by steric hindrance

or conformational changes in the active s1te. Differential protection

by substrates is discussed in more detail under tAlkylation' (section

III D 8e). The double bond, the carbonyl o)rygens, and the hydrogen

from N-l of uracíl are the groups on urid.Íne that may react with sulfhydryl
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groups of the enzJrme (115) 
"

The lack of change of the IrO values with pH is worth studying

in more detail, for if verified, it may help to explaln the micro-

environment of the reactive sul_fhydryl group(s). For example, a sulf_
hydryl group of the errzJrme may be hydrogen bonded to other groups

and, in this rvay, it may not be dependent on the ionization of the

hydrogen from the sulfhydryl group for reactivity (r5r) " There is

some evidence that suggests the involvement of a group other than a

Sulfhydryl group in the eatalytic actiyity of thymidine phosphorylase

(8) and purine nucleoside phosphorylase (5) 
"
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b) Reversal

ïn most cases, according to I{ebb (64r Vol II, p. 7lg), partial-

reversal is possible. Nevertheless, enzJrmes for which inhibition can-

not be reversed have arso been reported, including the very sensitive

enz]¡me xanthine oxidase (ta¡te XIX). One likely explanation for irrever-

sibility is
tt"..progressive secondary inactivation consequent to the protein

distortion induced by disulfide bond formation" (64, VoI II, p. Z1g)"

For emphasis, it should be mentioned again that in the present study the

conditions used for reversar were probably too mi1d, for example, glv-

ceraldehyde-3-phosphate dehydrogenase (112) was reactivated loo/e with

10 mM dithiothreitol aft,er preincubating vrith o-iodosobenzoate for 2O

mlnutes at 260" If one consid.ers, as a working hypothesis, that aging

of uridine phosphorylase involves, initially, intramolecular disulfide

bond formation, then, as a first approach, the conditions (10 nM di-

thiothreltol or 50 rnM 2-mercaptoethanol for 1O0 minutes) that were used

to reactivate the aged enz¡rme should be used in future studies of reversal.



c) Comparison with other enzJrmes

Table XIX indicates that only two other mammalian enz¡mes were

inhibited as strongly by o-iodosobenzoate as uridine phosphorylase was

found to be inhibited in the present study. This again illustrates

that uridine phosphorylase is a very sensitive sulfhydryl enzyme.
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a) Time and concentration studies

The equilibrium time with uridine phosphorylase may be fairly

short (15 rninutes), and this is not a conlmon finding for NB4 inhibition

studies (64, Vot II, p. 343); inhibition times of 40 min, 120 min, and

18 hours have þeen reported.

webb stated that the advantages of NHVI over other sulfhydryl

reagents are three-fol-d (64, Vol III, p" 342)z

(1) probable high selectivity for SH groups

(2) reaetion with only certain accessible groups on enzymes

(3) reasonably good penetration into celIs...

Thus, a reasonable conclusion at this time is that urldlne phosphory-

lase has at least Some freely accessible Sulfhydryl groups that are

essential for aetivity. Of course, the present study cannot exclude

the presence of other nonessential freely accessible sulfhydryl groups

(r13, L48),

If the preincubation time of the concentration study is con-

sidered. in relation to the time study, then the IrO values should pro-

bably be reduced by abou t a r1aç:tor of three in order to take into ac-

count the fact that the enzyme rvas not maximally inactivated with the

7 " N-ethylnaleimide



concentratlon used" The new value night

cleavage at pH 8.2 (note the decrease in

and 3O minutes with DTN-B).

b) Effect of pH

Since the rate of inhibition by NEl\{ is strongly dependent on pH,

less effective pH systems may be the reason for the high equilibriurn

times reported in the literature. For example, adenylate kinase re-

quired 30 minutes to be maximally inactivated by 0.2 nM at pH 7.5, but

at pH 9 a concentration of 0.05 mM gave the same inactivation in five

minutes (64, Vol II, p" 342). This would be expected for inhibitions

tirrat are due to the reaction of sulfhydryl groups on the enzyme as dis-

cussed under section III D 4d. The pH dependency of inhibition was

apparent in the present study.

c) Reversal

Although a reversal study was not done, reversal of inhibition

would not have been expected. Qebb stated that inhibition with N-ethyl-

maleimide is probably an irreveisible reaction (64, Vol II, p. 344).

There is the possiilili ty that the irreversibllity of inhiþition might

be due to NEiVi reacting with a group on the erlzJrme other than a sulfhydryl

group. The terminal amino group of the d,-clnain of hemoglobin has been

found to react ivith 1.8 mM N-ethylmateimide at pH 7.L5, at 25o after one

hour (64, Vo1 II, p. 343), In a recent work on the specifieity of NEM,

the authors (152) concluded that high concentrations of NH\4 and high pH

values favoured alkylation of €,-amino and imid,azole gïoups, at least in

the two proteins used, ribonuclease A, and lysozyme. At the usual con-

ditions for modification of sulfhydryl groups (O.OO1 M NE"M, pH of about 7.0)
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be 0"05 mM for uridine

IUO values in Fig " L7B at 5



síde reactions were virtually nonexistent or at the most very slight.

The overall conditions used in the present work would. probably favour

the reaction with sulfhydryl groups, that is, 1ow concentration of lrTB.[

and a short preincubation tlme, even though the pH range was between

6.6 and 8.1. Nonspecificity appears even less rikely for uridine phos-

phorylase when one considers that the above work (152) used a 24 ]nout

preincubation period and an enzJ,rrne concentration of 5 mg per ml .

d) Comparison with other enz),rrnes

-r22-

For emphasls, it should be mentioned again that the inhibition

of activity of other enzJrmes by N-ethylmaleimlde as given in Table XIX

probably does not indicate the maximum inhibitions possible, for many

variables rvere not considered in doing the inhibition studies, for ex-

ample, pH and time. Nevertheless, based on the information available,

five mammalian enzJrmes were found in the table given by Webb (64, Vol II,

p. 346> that were inhibited to a greater extent than uridine phosphory-

lase, in addition to eight others that were not from mammalian sources.

This again illustrates the sensitivity of the sulfhydryl groups of

uridine phosphorylase,

a)

Webb arbritraril-y d.efined sensitlvity to iodoacetate ".. " as

implying a signíficant lnhibition at concentrations below I mM since

this blocks glycolysis effectively in most cases" (64, Vo1 III, p. 52)"

Thus uridine phosphorytase may be considered to be a sensitive enzyme

for an I-- value of 1"8 nM was attained under the most favourable conditions
50

Time and concentration studies

8. Alkylation



used in the present work" Perhaps this conslusion is debatable, but

what is probably more important to note is that urldlne phosphorylase

rvas j-nhibited by alkylating reagents under reasonable conditions, since

"...many enzJrmes whi-ch are usually classlfied as SH enzymes,
because.of inhibition by other sH reagents, d,o not react readily with
iodoaeetate and are not inhibited" (64, Vol III, p. 1g) .

The best buffer, temperature, and pH cond.itions for inhibitions

may not have used in the present study. lTith phosphofructokinase (81),

1 rnM iodoacetamide inhibÍted the activity of the enzyme by 25/o after

five minutes of preincubation in a medium containing 0.05 M glycylglycine

buffer (pH 8.0) and 0.2 mM EDTA; but using 0.1 M ammonium bicarbonate

buffer (pH 7.6) activity was inhibited by 70/6 after five minutes (the

final degree of inhibition was the same).

The, inhibitions with both iodoacetate and iodoacetamide developed

slowly, but this was not unusual since maximum inhibition is seldom

reached before 30-60 minutes (64, Vo1 III, p. 51), and the equilibrium

time could well be longer 1 lor example, rice alcohol dehydrogenase re-

quired more than 120 minutes to attain equilibrium with 1 mM iodoacetate

(64, Vo1 III, p" 50)t fumarase was inhibited 6O% with 20 mM iodoacetate

aftey 3 hours (139). In the present study complete inhibition was showïr

only in the case of uridine eleavage at pH 8.2. This could be interpreted

as lndicating a reaction rvith a viclnal SH group which red.uces the affinity

of the substrate for the enzyme oï slows the breakdown of the ES complex,

Nevertheless, both the nature of the time curve and the effect of pH

suggest that higher eoncentrations and longer times would have given

complete inhibition for the other cases as we11.
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b) Comparison between iodoacetate and iodoacetamide

There was a marked difference in the rate of inhibítion between



iodoacetate and iodoacetamlde under the same conditions, for example,

after 20 minutes at pi{ 8.2, 6.5 mM iodoacetamide inhibited uridine

cleavage by 53/o while 6.5 mM i-odoacetate inhibited it by only 10/o.

rn considerlng the effect of iodoacetate and. lodoacetamide, two j.m-

portant differences in general reactivity were given by webb (64,

Vol III, p. 27L)z

(1) Iodoacetamide reacts more rapidly than iodoacetate Ìi/ith SH

groups if.S ti*.s as fast at pH 7.1 and 4 tj-mes as fast at pH 6.1)

whereas lodoacetate usuaLly reacts more rapidly than iodoacetamide with

amino groups.
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(2) Fottowing reactions with proteins

introduces negatively charged groups (-C\COO

introduees neutral groups (-CifrCOnnZ),..

If the reasorì for the great difference in reactivi-ty is based

solery on charge, it is not easy to understand. the type of inhibitions

with other inhibitors such as, the mercurials, roB, and DTNB which are

also negatively charged, but yet inhibit at much lower concentrations

than iodoacetate. As seen with a neutral alkylating reagent (rNHz),

alkylation of uridine phosphorylase was not a rapid reaction, so the

fact that alkylation with iodoacetate was slow was not surprising.

Nevertheless, since the neutral alkylating reagent ìnhibi.ted mor.e strongly

than the negatively charged one of similar size, under the present ex-

perimental conditions, electrostatic effects should play some part in

slowing down the inhibition. If one postulates some hindrance to the

approach of a smalI charged molecule to the active si.te, one must con-

sider the fact that one of the substrates (lnorganic phosphate) is also

charged. Although the reason for the difference in reastivity 1s not

known yet, one possibility is dlscussed under the next heading.

or

-),
enzymes iodoacetate

while iodoacetamide



The shape of the inhibition-time crlrves for iodoacetate and

i-odoacetamide at their lower concentrations are different from alI

the other time curves in the present study. After an initial fairly

rapid reaction, which did not inhibit the enz¡.me maximally, there was

a slolver reaction phase. The question is,

"Are these slower phases due to reaction with less reactive
groups on already reacted enzyrne, or to secondary inactivation un-
related to further earboxJrmethylation?" (64, VoI III, p. 5I).

The answer to this will have to await a titraiion study.

e) Effect of pH
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The pH effect on inhibition with j-odoacetate and iodoacetamide

has seldom been reported (64, vol rrr, p. 45) , although ilebb did make

a generalizatiron as already mentioned. The present study d.oes not pro-

vide sufficient d.ata to make a worthwhile comparison between iod.oacetate

and iodoacetamide; however, there is an interesting possibility that

deserves further study. ln a recent work with streptococcal proteinase

(153) Gerwin found that the rates of inhibition with chloroacetamide

and chloroacetate varied with pH, with chloroacetarnide being more re-

active at hlgher pH values and chloroacetate more reactive at lower pH

values. An explanation favoured by the author was that some positive

grouping(s) in the active site had been lost as the pH was increased,

and this group facilitated the removal of the halide anion from the in-

hibitor. The loss would have a greater effect on the acld derivative

than on the amide d.erivative.

Si-nce the pH optimum for deoxyuridine is 6.5 as compared to 8.2

for uridi-ne, it appears reasonable to suggest that the mieroenvironment

for deoxyuridine is more positive than for uridine, To speculate further,



if one assumes again that uridine and d.eoxyurid.ine occupy overrapping

sites and that the sulfhydryl groups, per se, at pH 6.5 would be less

ioni.zed. than at pH 8.2, a positive charge strategieally placed next to

the nonoverlapping sH group in the deoxyuridine site night aid in the

ionization of the sH group itself (L47). ïf the surfhydryr anion Ís

necessary for maximum activity this may be the reason for the d.ifferent

pH optirna for the cleavage of uridine and deoxyuridine.

The pK" values of the sulfhydryl groups of uridi-ne phosphorylase

are not known yet. But the values for SH groups depend on the micro-

environment, and they could range from 7.2 to La,z rcA, vol rr, p. 68g).

Thus, the difference in pH optimum wou-rd not rule out sH groups some-

how being involved in the mechanisms for uridine and deoxyuridine cleavage.

In addition, pK^ values for essential SH gïoups fron different enzymesa

have been postulated to be 6 (L47) , 7.3 (Lzs), and greater than I (L47 ,

153). To account f.or ¿ pKa of 6, the authors postulated "... trrat a

nueleophile in the region of the sH group pul1s the proton away from

the sulfur atom" (l+z¡ 
"

It is not possible to conclude that only SH groups were reacting

at di-fferent pH values" With funarâs€r at pH 6.5, two methionyl residues

and one histidyr residue were modified (139 , 154)" with ribonuclease,

at pH 5.5, one histidyl residue was modified, rvhile at pH 8.5, one 1ysyl

residue was rnodified (64, vol rrr, p. 32), An argnment, albejt a weak

oïre' in favour of SH g"o,rp" belng involved , at least in the cage of uridine

cleavage , is that iodoacetamide was a more potent inhibitor than iodo-

acetate (64, VoI III.rp. 27L),
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d) Reversal

The lack of good reversal of inhibition with iodoaeetate and



iodoacetamide wag not unexpected.: t'If the inhibition arises from carboxy-

rnethylatlon of an enzyme group, óne would erpect the Ínhibition to be

very slowly or completely irreversible upon removal of the iodoacetatett,

(64, Vol III, p. 48). Some reversal did occur with 50 mM 2-mercapto-

ethanol, and this suggests that this thiol can compete under the rlght

conditi-ons wj-th enzyme SH groups for iodoacetate.

e) Mechanisms for proteetion by substrates

_ L¿T

Protection of enz¡rmes against inhibition by iodoacetate and pre-

sumably iodoacetamide is corunon (64, Vol III,p. 46). The protections

given by uridine and phosphate against inhik¡ition by both alkylating

reagents were better than with most of the other lnhibitors (Table XVI) "

literature, for example, ethanol and NAD protected yeast alcohol de-

hydrogenase to the same extent against inhibition by o-iodosobenzoate

and iodoacetamide (155) ; adenosine triphosphate and fructose-l-phosphatre

protected the same trvo essential SH groups of phosphofructokinase against

DTNB (81); inosine diphosphate, biearbonate, and phosphoenolpyruvate,

gave good but not equaL protection against NEM, although at K, concen-

trations of the suþstrates,inosine diphosphaté was by far the best pro-

tector (123). fn the case of phosphofructokinase, the authors suggested

that the most like1y explanation for proteetion was that a conformational

change occurred in the protein rather than an actual covering up of SH

groups by the substrates. With alcohol dehydrogenase (64, Vol III, p. 27)

the inhibitlon was thought to be dynarnically competitive wiin respect to

the substrates with the SH groups being at or near the active site.

Four mechanisms were listed by Webb by which a substrate can pro-

tect an enzyme agains'c inhiblti.on, ¡es¡-des having the sulfhydryl group(s)

Protection by more than one substrate has been reported in the



involved in binding, or catalysis (64, Vol III, p. 47). perhaps by

using the protection results obtained with iodoacetate and iod.oacetamÍde

some of these mechanisms may be eliminated. Protection wiIl again be

discussed in section rv D 3e in reration to the order of binding of

substrates to the enzJrme.

i) Protection of one sulfhydryl group

(1) Sterie protection of a vicinal SH group 1n the active site

by the Àubstrates does not appear Iikely for uridine and phosphate are

quite di-fferent in structure and si.ze. Equal protection would not be

expected.

(2) A sulfhydryl group, at or near the active site, that is

sequestered by a conformational change after a substrate binds to the

enzJ,rlne is a rnore probable explanation. If both substrates bind to the

free enz¡rme, however, different active site conformational changes would,

as a first approach, be expected, yet these different conformatiogwould

have to give equal protection to the SH group"

(3) Electrostatic repulsion of the negatively charged iodoaôetate

by substrates is not probable, for uridine is not a charged molecule,

yet it protected uïidine phosphorylase as well as the phosphate anion.

Also there is excellent protection against inhibition by iodoacetamide

with both substrates"

(4) A sulfhydryl group covered or masked, as shown by Webb, iÍl-

plies the existence of two positive or two negatlve centers on the sub-

strates. This is not posslble in the present case. If a different mode

for covering or masking the SH group is postulated, one would still not

expect one SH group to be protected to the same extent by the different

chemieal structures of uridine and phosphate.
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rf there is more than one sH group at, oy near the active slte,

the question arises as to how each substrate could protect the sH

groups to atrout the same extent in most cases (according to the protec-

tion studies) . To this author, there are at, teast two major approaches

that can be taken, based on the above d.iscussion (arthough they are

both highly speeulatÍve) :

(1) Perhaps the binding sites for uridine and. phosphate are so

situated that after conformational changes in the active site after

binding, both ean protect the same sH groups, if they are strategicarly

placed relative to the substrates. This explanation d.oes not entail a

sulfhydryl group being involved in catalysis or binding. rt is apparent

that there would have to be quite a fortuitous arrangement of nonessential

SH groups in or near the active site, especially so when one considers

that both nucleosiileg and phosphate have the chemical potential to under-

go different types of interactions v¡ith sulfhydryl groups (64, Vol_ I,

p. 642; 115).

(2) At least one sulfhydryl group 1s involved in the binding of

each substrate (possibLy trvo for nucleoside binding). In additÍon there

is a conformation change so that after one substrate binds, the other

SH group(s) in and near the active site can be protected. This proposal

is incorporated into the mcdel preser-'.ted for the mechanism of uridine

phosphorylase Ín section VI B.

Both proposals ean also account for substTate protection, found

wÍth DTNB, NEM, and IOB, nevertheless, differential protection against

inhibition with o-iodosob enzoate may perhaps be better explained by

proposal (2); uridine protected tivo SH groups directly through binding,

ii) Protection of two sulfhydryl groups

-L29-



and then either by stericar hindrance or by a conformational change

prevents reaction of the sH group necessary for phosphate binding or

for cata.lysis. When phosphate is the protector, it can bind to, or

in some other way protect, one essentiaL sH group, but it can only

indirectty proteet the two other essential sH groups (perhaps by con-

forma.tional changes or steric hindrance). Because of its structure

(size and. shape) this indirect protection by phosphate may not be very

effective. The protection of two sulfhydryl groups of isocltrate Ce-

hydrogenase by isocitrate plus nanga.nese sulfate or TPNH plus manganese

sulfate was expLained by postulating d.irect protection of a rnechanis-

ticalty essential fiH group, and eonformational protection of the other

one (125).
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f) Comparison of inhibition of activity with other enzymes

Tab1e XIX shows that uridine phosphorylase is far from being one

of the more reactive enzymes with iodoacetate. Many mammalian enzymes

were llsted by Webb v¡hich showed about 50% inhibition in the I mM range,

with a few having *t I5O r.a1ue below this range. Thus, uridine phos-

phorylase rnay be coïr.sj-dered to be one of a Large group of enz5rmes that

are inhlbited significantly in the I mM range.

Few enz¡rmes are as sensitive as uridine phosphorylase is to a.11

of the inhibitors tested in this study (ta¡te XIX). Neverthel-ess, an

erroneous impression of sensitivity could res1lt if urigile phosphory-

lase were graded in relation to other enzJrmes, since experimental con-

ditions from other studies are not always comparable:

9. Cverall Comparison of Uridine Phosphorylase

with Other Sulfhydryl Enzymes



Such factors as pH, temperature, period of incubation with the
inhibitor, purity of enzyme, and presence of cofactors and coenz)-r¡res
vary greatly and indeed are quite often not even stated. . . the inhibitions
may represent some intermediate inhibition on the way to a maximal
inhibition (64, Vol III, p. 18).

gaseà on present data (and bearing the above quotation. in mind,),

however, on.ly creatine kinase appeared. to be inhibited to a, greater

extent than uridine phospb.orylase, with a1l of the inhibltors, than

any other mammalian enz]¡me. Excluding the fact that glyceraldehyde-3-

phosphate dehydrogenase appears to have the most reactive sulfhydryl

group knov¡n at present to iodoacetate, this enzl¡me, isocitrate dehy-

drogenase, and uridine phosphorylase rank close together in overall

sensítÍvity to sulfhydryl reagents.

Glyceraldehyde-3-phosphate dehydrogenase is considered to have

a sulfhydryl group that is involved in catalysis (120), and isoci.trate

dehydrogenase is postulated to have one or two sulfhydryl groups that

are involved 1n the catalytic process (125). On the other hand, the

two sensitive sulfhydryl groups in creatíne kinase are considered to be

involved in me.intaining the structure of the active site (80) . Thus,

with uridine phosphorylase one should only generaLize at this time, and

state that the sutfhydryl group(s) nay be involved in: (a) binding of

substrates, (b) tne eatalytic process itself, or (c) naintaining the

conformation of the active site. It still may simplY be,. however, that'

uridine phosphorylase has non-partieipating sulfhydryl groups at or near

the active site

"...when it is considered that most enzymes contain 5-30 SH groups
per molecule and tlnat statistically one rvould expeôt one or mcre of
these to be near tl:Ie acti-ve centre" (64, Vol II, p. 648) 

"
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The results in thls section

on sulfhydryl groups could provide

catalysis of uridine phosphorylase.

some information in this dlrection.

(a) Titration studies under various e)çperimental cond.itions

might relate the loss in activity and the rnodification. of sulfhydryl

groups in one of the Vays suggested. in seetion III D 1.

(b) pH versus ÞK* and pH versus I-oS V* could provide additional

support for the involvement of sulfhydryl groups (and other groups) in

the enzyme mechanism as in the case of purine nueleoside phosphorylase

(5).

-L32-

10. Future Work

suggest that further ex-periments

an insight into the mechanism of

The foll.owing studies should give

(c) More detailed pH, reversal, and protection studies especially

in connection with point 1 might further elucidate different types of

sulfhydryl groups,

(d) Inhibition studies with substituted inhibitors should aid

in mapping the environment around the sulfhydryl group(s) (139),



Kinetics, often viewed with awe, has power but 1Ímitatioás, which
are often little reeognized. Enzyme mechanisms are not proved by
kinetics alone, but any mechanism must meet kinetic tests.

P.D. Boyer (1S6, p. 35)

INITIAI, VET.OCITY AND PRODUCT ]NHIBITION STUDIES

SEC"TTON IV



a) Initial velocity and prod,uct inhibition

Detailed inltial velocity and product inhibitÍon studies have

not been reported as yet for any preparation of uridine phosphorylase"

Apparent Michaelis constants have been given in a number of papeïs

(13, 14 , L6, 2T) but each value appeared to be based on one experimental

line" In one paper a table was gÍven of apparert ** values for uridine

and deoxyuridine between pH 5.5 and.8.0 (14). rt has been reported.

that uracil inhibited the phosphorol-ysis of nueleosides but this finding

was not investigated in any detail (f4).

Detailed initial- velocity studies have been carried out with

partially purified thymidine phosphorylase preparations (lO, 11), while

initial velocity and product inhibitj-on studies have been carried. out

on a h.ighly purified preparation of purine nucleoside phosphorylase (4)

(sources are given in Table III) "

A" INTRODUCIIION

1, Literature Revíew

b) Mechanisms proposed for urídine phosphorylase

Two different authors have propcsed a rnechanÍsm for uridine phos-

phorylase in which the nucleoslde binds to the free enz¡,'rre (25, 35).

This mechanism is contrary to the mechanism proposed on the basis of the

results from the present study. De Verd.ier 1nd Potter (25) investigated

transferase activity present in rat llver supernatant (LL4,00O x g),

Dunning hepatoma, arid. other organs.of the rat by'measurl.ng the i-ncor-
1Aporation of thymine-Z-"-C into Udr, Tdrl Ur, and other nucleosldes; and

1Auracil-Z-^^C into Ur and Udr. The following three steps were proposed



as an explanation foÏ the presence of two activities in one en.zfrfr.e,

that is, deoxyribonucleoside phosphorylase and. trans N-deoxyribosylase

activities, In addition, the authors speeulated that the two activities

suggested the presence of thymldine phosphorylase. They also appeared

to suggest that reacti:ons 1 to 3 coul-d explain their results on ribosyl

transferring activity (the term ribose transferring enzyme was used);

1) E+BdrPngar

2) EBdr Pnar + B

3) Edr + n, ÊE + drp.

where E: enzyme; Bdït deoxyribonucleoside; B: base.

The conclusion that at least two enzyrnes \¡/ere involved, one for

deoxyriboslde exchange and one for riboside exchange was "...based on

the distribution in the d.ifferent organs and hepatoma and the effect of

arsenate, pH, and fluorouracil" (25). The three reactions given above,

however, appear to be based soteiy ån the results with arsenate. The

ribosyl exchange reactlon in Dunning hepatoma ìvas i.nh1þited by arsenate

ions, while the deoxyribosyl exchange in rat liver supernatant lvas not

inhibited. Arsenate proÌ:ab1-y exerts its effect by forming a pentose-l-

arsenate which subsequently breaks down spontaneously to the free gugar.

Thus the pentose intermediate which is necessary for reversal of phos-

phorolysis is removed" The authors postulated that if reactions (1)

and (2) rrvere more rapid than reaction (3) , argenate would only have a

smaI1 effect on pentose exchange. In this way, rthymidine phosphorylase'

can act as a phosphorylase through reactions (1) to (3), and as a trans-

ferase through reactions (1) and (2). On the other hand, ruridine phos-

phorylase' ean act only as a phosphorylase.
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Although de Verdier and Potter did not appear to have ldentified

the ribose transferring activity with the presence of a uridine phos-

phorylase, some of the difficulties which may be lnherent in thelr

mechanisms should perhaps stiIl be poínted out.

(1) Since uridine phosphorylase cleaves ribo- and deoxyribo-

nucleosides, and thus forms Edr and Er eomprexes, both ribosyl and

deoxyribosyl exchange should occur, especi-ally at the pH used by de

verdier and Potter (pu 7.0) (Fis. 11). To exptain the total lack of

inhibition of deoxyribosyl transfer with arsenate, one could say that

the above two activities of uridine phosphorylase themselves may be

affected differently by arsenate, rather than interpreting the results

solely to favour the presence of two enz¡rmes; Differences in the

stability of the deoxyribose-l-arsenate complexes might be considered

in this connection. The greater stabílity of the deoxyribose complex

i-s consistent with the observation that deoxyribosyl transfer activity

of a thymidine phosphorylase preparation was stimulated more by ar.senate

than ribosyl transfer activity of a uridine phosphorylase preparation

(35). This paper is discussed in more detail below.

(2) It appears odd that onlyhepatoma supernatant was used for

ribose exchange and only liver supernatant for deoxyribose exehange.

The authors may have been investigating a special case, for Krenitsky

has suggested that the Dunning hepatoma contains mainly uridine phos-

phorylase actívíty while normal rat liver contains both uridine and

thymidine phosphorylase activities (14).

(4) The two step reaction for the transfer of a pentose unit

to a free base (reactions 1 and 2) and. the three reactions for the

transfer"of a pentose unit to inorganic phosphate do not appear to be
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able to exprain the stereocllemidry that is involved., rn the former

s!'ge¡ the p-ccnfiguration of the glycosidic linkage must be conserved,

and in the latter case, the o-configuratlon of the sugar phosphate

must be formed aftey the reaction (g).

In â more recent stud.y on partially purified. uridine and thy-

midine phosphoryrase preparations from guinea pig and rabbit small in-

testine, respectively, Krenitsky postulated a different mechanism for

each enzyme. A transferase assay was used which involved the incor-
-l^

poration of uracil -Z-L C into urid.ine and thymine-2-tnc into thymidine,

It should also be noted that the uridine and thymidine phosphorylases

from each source were separated from each other by DEAE-cellulose chroma-

tography"
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Thus, in the riridine phosphorylase mechanism the rlbonucleoside

(BR) binds to the enzyme (E) first, while ín the th¡.rnidine phosphorylase

mechanism, phosphate (P) binds first and the deoxyribonucleoside second
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(1) Sephad.ex chromatography
eliminated pentosyl transfer
in the absence of added phos-
phate.

(2> High concentrations of
phosphate inhibited both pentosyl
transfer and nucleoside syn-
thesis.

(3) Stoichiometric amounts of
phosphate were required for the
optimal rate of pentosyl trans-
fer,

Urpase
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Ikenitsky did not díscuss his data in detail vith regard to

the order of binding of substrates and release of products. The

The same experiment did not
eliminate all of the transfer
activity.

Hlgh concentrations of phosphate
onl-y inhibited nucleoside syn-
thesis.

Less than stoichiometric amounts
were required.

Tdrpase

mechanisms w111 be discussed here in order to establish the re]-evance

of the kinetic study i-n this thesis, Still, it should be borne in

mind that the interpretation presented here may not necessarily coincide

with the explanation that Ifuenitsky might have had Ín mind.

(I) Krenitsky suggested that even after gel filtration , trace

amounts of phosphate might still be associated with his enzyne pîe-

parations. Then, if phosphate combined with one of the enz)rmes first,

only traee amounts would be necessary for transfer to occur (disaussed

in more detai.l under point 3) . Thus, phosphate is the first substrate

to bind to thymidine phosphorylase and the second substrate to bind to

uridine phosphorylase. An experiment lvas not done to ascertain whether

or not .trace amounts of phosphate were actuaTly associated with the

erlzyme. After gel filtration of a hi.ghly purified purine nucl-eoside

phosphorylase preparation witt 32p-orthophosphate, however, no radio-

aetívity was found to be associated with the enzyme. Therefore, this

raises the possibility that traee amounts of phosphate were not present



in Krenitsky's preparations. In additi-on, a sLow ribosyl transfer

reaction was observed. after gel filtration, and phosphate was shorrn

to bind to the enzyrne first in a predoninarr'bly ordened BÍ Bi

mechanism (see section IV A 4b). This papef is described in more de-

tail und.er the next heading. AIso, point I alone does.not appear to

establish the order in which the products are released.

(2) The inhibition results appear to support the mechanisms as

given above. By mass action the high concentration of phosphate would

curtail nucleoside synthesis for both enaymes. But with thymidine

phosphorylase, direct transfer of deoxyril¡ose would not be inhibited,

f or as sho',vn by the dotted 1ines, phosphate and deoxyribose-1-phos-

phate vrere postulated not to compete for the free enz¡rme (deoxyribose-

I-phosphate does not bind to the free enz)¡me for the transfer rnechaniqn).

In this way the avai-lability of the EdR-l-P intermediate is assured and

it is not subject to the mass action effects of phosphate. Although the

assumption symbolized by the dotted lines Ís an interesting one it is

also highly speculative. Nevertheless, evidence that appears partially

to favour it will be given with the di-scussion of point 3.
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(3) The explanati-on of this result is probably related to the

one given under point 1; that is, for a mechanism in whÍch phosphate

binds first (Tdrpase) only catalytic amounts of phosphate would be

necessary to produce the ternary complex - the essential 
-intermediate

for the transfer meehanism. W-ith phosphate and ribose-1-phosphate as

free intermediates, riLrosyl exchange would not be possible until the

nueleoside or base has first combined with the enz]4ne. Thus, one mo1-

ecule 9f phgsphate or rj-bose-1-phosphate would be ngede$ for every mol-

ecule of nucleoside or base, that is, stoichi-ometric amounts should be



necessary. Since Krenitsky used, the results of the phosphate titration
experiment for one of the major polnts 1n support of his mechanism" it
1s unfortunate that he onry presented data on ribosyr transfer with
one concentration of urÍdine and uracil, and on deoxyribosyl transfer
wlth one concentration of thymine and thymidine. Since deoxyribosyl_

transfer Try uridine phosphorylase was not studied, one wond.ers whether

any of the results diseussed above indicate differences between ribosyl
and deoxyribosyl transfer themselves, rather than.differences in the

mechanisrn of eatalysis between Urpase and. Tdrpase. The pH of the in_
cubation media also might have influenced the results (ribosyl transfer:
pH 6.5; deoxyribosyl transfer: pH 7.2)" The reason for choosing these

pH values was not given. As mentioned in section rr E 6, the pH optima

for phosphorylase and transferase activities a?e different for thymidine

phosphorylase. The pH-activity relationships for urldine phosphorylase

do not appear to have been stud.ied.

The effect of arsenate on ribosyl and deoxyribosyl transfer is
of interesto even though Krenitsky did not use the results to support

his mechanisms. There was a marked stimulatlon of ribosyl and deoxy-

ribosyl transfer activities by urpase and rdrpase, respecti-very, at

high arsenate concentrations. In his paper on the mechanism of action

of purine nucleoside phosphorylase (described. under the next heading),

Krenitsky suggested that the lack of ribosyl transfer in the presence

of arsenate indicated a free ribose-r-phosphate intermedlate (6). This

explanation does not appear to have been used. in a consistent manneï

as can be seen by the mechanisms proposed for urpase and Tdrpase (given

above) " For the latter enlymes Krenitsky suggested that the pentose-I-

aÏ'senate esters were sufficiently stable to serve as intermed.iates in
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pentosyl transfer (35). The connection between the results of de

Verdier and Potter (described above) on the effect of arsenate and the

results of lkenitsky is not clear, since in the former case, Urpase

and Tdrpase were not separated from each other. In addltion, de Verdier

and Potter introduced arsenate into an assay tube in which phosphorolysis

was already in progress, while Krenitsky used a phosphate free incubation

medium to study stimulation of transfer activity

Gallo and Breitman have proposed that thyrnidine phosphorylase has

one binding site for deoxyuridlne and another for deoxyribose-l-phosphate

(11) " Experiments on the synthesis of thymidine from deoxyuridine or

deoxyribose-l-nhosphate were performed on a partially purified thymidine

phosphorylase preparation frorn human leukocytes (ta¡Ie IlI). Although

the amount of contaminati-on of this preparation by uridine phosphorylase

aetívity was not given (10, 11), "deoxyth¡rmidine synthesis by uridine

phosphorylase is insignificant compared to the activity of deoxythSrrnidine

phosphorylase" (10). The lack of competition between the above two

deoxyribosyl donors in the synthesis of thyrnidine indlcated that the

enzyme had either separate sites for deo>ryuridine and deoxyribose-l-

phosphate, .er that two enzymes were involved (evidence was presented

by the authors that strongly suggested that two .n"y*." were not in-

volved), Neither of these interpretations, holvever, aceordlng to the

authors , .àt.ê easily reconciled with the mechanism proposed by Krenitsky

for thymidine phosphorylase. In addition, Gallo and Breitman found

that about 30% of the direct deoxyribosyl transfer activity between

deoxyuridine and thynine probably took place through a free deoxyrlbose

-1-phosphate intermediate. The remalnder 9f the activr_fy might have

been due to an intermediate in which deoxyribose-1-phosphate was tightly
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bound to the enzJrme, This finding favours to some extent the assumption

that l(renitsky made in point 2, namely, that d.eoxyribose-l-phosphate

did not bind to the free enzyme in the transfer mechanism.

Perhaps when the results for both Urpase and Tdrpase are con-

sidered. together, the proposed mechanisms for the binding of substrates

and the release of products become more feasible. Nevertheless, another

study on the order of the mechanism of uridine phosphoryl-ase would be

of value, especially if another approach were used, for example, that

approach using initial velocity and product inhibition studies.

c). Mechanisms proposed for purine nucleoside phosphorylases

-L42-

To eomplete this discussion on nucleoside phosphoryl-ases, three

di-fferent ordered mechanisms for purine nucleoside phosphorylase will

be described below (2, 6, L57). The data will not be discussed, aL-

though the major points that were used to arrive at the mechanisms

will be given"

(1) From an initial velocÍty and a product inhibition study

(4 patterns) of a highly purified human erythrocyte purine nucleoside

phosphorylase preparati-on, it was concluded that the predominant mechanism

was ordered Bi Bi \,vith the nucleoside being the first substrate to bind

to the enzJ¡me and the purine base the last product to Leave (4) " Binding

studies (gel filtration) did not give any evidence for the formation of

a ribosylated. enzSrme or the formation of a tightly bound complex of phos-

phate or ribose-l--phosphate with the enzyme. The product inhibition

results wilt be discussed in more detail in section IV D 3h,

(2) From the following results, evidence lvas obtained which

favoured an ordered Bi Bi mechanism with phosphate the first substrate



to bind to the enzwe and pentose-l -phosphate the last product to

leave. A crude preparation of purine nueleoside phosphorylase from

pathologieal hr¡man skín rvas used in this study (lb7) ';

- An initial velocity study suggested a sequential mechanÍsm.

- A eomparison of several reaction parameters (maxlmum velocity

and. kinetic constants), obtained by substituting for each substrate

an analogolls one, suggested either an ordered mechanlsm with a síngle

ternary eomplex or a random mechanisrn with the formation of two ternary

complexes (rapid equilibrium random).

- The results on the effect of reaction products on the initial

rates (this did not entail product inhibition patterns as described by

Cleland (168)), favoured an ordered Bi Bi mechanism as described above.

(3) Krenitsky concluded that the fottowing results favoured an

iso ordered Bi Bi mechanisn (an ordered. mechanism that involves the iso-

merization of the free enz¡rme and the initial cornbination of the purine

base with one of the forms of the free enzyme) " A commercial crystalline

purine nucleoside phosphorylase preparation from calf spleen was used

for this study (6).

- Initiat velocity studies and one conclusive product inhibition

patteïn (ttrree other patterns each had only a control and one line in

the presence of inhibitor) suggested that either the purine base added

second in an.ordered mechanism or first in an iso ordered mechani.sm.

- Inorganic phosphate was required in stoichiometric amounts for

optimal ribosyl exchange. This suggested that phosphate should bind to

the enzyme second., as discussed above"

- Arsenate could not subsfitute for phosphate in the exchange

between hypoxanthine and inosine. This suggested that a free ribose-l-

phosphate intermediate lvas involved in ribosyl exchange (as discussed above),
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and that ribose-l--phosphate would be the second substrate to bind to
the enzyme (in the direction of nucleoside synthesis).

- severar points from earrier papers by two other authors were

used to support the mechanism in which the base ad.ded to the enz)¡me

flrst followed by ribose-l-phosphate. It was not clearly indicated

whether the same enzyme sources were used..

-L44-

Initial velocity and product inhibition studíes were used in
the present investigation since they constitute one of the common ap-

proaches at this time for the determÍnation of the binding. grder of

enz)rynes' Although Alberty was the first one to show that prod.uct in-
hibition studies could be used to distinguish between certain nechanisms

(rss¡, for exampre, Theorelr-chance, ordered ternary complex and rapid

equllibrium raïìdom mechanisms (discussed later), it was not until CleLand

published a general approach to the subject in 1963 (159) tlnat, prod,uct

Ínhibition studies beeame an extensively used technique (4, g6, r5s-t6z).

A review by creLand on tEnzyme Kineticsî gives the present day approach

to its study (IOA¡

2 " Plesent Approac'h

The C1eland method of kinetic notation is used in the present

work (159). other conmon. notations are those of Alberty, DaLzieL, and

Bloomfield et al (168). The cleland method has the advantage,

"...that al-I constants have the dirnensions of concentrations.
rt can þe used. to e:cpress distribution equations , rate equations for
initial velocÍty in the presence and a.bsence of products and equations
for rates of isotopic exchange. As such it provídes a universal method
of kinetic notation" 1168, p. 81).

3. Kinetic Notation



a) Interpretation of Michaelis constants

meaning

on the

For clarity, it woutd be appropriate to comment briefly on the

of a Mlchaells constant. one af the most explicit statements

interpretation of *'n was given by Boyer:

"Perha,ps this ïevleì,v is a pertinent plaee to make a plea thatthe time-honoured practiee of equa,tiñg Mieh.àelis constants *itf, oi"-sociation constants be discontinued...most enz¡rmologists use an opera-tional concept of the Miehaelis constant as an experimentally measurableparameter for a system foI10wing 'Michaelis-Menten' kineticsi' (156).

In two cases in the present study the calculated constants are

equal to dissociation constants (K.u and Kiq), but the physical meaning

of the other constants i.s unknowr. NevertheLess, the Michaelis constants

are useful in specifying the quantitative d.ependence of the rate of the

enzyme eataLyzed. reaction. on the substrate concentration (64, vol r,
p. 21). Webb explored the meaning of \, t" more detail and he described

three generar situations that courd exist for this constant (64, vol r,
p. 20). This may be il-lustrated with the followi.ng reacti.on:

kk
E+s vL+ ns 2Þ E+r,-k--

-.1
where E, en.zymei S, substrate; P, product; k, rate constant.

Thus one may obtain a general Michaelis constant((k_, + krìÆli a

dissociation constant (k_1,/k1); and a kinetie constant (kr/k.,).
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4" Theory

b)

It will be assumed here,

mechanism may be of the ordereC

Initlal veloeity and product inhibiti-on equations

but justified later,

Bi Bi type (159) as

that the reaction

represented below:



A,B,P,QrE, represent inorganic phosphate, uridine, uracl'1 , ribose-I-

phosphate, and enzJrme, respectively. The complete rate equation for

this reaction mechanism Ín terms of the constants used by cleland

(169) is: 
v, (AB - pelKeq)

-L46-

(nae)
(EPA)

lrl K. K.+K.A+K B+AB+K. K.Q,/K.Q+T. K K P,/K. K +K. K.Pq/K K.].ap Þ a 1aÞ L 1aÐq aqp l_ab p1q

K.K [E/K. Kp+K BQ,/K. +.ABP/K. +K. K. BPQ/K K. K..þq r_q a aq ].q laþ p1q1Ð

This equation may be nodified to gÍve a1l the rate equations

velocity in the absence or presenee of a product (by setting

propriate yeaetant equal to zero).

(1) in the absence of products

lzl K. K. /^B+K. /B+K /A+L1aþÐa

vt

In the reeiprocal- form With A as

l/v = *^frt (1+K.rifuzlKrB) L/Ã+L/Y, (l+Kb,/B)

Ia]

or B as the variable substrate:

the vari.able substrate:

for initial

the ap-



(2) in the presence of products

P as inhibitor and A varied:

I/v - *uN, (1+K.rKO,/KrB)

l5l
1Nr (r+Ko,/B) (r. råà ,/ rroro

P as inhibitor and B varied:

-L47 -

L,/v = \Æ,
l6l

LN'1

(1 r-'*'K K. /xp1q q

Q'as inhibitor and A varied:

(r+Kr/l') (t+ K. -G+KZ)

L/v = *ufrt (L+K."\/KrB) (l+Q,/K.n) L/L+L/V, (I+K'/B)

lz)

a as inhibitor and B varied:

L/v = *Ofr,
lel

* tNt

L/A. +

( I+Krr,/A)

(L+K^/Ã)

V, represents the rnaximum velocity in the forward direction. The maximum
I

velocity for the reverse reaction was eliminated from equation (l). K, 
^ra

and K. represent dlssociation constants for the reactions of the free1q

enz)¡me wj_th A and Q respectively. The constants Kr, Kp, Kn, Kn are

Miehaells constants for A, B, P, and Q respectively: K. and Kib ""t
inhibition constants"

a
(r+ o- 11*67¡¡J) t/B

lq La
a(i- ¡;---¡1*p.6-y'1qa

The theoretlcal predictions, based on equations

ordered Bi Bi mechanlsm must obey are given in section

3to

IVD

8, 
. 
which an

3c.



c) Inhibition types

Products which combine with only one enzyme form (with

it wourd react with as a substrate in the reverse direction),

give linear inhibitions which may be:

(1) competitive - the slopes of a famity of reciprocal

vary, and the lines intersect on the vertical- axis,

lel
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\/v = KN (L+r/K.) (L/A) + Llv

ciprocal plots form e. series of

(2) unconpetitive - the

f rol L/v = K/v (t/^) + L/v (r+r,/K.)

(3) noncompetitive - both the slopes and Íntercepts vary with

the family of reciprocal plots cross:i.ng to the left of the vertical-

axis with the intersection point being above, beIow, or on the hori-

zontal- axis, depending on whethe" Kr" (slope) is smaller, greater or

equal to K-. (j-ntercept), respectlvely.
l_1

I rr] L/v = x/v (L+T./K. ,) (L/^) + Llv (L+r/K. .)

intercepts vary and the family of re-

parallel lines.

which

always

plots



Enzyme activity was assayed in the direction of nucleoside

cleavage for initial velocity and product inhibition studies, and in

the direction of uridine synthesis for'an initial velocity study. The

general kinetic assay proced.ure was described in sectíon II C lb.

Typical incubation media are given below:

1. Initial Velocity Stud:ies

B. METHODS

Ingredients

I M G-G, pH 8,4
I M G-c, pH 8"9
1MTris,pH7"4
0.O5 M P1, pH 7.O
0.05 M Pi, pH 6.2
0.O5 M Tris, pH 7,2
l{ater
0.15 M 2-SH
Enz5rme (diluted
with O.05 M Tris,
pH 7.2)
0.1 M Ur, pH 7"O
O.1 M Udr, piI 7,0
0.043 M R-l-P,
pH 7.0
0.OI M uracil

Final pH 37o

Uridine
cleavage

(PL1)

o
250
150

50
0

450
500

50
5

50
0

0
0

8. 1-8. 2

Deoxyuridine
cleavage (¡-r1)

In the case of phosphate as the variable substrate, 0.05 M P. and

0.O5 M Tris were varied together to give a final volume of 500 ¡r1; with

uridine as the variable substrate , tvater at pH 7.O and. uridine were

usually varied. together to give a final volume of 50 prl. In some studies,

however, water at pH 7.0 was not used and instead water and uridine were

varied together to give a final volume of 55O ¡-rt. In nucleoside syn-

thesiS, water, ribose-I-phosphate, and uracil were varied to give a final

0
0
0
o
50
o

1400
0

5

0
50

o
o

6" 5-6.6

Uridine
synthesis

-( PrI)

150
o
0
0
0
0

1140
0
to

0
o

100
100

8. 1-8. 2



volume of 1340 ¡rI .

The assay procedure was the same as Ín the above study. A

typical incubation medi.um is itrustrated below for the particular

of uracil (inhibitor) and phosphate (variable substrate).
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2, Product Inhibition Studies

Ingredients

I M G-G, pH 8,9
1MTris,pH7"4
0.05 M Tris, pH.7"2
O.05 M I'. , pFi 7.O
Water r'

0.181 r:M u-.raciI , pH 5"7
O. 15 M z_SH
Enzyme
0.1 M nridine, pLl T"O

Final pH 37o

rn the case of ph.osphate as the variable substra.te, o.05 M I'ris and

0.o5 M P. were varied together to give a. final volume of b00 ¡rr. The1

product inhibitor (uracil or ribose-t-phosphate), urid.ine, and water were

varied together to glve a final volume of 550 ¡,rr. The produet was

preincubated with the enz¡rme in the incubation mediurn for about five

m.inutes at 25o before the reaetion was started by ther addition of

uridine.

Volune (p1)

250
150
480

20
300
200

50
5

50

8"1-8.2

The en.zyme preparations

amount of protein add.ed to the

of substrates and inhibitors.

3. Enzyme Fraciions Used

have already been given in Tab1e IV. The

assay tube depended upon the concentrations



Study

Initial velocity
uridine cleavage
deoxyuridine cleavage
uridine synthesis

Product inhibition
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The preparation of substrate solutions was the same as described

in section fr c 4" îhe preparation of solutions of products for uri-

dine cleavage is given below"

Uracilå 10"2 ng (0,181 mM) were dissolved in 10 mI of water

with no pH adjustment. The final pH was about 5.7.

Rlbose-l-phosphateË 75,2 mg (14.6 mM) were dissolved in 12 ml

Protein used (Ug)

4" Preparation of Solutions

7to57
13

OD

20 to 40

of water with no pH adjustment. The final pH was about 5.7.

Reciprocal velocities were plotted graþhically against the re-

ciprocals of substrate concentrations (170). Points which were far off

this drawn line in relation to other points were not used for computer

analysis (169) " The data were fitted to the equation , y = vS/(K + S) ,

where v is lnitial velocity; V is maximum velocity; K, constant; S,

substrate coneentration. The least squares method of Wilkinson was

used (171). All ealculations were done on an Olivetti-Underwood pro-

gramma 101 computer" This provided varues of K, v, and the standard

error of their estimates. slopes (KN) and intercepts (LN) were then

plotted graphicaily against the reciproeal concentrations óf the ,ron-

variable substrate for the initial velocity experiments, and against

5. Data Processing



inhibitor concentrations for product inhibition experiments. Constants

were obtained from these replots:

(a) X-axis intercept of LN replot:

(b) X-axis intercept of slope replot, *rn, Ki, Ki" slope.

(c) Y-axis intercept of LN replot, Vlt.

(d) Calculation from a complex intercept value: *rO, *rn.

If a constant was not calculated from a replot it will be called

an apparent constant, that is, the true Michaelis constant is the value

cbtained after extrapolation to infinite concentration of the non-

variable substrate (as done in the reptots). The points on the initial

velocity and produ.i ittftinitÍon graphs are experimentally determined,

but the lines drawn through these points were obtained from the K and V

values provided by the computer.
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A summary of constants carculated from initial velocity and

product inhibition studies is glven in Tab1es XX and. XXI, respecti-vely,

with literature values for K* where avaitable" Each velocity pattern

shown was determined from cne experiment. rf only one point appears

at a given concentration of substrate, it represents at least a mean

of duplicate determinations, hoviever, if two or more points appear,

each point represents the result of a single determination.

C. RESULTS

1. Introduction

2" Tnitlal Velocity Patterns

Linear lines were obtained which intersected to the left of the

vertical axis, and above the horizontal axis. A single intersection

point was not evident for any of the patterns.

a)

Figure 22 shows phosphate as the variable substrate and uridine

as the nonvariable substrate (over a ZO-foLd. concentration range). *

Figure 23 shoivs uridine as thå variable substrate and. phosphate as: the

nonvarj.able substrate ( over a 2o-fo1d concentration range) " rn both

cases the replots of intercepts and slopes against the reeiprocal of

the nonvariable substrate appeared to be linear (i_nserts). The MlchaetÍs

constants for phosphate (Ku) and uridine (Ko) were found to be o.B4 mM

and 0.28 mM, respectively. The dissociation constant for phosphate

(K.^) was 3.3 mM as calculated from the X-axis i-ntercept of the slopeIA

replot of Figure 23 (K. a = A) and 7 "5 mM as calculated. from the X-axis

* Although the slope replot appears to pass ttrrough the origin, the
calculated value of the vertical intercept is 1.3 (equation 3)"

Nucleoside cleavage at pH 8.1



intercept of the slope replot from Figuye 22 (*r, = KaB/Kb), If it

is assumed at this time that phospfrate is. the first substrate to bind

to the enzyme surface, then nr" t" equal to the nr¡merlcal value of the

substrate eoncentration at the polnt of intersection of the lines in

Figure 22 (where L/v at lBrl euuaLs L/v at lBz], etc.) (1s8). Although

the lines did not intersect at one point, it stirl appeårs reasonabre

to estimate K. as being between Z-4 Trtt:"ia
The complete initial velocity study at pH 8.1 with uridine as

the nucleoside was done two other tÍmes, ho'wever, on these other oe-

casions, the standard error of the constants was 1arge, presumably be-

cause of low absorbance readings (preparation B, Table rv). still, at

saturating concentrations ot prrosfnate (o.r M), the apparent K. (uridine)
D

rvas 0.18 mM, and at saturating levels of uridine (8.3 mM) the apparent

K for phosphate rvas 0.19 mM and 0.39 ïnM. The amount of protein useda,^
in these studies ranged from g to 13 pg,/tube (a figure is not given).
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b) Nucleoside cLeavage at pH 6" 5

Figure 24 shows phosphate as the variable substrate and deoxy-

urldine as the nonvariable substrate (over a 10-fold concentration

range). The reptots of the intercepts and slopes against phosphate

concentration appeared to be linear. Figure 25 shows deoxyuridine as

the variable substrate and phosphate as the nonvariable substrate (over

a 140-fo1d concentration range). The replots against phosphate concen-

tration were linear. The Miehaelis constants for phosphate (Kr) and

deoxyuridine (K*) were earculated to be o.64 ßtI and 0.36 mM, ïespec-
D

tively. The dissociation eonstant for phosphate (K. ) was calculatedIA

to be 1"8 mM from the X-axis intercept of the slope replot from Flgure 25.



c)

Figirre 26 shows uracil as the variable substrate and ribose-I-

phosphate as the nonvariable substrate (over a 20-fold concentration

range). Figure 27 shows ribose-l-phosphate as the variable substrate

and uracii as tne nonvariable substrate (over a 7-foLd. concentration

range). Above approximately 0.7 mM uracil, substrate inhibition by

uracil would be evident (seetion II D 29, Fig. L4). The replots of

slopes and intercepts were linear (Fig. 28) , although there is scatter

around the d.rawn Iines, especially for the slope replot from Figure 26.

The Michaelis constants for riþose-}-phosphate (K-) and uracil
q

(K*) rvere found. to be 0,07 mM an.d 0.3I mM, respectively. The dis-
p

sociation constant for ribose-I-phosphate (K. ) was found to be 0"070 nM
1q

from the x-intercept of the slope replot from Figure 27. If it is assumed

that ribose-1-phosphate is the first substrate to bind in the direction

of nucleoside synthesis then K- may be estimated to be 0.08-O.10 mMiq
from the point at which the lines intersect in Fi':gure 27.

Nucleoside synthesis at pH 8.1
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All of the patterns showed linear lines that intersected either

to the left or on the vertical axi.s, but above the horizontal axis.

Slope and intercept replots were usually linear, as drawn by eye.

3" Product Inhibition Patterns

a) Inhibition by uracil

lTith phosphate as the variable substrate at a low concentration

of uridine, uracil appeared to give noncompetitive i-nhibition (Fig " 29) 
"

The apparent V." (+ standard error) of the control line was (0.18+0.02O)
NI

x 10-3 whereas that for 0.12 mM and O.24mNI uracil were 0.11+0.017 x 10-3



o
and 0.093+0.020 x l0-", respectivery. The same type of inhibition may

have been produced at a four-fo1d greater coneentratÍon of uridine but

the lines appeared more parallel (pig. 30). The change in slope was

stirr apparent in the slope r:eplot shown in Figure 3z rr. The slope

-aof the control was 0"94+0.19 x 10-" whire ttre slope of the most in-

hibited line was L"2!o.063 x ro-o. Thus the slopes appeaï to bre

identical, and this would suggest that uracil inhibited uncompetitlvely.

With uridine as the variable subst rate at a low concentratÍon of

phosphate, uraeil appeared to give noncompetitíve inhibition (Fig. 3l);

the apparent V.. value of the control was O.15+0.0034 x 10-3 whereas thelvl - 
-evalue in the presence of 0.36 nM uracil was 0.o91+0.0059 x r0-". The

same type of inhibition was produced at a ten-fold greater concentration

of phosphate (Fig. 32) i the apparent v* varue of the control line was

0.11+0.0030 x 10-3 whereas the value in the pïesence of 0.36 mM uracil
-awas 0.085+0"0036 x 10 ". The slope and intercept replots against uracil

concentrations appeared to be linear (ris. 37 r to rV) except for the

replots of Figure 31 (FiS. 37 III). This might be expected from the

irregular pattern obtained in Figure 31, and thus the replot need not

imply nonlinear inhibition"
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b) Inhibition by ribose-l-phosphate

With phosphate as the variable substrate at a 1ow concentration

of uridine, ribose-l-phosphate gave an inhibition pattern which could

not easily be labeled (Fig. 33). Nevertheless, the apparent V* value

of the control was 0 .L7+O.013 x 10-3 whereas the value in the presence
_eof 0"83 rul.( ínhibitor was 0.L4LO.O24 x 10 ". Thus, the pattern might

indicate competitive inhibition. l[ith a twelve-fold greater concen-

tration of uri-di-ne the inhibition was competitive (Fig " 34); the



apparent V* value of the control line was 0.15+0.0061 x IO-3 whereas

the value in the presence of 0.73 rnM inhibitor was 0.1610.033 x 1O-3.

The replot of the intercepts against ribose-l-phosphate concentrations

from Figures 33 and 34 gave horizontaL lines (nig. 38 V and VI), as

expected. for competitive inhibitions. The errors involved in tfre

slope values were too great to establish whether the lines were linear

or nonlinear.

llith uridine as t]ne varj-able substrate at a 1ow concentration of

phosphate, ribose-l-phosphate inhibited noneompetitively (Fie. 35); the

apparent V-- value of the control line was 0.17+0.028 x 1O-3 whereas the
lvl

value in the presenee of O"73 mM inhibitor was 0.L21_O.0075 x 10-o. The

replot of intercepts against ribose-l-phosphate appeared to be linear,

but the errors involved in the slope replot were too great to make a

similar conclusion (¡'iS. 38 VII). With a ten-fold greater coneentration

of phosphate (Fig" 36), ribose-l-phosphate appeared to inhibit com-

petitively" A similar result was obtained with a 25-fold greater con-

centration of phosphate than used in Figure 35. Perhaps the pattern

could be interpïeted as indicating a change-over from noncompetitive

inhibition to no inhibition when approaching saturating amounts of

phosphate.
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c)

There a;^e a number of ways of calculating the constantS K. - and
r-p

K. as shown in Table XXI . In addition, I(- -. may be compared to the
1q lq

same constant obtained from initial velocity studies (Tab1e )ff). The

K. values calculated from ribose-l-phosphate inhibition studies were
r_q

8, 10, and 18-fo1d greater than the value calculated from initial velocity

studies" Nevertheless, it should be noted that the two values calculated

Constants calculated from the product inhibition study



with phosphate as the variable substrate are in harmony with each

other, as are the trvo values with uridine as the variable substyate.

The K.^ values calculated from uracil inhibition patterns were 0.4,
,aq

o.7, and 1.4 times the initial velocity value. Two out of the three

K-- varues were in good agreement (1.8, 2.3 and ro.5 x ro-4 llt). one1p

possible explanation for the variation of I{. 
n 

values 1s given in

section IV D 39"
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The initial velocity and product inhibition data appear to be

consistent with at reast three sequential mechanisms: órdered Bi Bi,

iso Theorell-chance, and rapid equilibrium random (with four dead end

complexes). Although an absolute choice is not possible from the

present .study the reasons for favouring the ordered Bl Bi mechanism

will be discussed" The favoured mechanism i.s schematically shown

below with the }l.ori-zontal line indicating the point of contact between

enzlrme and reaetant"

1. General Conclusions and Organization

D" DISCUSSTON

The complete rate equation corresponding to this mechanism has already

been given in the Tlntroductionr to section IV (equation 1).

The 'Discussionr from this point onwards will consist of three

main parts: initial velocity studies, produet Ínhibition studies¡ and

eomparison with mechanisms on phosphoryl-ases from the literature.

Þ
., 1

¿

Ur

I
EP

2, Initial Velocity Studies

a) Sequential mechanism

U R-l-P
Aitt

The consistent intersecting initial velocity patterns for the

forward and reverse reactions of ulidine phosplrorylase indi cate a

sequential mechanism, ihat is, both substrates must bind to tlne enzyme

before a product is released (I59) " The lack of intersection of the

ER-1-P



lines at a cornmon point is not an unusuaL feature of kinetic studies

in which sequential mechanisms are favoured (4 , L64, 169), and this

finding will not be further mentioned, except to suggest that experi-

mental errcr is presumabl-y the best explanation for this occurrence.

The standa,rd errors for apparent K and v, values appeared to indícatem lvl

this, in rnost cases at least

Paral1e1 douhle reciprocal initial velocity patterns are nor-

mally considered to indicate a ping pcng mechanism in which the first

product is released h'efore the second substrate combines with the

enzyme (fSo;. Therefore, this type of mechanism need not be considered

further. rn a recent kinetic study on hypoxanthine-guanine phosphori-

bosyltransferase (from dialyzed lysates of human erythrocytes) , however,

it has been shown that a paralleI pattern na.y still be associated v,rith

a sequential ordered Bi Bi meehanism, if the "true dissociation constants

of both substrates with enzyme are less than one-tenth of the substrate

concentrations rvhich are used" (fOS¡.

From the slop,es of rate equations (3) and (a), i.€., K /V- (1 +a'I
orr*o/*"") and oofrt (1 + K.r,/A), respeetively, it is apparent that the

slopes change as a function of the nonvariable sub,strate; thus an inter-

secting initial velocity pattern is predicted for a sequential ordered

mechanism. Nevertheless, íf Ki^/B and r<La/Ã ä.re very srnall, that is,

about 0.1, then as Henderson èt "r have suggested (165), the initial

velocity lines may appear parallel-. A more recent study on the above

enzyme (purified 5O-fold from lysates of human erythrocytes) indicated

that the predominant mechanism is ping pong at high magnesiun ion con-

centrations, and ordered Bi Bi at 1ow magnesiurr ion concentrations (L72) 
"
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The intersection point of the lines in the initi.al verocity

study should. be above the horizontal axis íf the ratio *r^/*u is greater

than one. This is the case for uridine cleavage where the ratio is at

least eight (¡'ig, 22) " \{ith uridine synthesis, however, the ratj.o is

one, and the lines do appear to be close to intersection on the hori-

zontal axis, as would be predicted (Fig. ZT)" In this eonnection, it

is interesting to note that in the kinetic study of pigeon llver malic

enz]rme (ordered Bi Ter) the ratio and the lntersection pattern did not

conform with the theoretj.cal predictior- (L74),
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b) Ordered versus random

Initial velocity studies do not always give a clear indication

of whether there is an obllgatory order of addition or whether binding

occurs in a random order, especially if the latter is in a minor pathway

(I73). Until recently, initial velocity equations (3) and (4) were be-

lieved to be obeyed only by an ordered mechanism. Random mechanisms

were thought to result in nonlinear double reciprocal plots (this would

not be true for the rapid equilibrium condition (173)). Unfortunately,

"...the unimolecuLar tate constants for release of substrates.
from the enz)rme must be considerably snaller than the turnover number in
order to see clearly the nonlinear (hyperbolic) reciproeal plots that
have been thought to characteríze r4ndom mechanisms" ç173¡.

e) Constants

i) Maximum velocity

Although

are included in

The values lvere

differences, but

the maximum velocity for the forward and reverse reactions

Table ffi, a comparison between them would not be reliable.

corrected for protein concentration and incubation time

the enzyrne concentration itself is not knor,vn, since



the enzyme is not exceptionally stable;

ments were done at different times and

ii) Dissociation constants

Phosphate may have as much as a four-ford greater affinity for

the enz5rme at pH 6.5 than at pH 8.1, or the difference may be as little

as tr,vo-f old (Table Ð(). Although diff erent nucleosides were used for

these two studi€s¡ one would. not expect them to have an effect on the

affinity of the enz)rme for phosphate, if the ordered Bi Bi mechanism is

the predominant one" The affinity of phosphate at pH 6.5 with uridine

as the nucleosid.e, or at pH 8,1 with deoxyuridine as the nucleoside was

not determined due to technical difficulties (large quantities of enz)¡me

would. have been necessary for such studies).

If future work also indicates the above increase in affinity,

this night be explained by different affinities of the enzJrme for the

anionic forms of phosphate which one might expect to predominate at such

pH values (11O) ¡ i.ê. pH 8"1 - dianion; pH 6"5 - monoanion. This may

be due to different conformations at the active site, i.e. a relative

change in ionic environment of the active site from negative at pH 8.1

to positive at pH 6"5 (153). These changes with pH may also have an

effect on the binding of the nucleoside to the blnary complex (EP.) or

on the rate of bond cleavage of the nucleosides, The low activity ivith

uridine at pH 6"5 compared to pH 8.1 does not appear to be explained by

a decreased affinity for urid.ine at the lorver pH, þecause uridine com-

petes strongly wlth d.eoxyuridine at pH 6.5 as shown by the sulfhydryl

group mod.ification stud.y with the Ellman reagent (section III C 3).

Actually the apparent K for uridine at pH 6"5 decreased by a factor of

two over its K at pH 8.1; this is not necessarily related to an affinity

-L62-

moreoveï the relevant experi-

with different preparations.



effect (section rv A 4 a). Although it is not apparent from Table K(,

the app \" of uridine at pH 6"5 was also about one-half that at pH g.l,
ivl

lvhen one enz)ãne sample was used (Figuïe 11). This itself would explain

the d.ecrease in apparent K, an¿ it would suggest that the affinity of

the binary eomplex for urÍd.ine may not be substantially different at

pH 6"5 and 8.1" In contrast to uridÍne, the affinity effect may ex-

plain to some extent the d.ecreased activity ivith deoxyuridine at pH

8.1 compared. to pH 6.5,for again in the Ell-man reagent study, deoxy-

urldine was a poor inhibitor of uridine cleavage at pH 8.1"

To summarize the above speculative remarks, the low activity

with uridine ¿X pH 6" 5 may be due to a Iow rate of eLeavage of this

nucleoside, whereas the low activity with deoxyuridine at pH 8.1 may

be due to a low affínity of the enzyme for deoxyuridine.

In contrast to nucleoside cleavage, the dissociation constant

(K, 
-) and the Michaelis constant are virtually identical for uridineaq

synthesis. This is still j-n harmony \ryith theory, for dissociation con-

stants may be greater or less than K* (156) " rt may be of importance

to note that the affinity of ribose-1-phosphate for uridine phosphorylase

is at least 46 times greater than that of phosphate at pH 8.1. As ex-

pl-ained in section I B 4, urid,ine phosphorylase is one of the enz¡rmes

necessary for the catabolism of nucleic acids, and it is also involved

in what may be an important rsalvage pathwayt for nucleic aci-d anabolism.

These points, taken together with the fact that the equilibrium of the

reaction is in favour of nucleoside synthesis (about 4:1, (1, 13)),

suggest a possible means by rvhieh uridlne phosphorylase may readily

function in an anabolic pathway, even though ribose-1-phosphate is pre-

sumably not present in as great a concentration as the ubiquous inorganie

phosphate.
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There is as much as a ten-fold difference in the constants of

the present study from the corresponding constants available from the

literature. One must consider that the literature values give apparent

K values on1y, and for these studies, preparations from different

sources and at different stages of purity (homogenate to 250-fo1d pure)

were used. Even the literature values show considerable variation,

for example, the apparent K for urldine at pH 7"4 varies from 0.76 mM

(fS¡ to 0.13 mlvi (14) in highly purified Ehrlich ascites cell preparations

and reaches 2.5 nM at pH 8.0 in a crude preparation (58). The only

study in which constants were determined for phosphate showed that the

apparent K values were the same for the phosphorolysis of uridíne (pH

8"0) or deoxyuridine (pH 6.5) (13). This is in fair agreement with the

present study.

iii) Comparíson Ï/ith Michaelis constants from the literature

-L64-

3. Product Inhibition Studies

a) General conclusions

Product inhibition studies are able to distinguish betlueen cer-

tain sequential mechanisms. The theoretical predictions of the eight

possible inhibition patterns from each of seven different sequential

mechanisms, as listed by Cleland, are given in Table XXII along with a

list of the inhibitions observed in the present study. If the assignment

of the type of inhibition obtained for uridine phosphorylase is taken

as being correct, it is apparent that the results are consistent with

an ordered Bi Bi reaction, with phosphate binding first and ribose-I*

phosphate bei.ng released last, as well as ivith the two other mechanisms



mentioned pTeviously (aIso

procluct inhibition pattern

fortuitious indeed to find

the theoretically predicted

b) Comparison of the

To place the present kinetic study in the proper

relation to similar studies in the current literature, a

portant features concerning initial velocity and product

studies are listed belorv. The present study on uridine

is briefly contrasted, to these general fíndings.
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to be discussed here). Even though each

is based on one determination, it would lie

that the patterns happened by chance to obey

inhi bitions.

sent study with similar studles

determination or" all possible inhibition patterns is not generally

done (4, 6, 160, L62, L64, 165, 166, l-69, L72-L75); four and often

fewer patterns are shown. In only one paper are five patterns given

for an ord.ered Bi Bi mechanism (165),

(2) nurnter of lines per pattern. It appears to be a coinmon prac-

(1) Number of product inh.ibition patterns. The experimental

tice to show three or four lines per pattern, although only three lines

are frequently shÕwn" Occasionally more lines are given (L62, L64, L76,

L77) .

of other enzymes

perspective in

number of im-

inhibition

phosphorylase

having been used. for assessing kinetic

not state whether the data has been so

(3) Data processing. Computer

"Since the conclusions reached from kinetic studies ct-epend orr
telling.one pattern from another,..i-t, is imperative that the kineticist
of today have an objective evaluation of the significance of hÍs data"
(tOS, p. 96).

whether an ex¡reriment has been repeated two

(4) Reprodr-rcibility of the pattern"

analysis i-s usually stated as

data, but a number of papers do

analyzed (46, 160, L65, L72)z

Few studies actually state

or more times to establish
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a consistent pattern (L67, !74, L76).

(5) Purity of the enz)¡me. A high degree of purity d.oes not

appear to be an essential prerequisite in performing detailed kinetic

studies (4, 6, 35, 165, !79, L7g), but in one of these cases the pos_

sibility of interfering enzJrmes was eliminated (IZg). In some studies,

commercial crystalline enzymes were used without a cnect on their

purity (6, 64, 169).

rn the present study, a h.ighly pwified urid.ine phosphorylase

preparation was used; the maximum number of patterns weïe determined;

four lines were indicated with alr patterns except one; each pattern

was usually based on one experiment; and the data was anaLyzed. with a

computer. Thus, overall, the present ki.netic study compares favourabLy

in its e)çperj-mental approach with similar studies of other enz¡rmes from

the current literature.

c) Elinination of some possible mechanisms

Product inhibition patterns may be theoretically predicted from

raêequations derived for the postulated mechanism, i.€. equations 5 to

I from eguation L (159), or by forlowing three rules set up by cleland

(159, p" 188) for scanning a schematic representation of the mechanism

(Fis. 39). Neither of these approaches will be explained in detail

here, but both will be used in this discussion.

Ideally the maxi.mum number of inhibition patterns should be sho\ryTr

to oecur experimentally before one of the sirnple sequential meehanisms

is assigned to the enz¡rme catalyzed reactj.on. But three of these patterns

will suffice as a first approach to eliminate the iso ordered Bi Bi,

Theorell-chance (t-c) , rapid equilibrium (RER), and random meehanisms



(Figure 39) - four of the most frequently suggested sequential mechanisms

(159) - as the predominani mechanj-sm. This approach has been taken with

other studies in discussing product inhibition results (169, LTs). The

term tsimplet is applied to these meehanisms for other enzJrme forms

(or low levels of certain forms) may occur, but the above names wirr

st1Il be used. to describe the overalr mechanism. other enz],'me forms

may be detectable on the initial velocity or product inhibition plot

itself (165:167), on replots of slopes and intercepts (L64, L67, L74) ,

oï on other studies, for example, j-sotope exchange (:162, LTg). The Rffi

mechanism is similar to the ord.inary random nechanisn except that the

interconversion of the ternary eomplexes constitutes the rate deter-

míning step. A T-C mechanism is sÍmilar to an ord.ered Bi Bi mechanism

except for the absence of ternary complexes, with the iso T-C involving,

in ad.dition, a different stable enzJrme form (Figure 39).

Pattern I" lfith A as the vari.able substrate at high or low con-

centrations of B, competitive inhibition by Q is predicted for mechanisms

5 and 6, because both reactants compete for the enz)¡me form E (figures

33, and 34). Pattern 2. With B as the variable substrate at 1ow eon-
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centrations of A, noncompetitive inhibition by Q (rig. 35) is predlcted

for mechanisms 5 and 6. These two patterns elimlnate mechanism 7, be-

cause competitlve inhil¡ition should be observed with ei.ther substrate,

The random and iso ordered Bi Bi mechanisms are also eliminated for non-

competitive inhibition shuuld be observed with either substrate. The

difference 1n inhibition patterns betÌveen mechanisms is a direct con-

sequenee of the distribution of the enzyme as indicated by the denominator

of the complete rate equation (equation 1). For example, the RER mechanism

does not have the forms EABP, EBPQ, EAp, and EBe. pattern 3. with p



as the inhibltor and B as the varlable substrate at high or low eon-

centrations of A, noncompetitive inhibition is predicted. for mechanism

5, and competitive inhibition for mechanism6(Figs. 31 and 32). The

Theorell-Chance mechanism does not have the enzJrme forms EABp and EBpQ.

The 1so Theorell-chance mechanism, however, is not eliminated. since

noncompetitive inhibition is also predicted. Binding studies (rso¡

and an analysis of dead end inhibitlon patterns (r80) are the present

methods available for distingulshing between ordered Bi Bi and iso

Theorell-Chance mechanisns. Few papers have shown experiments to dis-

tinguish these mechanisms" Ordered Bi Bi may be the more likeIy mechanism

for this type is frequently met in the literature (168), but to the best

of the authorts knowledge only one case of an iso Theorell-Chance mechanism

has been postulated (181). In addition, this mechanism is not favoured.

because of the "...high improbability of (sequential) mechanisms without

central complexes" (Iog)

The third mechanism whlch is consistent with the data is a RER

mechanism with dead end EAP, EABP, EBQ, and EBPQ complexes. This one

cannot be definitely ruled out on the basls of the results from the

present study (unfortrinately, the present data is not good enough to

rule out nonlinearity for at least two of the slope replots (Fig. 38

VI, VII)). Equilibrium exchange experiments should be able to eliminate

the possibility of a predominant RER mechanism (as well as the random

mechanism) (168, 182).

What purpose could be served by phosphate binding to the enzyme

first? Although one could make the general statement concerning the

importance of active site conformational changes that must proceed the

binding of nucleoside, a recent review (183) on rsulfhydryl group and

-168-



s-s bridges in the structure of enzJrmest, advanced an hypothesis that
is very appealing in light of the resurts presented. in this thesis,

Actually this hypothesis carries a litt1e further the speculation by

Sugino (109) already discussed in section II E 4b.

ttS-S bonds in enz¡rmes may be in a dynamie state in vivo, the
s-s bond being opened and reformed alI the tine. rnsteãã- ot-ã ti.t
induced by the substrate there is a fluctuating enzyme molecule, one
particular form of whlch is able to bind the substrate. A variation
in the environrnent would cause a strain in the rigid structure of a
fluctuatlng molecure and resurt in a shift in the equilibrium to a
structure which is stable in the changed environment and yet able to
take up the conforrnation need.ed for its enzyme activity".

Thus, phosphate, in bindlng to the reduced form of the free

enzJrme, might cause a shift to the enzyme form in which the two sulf-

hydryl groups proposed for nucleoside binding are placed in a receptive

conformation. The above two hypotheses (1og, J-g3) were incorporated

into a model for uridine cleavage (secti-on Vï B).

d) Degree of randomness

-169-

The product inhibition patterns and the fact that not a1r the

reprots appeared to be nonlinear, suggest that, a predominant rand.om

Bi Bi mechani.sm does not occur for uridine phosphoryrase. After pro-

duct inhibition studies on aspartate transcarbamylase, the authors

stated that,

"competitive inhibition of carbamylphosphate(A) by phosphate (Q)
lndicates that any contribution...of an alternate patþway in which B
faspartate] bincs first is very sma11 compared to the major pathway"
(L67) .

since the inhibition between the proposed A and e components of the

present study was also competitive, one might conclude that at the

most L-2/e of the phosphorolytic mechanism goes by an alternate order

of additj-on (169). It is not possible to elj-minate completely a minor



random pathway solely from initial velocity and product inhibltion

studies for,

"...it seems quite probable that a mi-nor random component is
associated with some Íf not all 'compursoryt pathways.,"it seems quite
probable that many compulsory pathways will eventually have to be re-
classified as rkinetically ordered' implying that an alternative order
of additlon exists, but that is kinetlcally unimportant"(fg¿).

sensj-tive teehniques such as isotope exchange studies (]162, 169) and

d.lfference spectroscopy (tøz¡ could be used to estimate the degree of

randomness.
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e) Substrate protecti-on and order of binding

Perhaps the finding that both uridine (or deoxyuridine) and

phosphate protect urj-d.ine phosphorylase against inhibiti-on by rnost of

the sulfhydryl reagents used in this work, might indicate tkinetically

unimportant randomnesst in its mechanism. Indeed, since the substrates

protect equally as well in most cases, one might at first suspeet a

significant degree of randomness. Nevertheless, from the list of

enzymes in Table XXIII there does not appear to be a clear relationship

between protectlon and order of binding, that is, an errzyme catalyzing

an ordered mechanism may be protected by both substrates, whereas in a

random mechani-sm it may be protected by one or two substrates. Some

explanation validating protection findings as an indication of binding

order would be helpful, yet none has been found in the literature.

Only in the case of yeast adenylosuccinate lyase was the type

of protection used as supporting evidence for the predominating Uni

Bi mechan:.sm (1e2). Still, one might have expected some protection at

hi-gh concentrations of B, since an alternate mechanism of B binding

first, albeit small, occurred at high concentrations of B. But this



was not obseïved with concentrations of B as high as trvelve times its

K value. Thus, a small d.egree of randomness, or complete randomness
m

does not automatically yield to protecti-on by both substrates. One

night speculate that protectlon by substrates depends on the relation-

shlp between the substrate and enzJrmic sulfhydryl groups. Even if B

combines with the enzyme first, it may not be in a position to protect

a sulfhydryl group" This suggestion, however, would not explain the

protection findings for a postulated ordered mechanism. For this case,

the following explanations are put forrvardS

(1) The degree of randomness that exj-sts in a mechanism that ís

predominantly ordered Bi Bi is sufficient to account for protection by

both substrates (at least under saturatÍng coneentrations of substrate).

(2) The binding order as determined from kinetic studies gives

the order of addltion of substrates which results in the active inter-

mediates involved in enz¡rme catalysis (ni-g. 39). Unreactive inter-

mediates may or may not be detected by kinetic studies, depending on

the relatlonship between the rate constants, although they could be

present in appreciable quantities under the proper conditions; that is'

EB rnay be present to a signi-fieant extent at high concentratlons of B

ivith A belng absent. The presence of an EB complex has been observed

for aspar tate transcarbamylase using the technÍque of difference spectro-

scopy (167). If the above proposal is accepted, at this time, for

urldine phosphorylase, at least two predictions seem possible:

(1) Uridine and phosphate may protect dlfferent sulfhydryl

groups or the same Sulfhydryl groups but in a different way (as haS

been discussed in sectj-on III C 8e) , that i-s, by conformation changes

-L7L_



al:d,/or by substrate binding. TÍtration studies may be able to detect

differences in protection, but the inhibition study with o-j-odoso-

benzoate has already suggested differences in protection by uri.dine

and phosphate.

(2) If uridine has a lorver affinity for the enzyme than phos-

phate has, a substrate concentration study might show that uridine

does not protect the enzyme as well as phosphate does, at low concen*

trations of each slrbstrate" Thi-s would then explain why saturating

levels of uridine or phosphate gave equal protection in most cases.

-t72-

In summary, the significance of protection by both substrates

with respect to the order of bindlng 1s a moot point. The sma1l con-

tribution fro:n a random pathway would be "of great theoretical interest

in connection wi-th the arrangement of reactants at the active sitet'

(169), but its possible presence should not blur the significance of

the major pathway" Although there rnay be a mechanism whieh has not

been considered, and which may stitl be consistent rvith the experimental

data, the common mechanisms have been di-scussed. The paper on a kinetic

study of inosine 5r-phosphate dehydrogenase illustrates a case where

thís was not done (160). The authors concluded that contrary to other

dehydrogenases their errz4e cataLyzed. an ordered Bi Bi mechanism with

the coenz)¡me adding second. Data processing was not used; reprodueibility

tvas not indicated; four patterns were shown, with three lines on two

of the patterns; the enzyme preparation had two major active bands

and, in addition, 2Olo inactive protein. As with other ordered Bi Bi

mechanisms, product inhibition data cannot exclude the possibility of

an iso Theorell-Chance mechanism (Tab1e XX) with the coenzyme adding

first. Isomer:.zatíon of the free enz¡rme has been postulated in the



past (6, 166), and difficulty in the detection of a

by pråOuct inhibition studies has also been reported.

f) Anomalies in the product inhibition study

The two irregular intersecting patterns (Figures 31, 33) were

obtained at low concentrations of the nonvariable substrate (uridi-ne

and phosphate concentrations were approximately equal to their Ko'

values). These patterns were classified with respect to inhibÍtion

after a consideration of the errors involved in the vertical intercept,

and they agreed with the predlction for an ordered Bi Bi mechanisrn (as

well as with the other two posslbilities). Nevertheless, it is important

to note that even if any assignment for these two patterns based on the

present data is consldered dubious, it would not weaken the conclusion

that uridine phosphorylase can catalyze an ordered Bl Bi reaction, if

the study is considered as a who1e, and in the light of kinetic studies

from the literature.

ii) Inhibition under 'saturatingt conditions

i) Irregular intersecting patterns
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ternary complex

(L67, 169).

Two product iniribition patterns only appear to be approaching

the predicted patterns (Figures 3O and 36). Nevertheless, the results

may sÍmp1y reflect the lack of high enough concentrations of the non-

variable substrate" Stil1, the fact that the predicted inhi-bitions were

being approached should be considered as a good indication for an ordered

Bi Bi mechanism (as well as for the other tvro possibilities).

iii) Nonlinear slope replots

The irregular slope replot shorrn

due to the irregular product inhibition

in Flgure 37 ffl 1s presumably

pattern obtained for Figure 31.



rn the case of inhibition rvith ribose-l-phosphate, there are two non-

linear, possi-bry parabolic, slope reprots (Figs. Bg vr and vrr). To

begin with, if one considers the errors of the slopes themselves (in-

dicated with each polnt), it is apparent that they are large enough

to make the deviation from rinearity of doubtful significance. rf

these replots are found. to be reprodueibre in future work, however,

they ni.ght be explained adequately by postulating 
^ ne' complex. I{ith

aspartate transcarbamylase this type of comprex was suggested as being

" o. . .the only species which can provide parabolic inhibition. . .without

dlsrupting the competitive pattern" 116Z¡ " between A and e. This pro_

posal appears even more reasonable when one considers that both rikrose

-l-phosphate and phosphate (i-n ttre present study) are anions.

Nonlinearity vrourd probably have been observed with uracil (p)

as the product, if sufficiently high concentrations were used (0 "24

ÍlM 
"vas 

the greatest amount used, whereas about 0.70 mM is necessary for

substrate inhibition). If nonlinearíty were observed, one could postulate

a dead end cornbination of P with the free enzJrme as has been proposed

for the ordered Bl Ter mechanism of malic enzJrme (L74),

-L74-

g) Comparison of constants from initial velocity and product inhibition

It is only possible to compare the K. values. Two out of the
r.q

three values, calculated with riracil as the inhibitor are not too dif-

ferent from the inÍtial velocity value; however, the four values cal-

culated from the inhi.bition study with ribose-l-phosphate are not as

close. Perhaps the following two poínts should be considered in any

explanation for the variation in the rlbose-I-phosphate I(rn vìàLues with

studies



respect to the uracil values:

(1) Uridine and phosphate were present in the product inhibition

studies along with one product, ìvhereas only ribose-l-phosphate and

uracil were pïesent in the initial velocity study in the directi-on of

nucleoside synthesis.

(2) Possibl-e nonlinear slope replots were only evid.ent with

ribose*l-phosphate as the inhibitor.

-!75-

Since the explanation for the nonlinear slope replot of ribose

-l-phosphate entailed competitlon between ribose-l-phosphate for the

phosphate site, thus forming an EQ2complex, one can further say that

by inhibiting the combination of ribose-l-phosphate with the free enzyme,

phosphate increased the dissociation constant of ribose-l-phosphate cal*

culated from product inhlbitlon studies.

With uridine, presumably, there is no direct competition with

ribose-l-phosphate foy a similar site on the free enzyme, but there

might be competition for the free enz¡rme itself, since uridine may be

able to form a EB complex. Thus, the formation of a complex between

ribose-t-phosphate and the free enzyme is again inhibited and its dis-

sociation constant will appear to increase. The variation 1n K.O

values cannot be explained in the above manner for K.-- does not have anip
obvious physical significance.

h) Other mechanisms for phosphorolysís (fron the literature)

In the two other studies on uridine phosphorylase, the authors

postulated ordered mechanisms with nucleoside binding first (25, 35),

These studies were d.iscussed in detait in section IV A lb. The dis-

crepancies with the present mechanism may have been due to different

methods of study, or perhaps to the diffetent enzyme sources (35) For



purine nucleoside phosphoryLase,

mechanisms have been postulated

ferent enzyme source was used as

proach (section IV A lc). A recent paper suünarj.zed a number of kinetic

differences between purine nucleoside phosphorylases from bovine spleen

and human erythrocytes (5) . Perhaps, at first, one mj-ght think that

as a class nucleoside phosphorylases should have a similar ord.er of

binding. This is not necessarily true, since kinases may have RER or

ping pong mechanisms (168), while dehydrogenases may have ordered

(169, L76), ordered with enz¡rme isomerization (166), iso ping pong

Bi Bi (188), RER (185), or random (179) mechanisms.

Since initial velocity and product inhibition studies were the

sole reason for concluding that for one purine nucleoside phosphorylase

preparation the nucleoside binds first to the enzyme, it would be in-

teresting, in light of the present study on uridine phosphorylase, to

examine the data in some detail (4). îhe enzyme was highly purified;

data processing was not used; four patterns were shown with three lines

in each one; replotS of slopes and intercepts were always linear. For

clarity the inhibÍtion patterns are tabulated below. The alternate pro-

duct, guanine, lvas used instead of hypoxanthine.
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three different types of ordered

(4, 6, I57), but in each study a dif-

well as a different experimental ap-

Inosine (A)

Phosphate (B)

nonvari.able substrate:
times its K value.

m

Variable
substrate

Guanine
(a)

competitive

noncompeti tive

inosine-9timeslts

Ribose-1 -þhosphate
(P)

noncompetitive

noncompeti tive

K* value; phosphate * 150



If one concludes that the inhibition patterns weïe obtained at

sufficiently lorv concentrations of the nonvariable substrate, then the

patterns are consistent with the mechanism proposed by the authors.

The above concentrations, however, appear to be high enough go that at

least an approach to the patterns predicted for saturating conditions

might be expected" This was not the case, and for only two of the

above patterns rvill the inhibition be the same under 1ow and high con-

centrations of the nonvariable substrate (ta¡Ie XXII). The random Bi

Bi mechanism appears to be most consistent w"ith the primary p1ots. A1*

though the replots in this study were linear, only three points were

glven for each replot.

In considering other phosphoryLrases, it is interesting to note

that aspartate transcarbamylase (1, L67) };,.as an ordered Bi Bi mechanism

with phosphate binding first; giy""*aldehyde 3-phosphate dehydrogenase

(1, 185) and maltodextrin phosphorylase have RER mechanisms (1AO;. WÍth

the latter enzrye there is no inversion of configuration of the glycosyl

moiety upon cleavage, whereas there is such an inversion with uridine

phosphorylase (1) 
"

i) Possible future work
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Further kinetic studies are necessary to verify and to investigate

the ordered Bi Bi mechanism proposed for uridi.ne phosphorylase. The

present controversy in the mechanism of yeast hexdsirnse should be noted

even though many detailed studies have been done (190).

(1) Product inhibition studles. In addition to a study of nucleo-

side synthesis, further work in the direetion of nucleoside cleavage

would also be useful: (a) to confirm some of the patterns already

d.one; (b) to study ihe effect of pH orr some patterns; (c) to obtain



other patterns, such as one at different levels of B with Q as in-

hibitor, and A as the variable substïate (159). An ordered Bi Bi

mechanism will have a constant K. whereas a RER mechanism will have
r_s

a variable K.
1S

clarify whether uridine and deoxyuridine occupy

(4, 165) or interacting sites, but they rnay also

made between random and ordered pathways (190).

(2) Alternate substrate studies. These
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replots are confirmed, it may be possible to exploit their presence in

order to differentiate between an ordered Bi Bi and an iso Theore1l-

Chance mechanism (180) 
"

(3) Anatysis of dead end inhibition patterns. If the nonlinear

information obtained from initial velocity

studies (168) " II can indicate the degree

dominantly ordered mechanj.sm (:--62, 169)"

(4) Isotope exchange studies. This

studies may not just

a conmon binding síte

a11ow a choiee to be

technique supplements the

and product inhibition

of randomness in a pre-



SUMMA.R,Y AND MNCT,ITSIONS

Welcome, stranger, to thj.s Place,
Where joy doth sit on every bough,
Paleness flies fron. everY face;
We reap not ivhat we do not gowo

SECTION V

lfiIlian Blake (poerrs written in a
copy of Poetical Sketches)



1. Five purified pre,parations of uri-dine phosphorylasej were obtained

with a 300 to 1900-fo1d increase in specific activity retative to the

homogenate. There rras no indication of a separation of uridine and

deoxyuridine cleaving activitles during purification. About 75fo of

both activities; rvere generally recovered. in the soluble fraction c,f

the eytoplasm. Dise ge1 eleetrophoresis always showed two major band.s

in the purified preparations (sections II D l, II D 2c).

2. The best purifieation scheme at this tine utili-zed heat treatmentl

and DEAE-Sephadex (pH 8"O), DEAn-Sephadex (pH 7"2) , Sephadex G-20O

(pH 8.0), and hydroxylapatite (pH 7.2) chroma,tography (fables V, VI,

VII)

3. Uridine phosphorylase has a pH optimum of 8.1 for uridine cleavage,

8.5 for uridlne synthesis, anc', 6.5 for deorryurldine cleavage. The enz¡rme

catalyzed. tlle cleavage of Ur ¡ Udr )Þ Tdr at, pH 7.4, but Udr ) Ur (> Td-r)

at pH 6.5. At about pH 7.2 tine cleavage of uridine and deoxyuridine

occurred at the same r'ate (seetion II D 2d).

4,. Most purified uridine phosphorylase preparations were fairLy stable,

with aliquots frozen at -4Oo retaining about 8O{," of their a.ctivity after

60 days (seetion II D 2b) "

5" Purified preparations, inact,Lvated at room temperature for four

days, could not be react,Lvated under 'che conditions used; purified

preparations aged at -40o, however, could be substantially reactivated

(section fT D 2 biii).

A" PLN,IFICATION AND PROPERTIES



6" Uridine phosphorylase and thymidine phosphorylase both have

molecurar weights of about r1o,000 by a get filtration estimation

(section II D 2e).

7 " Uridine phosphorylase did not catalyze a direct transfer of

ribose between uracil and uridine under the present conditions, but

it had indirect transfer activity. Uridine cleavage (pH 7.3 and 8.1),

deoxyuridine cleavage (pH 6.5 and 7.3), and uridlne synthesis (pH 8.1),

were inhibited by deoxyglucosylthl.nine. The I-^ values for deoxy-50

uridine cleavage wereabout one-fifth that of the otherr two reactions.

The phosphorolysis of deoxyuridine and thymidine by thymidine phosphory-

lase was not inhibited by deoxyglucosylthymine (section II D 2f)
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8. Uridine and deoxyuridi-ne synthesis

inhibited by uracil wit]ll 5o/o inhlbition

1. Time, concentration, pH, substrate protection, and reversal ex-

periments with 2-mercaptoethanol were done with seven sulfhydryl reagents.

Based on the results, only a generalization is appropriate at this time:

uridine phosphorylase may contain sulfhydryl group(s) which may be es-

sential for binding of substrate s and/or for the "àt'^tyti" step itself

and/or for the maintenanee of the conformation of the active site

(section III D) 
"

B" STÌLFHYDRYL GROUP MODIFTCAîION STUDIES

by

at,

r¡ridine phosphorylase were

about 1 mM (section II D 29)

2. Uridlne protected uridine phosphorylase to a greater degree than

phosphate did against inhibition with o-iodosober,l.oate (section IIL C 4).

Differential protection was not evident lvith the other i-nhibitors.



1. Initial veJ.ocity patterns of uridine eleavage, deoxyuridine eleavage,

and uridine synthesis, and eight product inhibition patterns in the dlrec-

tion of uridine cleavage - with slope and j-ntercept replots - were shown.

C" INITIAL YET,OCITY AND PRODUCT INIIIBTTION STUDIES

2. Initial velocity and product inhibition results were conslstent

wlth ord.ered Bi Bi, 1so Theorell-Chance and rapid equiLibrium rand.cm

mechanisms (with four d.ead end complexes) (section IV D 3) " The reasons

for favouring an ordered Bi Bi mechanism were discussed (sectlon IV D 3c),
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Things not yet known are coveted by men,
Our desires give them fashion, and so

As they wax lesser , falI, as they size, grow.

John Donne (Farewell to Love) "

SECTION VI

SPECUI"ATIONS



1. Uridine phosphorylase may not be a soluble or a cytoplasmic

enzyme (section II E f).

AO SU]\[\4ARY OF SPECUI,ATIONS MADE IN THIS Í}IESIS

2, The different pH optima for uridine and deoxyuridine may be ex-

plained by different reactivities of sulfhydryl groups and the exlstence

of overlapping sites for uridine and deoxyurldlne; a positively charged

group may be neaï an essential sulfhydryl group in the deoxyuridine

site (sections LI D 29, III D 5b, III D 8c) "

3. Some type of modification of sulfhydryl groups produeed on aging

of purlfied preparations may cause differential loss of uridine cleavíng

activity (section II D 2h). Uridine, if stored with the purified pre-

paration, flay prevent rapid aging of uridine phosphorylase (section II

E 4a)"

4. An equilibrium may exist

oxidized sulfhydryl groups as

Bruno (183) (section II E 4b).

5" Uridine phosphorYlase maY

in the active site, along with

(sections III A 1, III D 6a).

6. Uridine phoSphorylase may have direct transferase activity under

special conditions (section II E 6).

between reduced sulfhydryl groups and

postulated by Sugino et aI (1O9) and

7"

in

Uracil may be able to produee an essentially unidirectional reection

the dÍrectlon of nucleoside synthesis (sections I B 4, ff E 7c).

have three essential sulfhydryL groups

many more in the molecule as a whole



8. The low dissociation constant

importance for the role of uridine

way (section IV D 2cii) 
"

o

Bi

Dead end complexes EQ, and EB nay be present in the simple ordered

Bi mechanisrn (sections IV D 3 fiii, IV D 3e) .
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At the present time the most detailed model on the mechanism

of action of uridine phosphorylase revolves aþout an explanation for

the inversion of configuration of C'-1 after cleavage of the Ct-N

linkage (191):

ttThe stereochemical logic, moreover lead.s to the conclusion that
enzJrmes that eataLyze reactions leading to inversion must involve an
odd nunber of displacements. Since the smallest odd number is 1, it
was postulated that those enz)rmes acting to give inversion proceeded
by one direct dlsplacement of the acceptor Y, on the original sul¡strate
BX. ''

With uridine phosphorylase, Y 1s phosphate, and BX is the nucleoside.

A model allowing for a full explanation of both uridi-ne and

for ribose-l-phosphate may be of

phosphorylase in the salvage path-

B" MODEL FOR TIIE PHOSPHOROLYSIS OF I]RIDINE

deoxyuridine cleavage rvould require an intimate knowledge of the con-

formational properties of ribo- and deoxyri'bonucleosides 1n solution

(assuming one enzyme is involved for both nucleosides). Jardetzk^y feLt

ifrrt tfr. fúranose conformation might be implicated in the specificity

of enz¡rmes (192). In a more recent article, the authors suggested that

". ".knowledge of the conformation of nucleosi.des and nucleotides about

the glycosidíc bond may be important in the consideration of reactions

of the species" (193) . It may be that purine nucleosides (L92), PYri-

midine ribo- and deoxyribonucleosides (Lg , f95) have diffårent conformations



in solution. In thís regard it is interesting to speculate on whether

uridine phosphorylase induces dlfferent ch.anges in the conformation of

uridine and deoxyuridÍne in carrying out its catalytic function. con-

formational analysis, however, is beyond. the scope of this thesis (as

well as the knowledge of the author).

More fundamental modification studies are essential if an un-

necessarily speculative model is not to be proposed. But one mitigating

faetor in favour of presenting some kird of model here, is that no de-

tailed model has as yet been found in the literature for the action of

uridine phosphorylage. Thus, 1t rnight be useful, even at this earLy

stage, for the benefit of future investigators, to bring the findings

and speculations of this thesis together in a simple diagrammatic pre-

sentation, for at least uridine cleavage. In some respects this pre-

sentation could also serve for deoxyuridine cleavage, that is, for the

binding of substrates and for the catalytic step; but it does not offer

an explanation for the different pH optima of the nucleosides (see

speculation 2).

This model incorporates the sulfhydryl equilibrJ-um features of

the models of Sugino et aI (109) and Bruno (183) (Figure 40). Inorganic

phosphate is postulated to bind. only to the reduced form of the free

er.zpe (form B). This may produce a shift of the equilibrium towards

the reduced form (as well as conformational changes in the position of

the reduced sulfhydryl groups). Atthough r¡ridine may also bind to this

reduced form first, it would produce an inactive enzyme conformation, as

discussed in section IV D 3e. In addition, uridine may have a lower

affinity for this form than phosphate has, and if the binding with

uridine were reversible, the formation of the complex could explain

-186-



the protection given by uridine against inhibition by sulfhydryl reagents.

This model also emphasizes the importance of facilitated proton

transfer in enzyme catalysis as postulated by Wang (196):

"...facilitated proton transfer along rigi-d1y and. accurately
herd hydrogen bonds Ín enz¡,rne-substrate complexes...may play a cruciar
role in enzyme catalysis."

Thus, in the eataLytie step, the present moder shows that hydrogen

bonding occurs between P = o and an enzJrme sulfhydryt group as we1l as

between P - OH and N - 3. The bond breaking step (that is, C'-l^I-B)

involves the formation of rnewt P = O and rnewr p-OH groups during the

transfer of electrons in the transition state, and the transfer of a

hydrogen ion to N-3 (form D). The transition state involves a six-mem-

bered ring which could serve to stabillze tine complex.

The HPOI species is shown, since it should predominate at pH 8
4

(11O). One immediate problem with this proposal may be the reluctance

of this species to give up a hydrogen ion, for the pK of this third

ionizable hydrogen is normally about 12 (11O), Perhaps the rigid binding

of the hydrogen ïeduces the pK, but also it should be noted that another

P - OH group is formed in the transition state, possibly simultaneous

with the transfer of the hydrogen ion from fæO] to N-3 (form D). The
r

action of the phosphate anion implicates the P - OH group as an acid,

and the P - O group as a base, although one usually rvould think of

groups 1n the enzJrme acting as an aeid-base unit. In any case, an

acid-base unit j-nvolving rigidly held hydrogen bonds". . . capable of such

synchronous action rnay well be the reason for the etiiciency of enzyme

catalysis" 7Lg7¡. The uncataLyzed hydrolysis of pyrimidine nucleosides

r)is slow, and it occurs best at 75-95-, in acid medium, after an in-

cubation period of several hours (198).
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The reactíons that are shown for binding of substrates are com-

mon reactions for sulfhydryl groups (1), that is, the attack on a

doubre bond and hydrogen bonding. rne binding of the sulfhydryl

groups to c-2 and the rot of c-4 of the uracil moiety wourd al1ow the

electron withdrawing sulfhydryl groups to be ortho to N-3. rf in the

transition state N-3 acquiïes a partial negative charge, i.e. the for-

mation of a carbanion, an ortho effect (or para) by an electron-with-

drawing group would stabilize thls incipient charge best (199) " In

passing, it is interesting to note that a model for the hydrolysis of

pyrimidire nucleosides, whi-ch is not cat,aLyzed by an enzJrme, has been

proposed (198) . It is a general acid cataLyzed reaction, possibly

S",1 (subsiitrrti-oo nucleophilic unimolecular).
N

It should be mad.e clear that the mod.e1 for the phosphorolysis of

uridine by uridine phosphorylase offers suggestions only on possible

ways by which sulfhydryl groups could participate in the mechanism.

This model is not intended to imply that other groups in the enzyme do

not participate (5, 8)" For example, the negative groupings in the in-

organic phosphate molecuLe might be bound to positive centers in the

enzyme as postulated for aspartate transcarbarnylase (L67).

-188-

t. Phosphate may form a covalent linkage with the sulfhydryl group,

i.e. S-PO^. This intermediate has been proposed to be part of the
J

mechanism for glutamine synthetase (20O) " If this is the case for uridine

phosphorylase, another source for the hydrogen which is acquired by N-3

must be proposed; perhaps one could come frorn a water moleeule or ít

could come in the manner described in point 2"

C. VARIATIONS



2. An enzymic sulfhydryr group may take part directly in the eataLytie

step by a frontal attack on the glycosidic bond. rt may be that in the

pïocess the hydrogen of the sulfhydryl group is transferred to N-8.

subsequently the R-s group would be replaced by a backsÍde attack by

the phosphate anion in order for ribose-I-phosphate to show complete

inversion of configtrration about C'-I. These methods of attack are il-

lustrated by Koshland (2Ol) and in a review by Cohen (1).
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3. A concerted mechanism for the reversible formation of EP. from

phosphate and succinyl coenzyme A by succinyl CoA synthetasu (I1 ."I1)

has a striking si-milarity to variation I and to parts of the model in

Figure 40 (2OZ) " It is reproduced below.

-.-enzvme

.:$"-:)"<å; 
- -O" (histidvlresidue)

succinyl eoenz¡rme A

Thus, histidine is implicated for binding phosphate instead of a sulf-

hydryl group as in variation 1. The attack on the earbonyl group by

phosphate is similar to the attack shown on C'-1 in Figure 40. Although

a phosphate dianlon is shown by the authors, one would expect a sub-

stantial concentration of the monoanion at pH 7.4 (110).

4" The attack by a sulfhydryl group as described 1n point 2 may in-

volve the opening and closing of the furanose ring as has been pro-

posed for the uneatalyzed hydrolysis of pyrimidine nucleosides (198).

Although ring opening is not involved, the formation of an enzJ,Tne-S-eO

oo
lt \R-C-O - -+'h.

codsH

nzyrîe



intermediate has been proposed as part of the mechanism of glyceraldehyde

3-phosphate dehydrogenase. In addition a neighbouring histidyl residue

was implicated. in the mechanism (120). The interaction of the above

eomplex with the phosphate anion was not explicitly shown. It is in-

teresting to note that the interconversion o-Ê the diol to the free

aldehyde of glyceraldehyde-3-phosphate was suggested to be the rate-

J-initing step in the enryme cataLyzed reaction under certain concen-

tration ranges of substrate and enz)rme (203). For aldolase, it was

suggested that the ". . . coÍtpâratively low rate of aldo1 cleavage of

fructose-I-phosþhate may be due to the rate-limiting conversion of the

pyranose or furanose, to the open-chain form" (2O4>.

It is possÍbte that ring opening could involve a poLarization of

charge about Ct-1 and the ring oxygen, and, in effect, prod,uce a carbonium

ion on Cr -1 (in addition to the carbanion on N-3). In nucleophilic

reactions, one generally associates a carboniurn ion wlth at least

partlal raeemízation of the product (199, p. 378). This point was

briefly discussed by Bender and Bresiow (205):

"It is entirely possible that a carboniun ion process on arl enz)rme

surface could result in complete inversion or retention of configuration
if stereospecific solvation (ion paÍr formation) sould be performed by
a nueleophilic group of the çnzyme or a water molecule suitably placed
on the enzyme surface.tt
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SECTIONS I AND II. INTRODUCTION; PURTFICATION AND SOME PROPERTIES oF

URIDINE PHOSPHORYLASE

Cohen, M. in The Enzymes, P.D. Boyer, H. Lardy,
(ncitors)fffiffi pressr New york, Vol.

Friedkin, M. and Kalckar, H. ibid., p. 2BZ,,

.).
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Rat (liver, kidney, spleen, heart,' brain, thymus)

TISSUE DISTRIBUTION OF IAIDINE PHOSPHORYIASES

Mouse (heart, brain, l1ver, kidney,
spleen, intestine, Ehrlich
ascites ceIls)

Rat (bone maruow, Iiver)

Rabbit (bone marroid

Sour ce

-202-

TABLE I

Rabtrit (bone marrow, liver, intestine)

Rat (liver)

A. Mouse (intestinal epithelium,
liver, aseites cells)

Rat (intestinal epithelium,
liver)

Dog (intestinal epithelium,
liver, kidney)

Author

De Verdier and
Potter, 1960 (25) .

Skold, 1960 (22).

B. Chick, guinea pig, frog
(intestinal epithelium)

Human (1iver, fibrosarcoma)

Escherichia coli

CaIf (thymus)

Rat (thyroid, liver)

Yamada, 1961 (63) .

Yamada, 1964-8
(16-1e) .

Fish (muscle)

Krenitsky, l965
( 15)

Lindsay (2L) , 1968.

Tarr (7), L967



Animal

SPECIFIC ACTIVITY VALUES

Rat
(zz>*

Rat
(25)

-203-

Tissue

Liver
Bone marrow

Liver
Kidney
Brain
Hear t
Spleen
Thymus
Dunning
hepatoma
Novikoff
hepatoma

Thyroid
Liver

TABI,E II

OF SOI'IE IJRIDINE PHOSPIÍORYLASES

Fraction
used

Extracts of
aeetone powder

114,000 g
supernatant

Rat
(2L)

Rat
(10¡

Mouse
(22)

Specifi c
activity

0.50t*
o.22

4to10
7.3
4.8
4.5
3.5
2,4

47.O

9.0

0, 83
o.67

o.23

34.6
t7.L
12. I
10. 3
5.9
5.0

0.08
1.3

L.4

Regenerating
Llver

Intestine
Kidney
Liver
Heart musele
Spleen
Brain

Definition
of specifíc activity

Partially
purÍfied

m¡.unoles uracllr/mg
acetoLe powderr/I5 min.

pmoles thymine-2-14c
incorporated into
thymine riboside/gram
fresh rveíghtr/hour

Raltbi t Liver
(63) Intestinal

mucosa
Bone marrott'

151,000 g
supernatant

Extracts of
acetone porvder

* * Enzyme activity was assayed in the direction of nueleosi-de cleavage rvith
uridine as the nucleoside except in reference 25 ivhere a transferase
assay was used.

Refelence u

105,000 g
supernatant

¡.moles uracíLll00n9
wet rveight of tissue
per hour

punoles uraci.1-/not:t /
mg protein

mpunoles
acetone

vraciL/mg
powder/l5 min.

grnoles uracíL/hour /
mg protein



Enzyme

Tdrpasea
(8) b

Tdrpasea
(rr¡

Tdrpasea
(e)

PNP
(3 ,4, 5)

PNP
(oo¡

PNP
(63)

Urpase
(26)

Urpase
(rs¡

Urpase
(r+¡

Urpase
(28)

Urpase
(27)

Uridine
hydrolase
(so¡

Urpase
(present
work)

PIIRIFICATION OF NUCLEOSIDE G:LEAVING ENZI4!ÍES

Source

-zu+-
TABLE III

Human
spleen

Human
leukocyteg

Rabblt
liver

Human
erythrocytes

Human
erythrocytes

Rabblt bone
marrolv

Rat liver

Ehrlich
ascltes
cel1s

Ehrlich
ascites
celIs

E. coll

E. coI1

Mung bean

pH Optimum
Ur Udr Tdr

Purif-
i cation

6.0

5.5

3700

140

490

5560

510

270

L0

300

Final
speci fi c
actlvity

lo

Yletd

1100

90

5

3660d

1.260d

292

4d

60d

8.0

4.2 6.5

2t

8,2 6.4 6"8

7.6

7"2

7.4

35

d
Converted to ¡-r:nole/hottr/ng protein from authorsl units.

b
Reference 

"

c Not given.

a
Assay ln the directlon of nucleoside synthesis.

Rat l-iver

35

30

260

L5

several
hundredfold

L32

8.1 6.5

81

106

4L

342d

Is0-240

0. 7d

300-
1900

36

19-
t44

24

6-
20



Prep- Purity Total
aratlon (-fold) units

-205-

A 3OO 884 Time, pHb, enzyme- concentration.
p-mercuribenzoateþ.

B 500 265 Inittal velocltyb (uridine +uracil, pH E.1)

C 900 LAO} Product inhj.bition (uridine -ruracil, pH 8.1)

D 1900 578 Dlsc gel eleetrophoresis (elutlon), initial
velocityc (uracil -+uridine, pH 8.0)

E 200d 390 Reactivation, deactivation, pHc (Ur -:uracil,
" Udr -+uracil, uracil +Ur), time study (uracil -+Ur),

DGT studyc (uracil +Ur)

dcEO 1I0O* l-531_ Initial veloclty (Ur ->uracll, pH 8.1-; Udr +uracll ,

pH 6.5; Ur -+ uracllc, pI{ 6.5) , reaetivation

Sulfhydryl group modification studies (Ur -+uracil);
DGT study (Ur -+uracil; Udr ->uracil)

STI]DIES DONE ON URIDINE PHOSPFiORYIASE

PIJRIFIED IN TI{E PRESENr \TORI(

TABLE IV

a Urldine cleaving activity.
b These studies, for the mcst part, are not reported in this thesis.

' These studies were done using reactivated enzyme preparatious.

d Uridlne phosphorylase activity in the final step of the purificatj-on procedure
was-collected in two fractions.

it{ajor studies
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S tep

SPECIFI C ACTII\¡ITY RATIOS

1*

2A

ï'ractíon

TABLE IX

28

o

4A

4B

4C

5

6

7A

7B

8

o

10

Homogenate

Nuclear
fraction

Supernatant I

Supernatant 2

ot,.

A"

AS2"

AS
2cd

A-50

A-50, #r

A,-5O, #2

A-50

G-200

Hydroxyl*
apatite

FOR

Ur /Udr

PREPARATION C

0. 39'k*

0. 58

0. 41

o.44

o,064

o"37

0. 28

o.29

o.57

L,4

0. 010

1.0

L,4

1.3

Ur /rdr

o.67

L.2

o,74

o,75

0.11

o.72

o.51

0. 55

1.3

11

0.014

12

10

11

Udr,/Tdr

L.7

1.9

1.8

I.7

1.6

1.9

1"8

1.9

a.Ð

7.8

1.5

7.5

7,L

8.1

*

**

A purification scheme

Tire specific activity
digits.

for preparatj-on C is given

ratios are rounded off to

in Table V.

trvo significant
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Protein
conc.

(nglnI)

(1)'
(2)

ts)
(4)
(5)
(6)
(7)

(8)
(e)
(10)
(1r¡

ANOMALOUS RESiILTS OF

4"4
4.4

1"3

-2t4-

Absorbance
reading
(units)

TABLE XITT

o.2g7b
0.266þ

o. 056
o.o72
o.236
0. 309
o.24L

o.o25
o.284
0. 307
0. 306

0. 161
0. 391

Tine of
incubation
(nÍnutes)

AGED BEACTIVATND FRACTTON Eb

(12) L"4
(rs¡ L"4

10
30

65

Substrates

ExperÍment number.

These assays were done 27 days before the others and they are intended to
serve as controls.

Nucleoside cleavage was assayed by procedwe (bi) and nucleoside synthesis
was assayed by procedure (bii). Concentration of substrates: nucleoside

(3.3 mM), phosphate (100 nuM), uracil (0.6 mM), pentose*I-phosphate (about
2 mM). To obtain the final pli values the follorving buffers were usecì,
(trre numbers correspond to the experi-ment number): (r) 10c mM pi,6.o;
(3) 100 mM P.,7.L; (4) lOO mM P.,7.8; (5) lOO mM f1,6.0 and I0O ñM c-c,
8"4; (6) 10ö mM P_,7.7 and 100 åiu G-G,8.4; (7) tOò'milt pi,T.7 and. 100 mM
G-G,pH.9,3i (10) L00 mn{ pi,5.5; (11) 100 rnNI pi,6.O and 100 ni\{ 4c,5.5;
(12) 100 mM Tris,6.5; (13t I0O mtvt c-c,8.4.

G-G: glycylglycine was the buffer or part of the buffer system.

Udr + P1c
Ur +P.

1

Ur +Pi

pH
of incubation

medium

Udr + P.

l
Uracil
Urací1

6.5
6.5

7.3
7.7
7"2
8.1
8.8

7.3
6,4
5.8
6.0

+ dR-l-P
+ R-1-P

(G-c) d

(G-G)
(G-G)

6.5
8.2 (c-c)



Enzyme

INIIIBITION STUDTES ON NUCLEOSTDE CLEAVING ENZI'A'IES

-2L5-

PNP (3)a

Tdrpase
(8)

Inhibitor

TABLE XIV

DTNB

PMB

PMB

PMB
PMB
IA

PMB
IOB
IA
rNH2
IIg++
Hg++

PMB

PMB
IA

PMB
Hc++
NEM
NE]\{

Pr{P (6e)

Concen-
tration

(ÍM)

Time of
preincub.
(nin)

2.O
2.O

0.001
0. 01
0.1

10.0

0. 0001
0.1
0.1
0.1
0. 01
0.001

o.2

0.1
1.0

0.1
0,1

10. 0
0.1

PNP (63)

PNP (114)

Uridine
hydrolase
(50)

30
30

15
15

:'

10

o1
lo

Inhibition

a

b

92
83

20
58
78

o

100
90-100

o
o

100
85

100

100
100

50
100
100

80

Reversal

Referenceo

Reversal time of 120 minutes rvith 7 ml\,I dithiothreitol.

Reversal rvith 10 mM 2-mercaptoethanol.

Information was not given.

_bpart].al

I
partial

5
5
5
5

LOO%c

I
Y
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NUCLEOSIDE PROTECTION AGAINST INHIBITION rVITil EI,LI{.ANf S REAGENT (DTNB)

Protectlng
substrate

-2L8-

1)*
2>

3)
4)
5)
6)
7)

8)
e)

None

U;"
Ur
Ur

None

pH

TAELE XVII

Inhlbitor
conc (ml\[)

8,1

10)

0
0
o
0. 001
0. 001
0.001
0. 001

o

11)
L2)
1s)
14)
15)
16)
L7)

Substrates added
after 30 min
'inhibition

6.3

Ur+P,
l- l'lUdr+Ur+Pr"

Udr + P,
Ur+Udr+P1
Ur+P1
Udr + Pt
P.

L

Udr + P.
1Udr (5 nin

prelncub. )
+Ur+P,

ur (b m1n
preincub. )
+Udr+P.

1

Ur+P1
Udr + Pi
Ur+P,
P.

1Ur+P.
LD.

Udr + P1

6,3

Udr
Udr
Ur
Ur

6.5

Absorbance
reading

(290 rnp)

Experiment number; experimental procedure with fractlon EO 1s des-
cribed in section III B. Nucleoside concentrati-on was 3.3 mIlI and
phosphate concentration was 10 nM.

0

0.017

A preincubation period of 5 minutes of either nucleoside vith enzyme
before the addition of the other nucleoslde did not affect the absor-
bance reading.

0.215
0. 196
o,o22
o.066
0. 134
0. 159
0.187

0. 100
o. 038

o. 015

0.051
0.025
0.004
o. 064
o. 029
0. 051
o.045



Time
(min ) a

_ 9'to _

TNHIBITION OF ACTIVITY BY IODOACETAMIDE

I)b b
2> 20
s) 20

4) 20
5) 20
6) 60
7> 20
8) 60

e) 20
10) 20
11) 60

rMz
(mM)

TABLE XVIII

Absorbance

0
6.5

13. 0

0
6.5
6.5

13. 0
13. 0

0
6.5
6.5

Urldine

0.189
0.090
0.018

o.742
0. 131
0.057
o.111
0.048

0. 059
o. 068
o.060

l-2)
r3)
14)
r5)
r6)

r7)
18)
1e)
20)
2L)
22)

Inhlbition
(%)

20
20
60
20
60

20
60
20
60
20
60

0
53
92

0

I
60
22
66

0
15c
I

pH

0
6"5
6.5

13. 0
13. 0

0
0
6.5
6.5

13. 0
L3.0

Deoxyuridine

8.1

0.085
0. 084
0. 057
o.o79
0. 060

0. 115
0.114
0. 107
0. 101
0. 083
0. 084

7.3

Preincubation period of j_nhibitor and enzyme.

Experiment numJ:er; experimental procedure is clescrlbed
in section III B.

c Possible stimulation.

6.6

0
1

33
t

29

0
0
7

1I
28
26

d9

6.6



Inhlbitor Conc. % Ena5'me*
(nM) Iniribitlon

-220-

TAELE XTX

SENSITIVITY OF ENZYMNS TO SULFIIYDRYL REAGENTS

pMB 0.000025 50 Isocitrate dehydro- pig heart
genase (O.99 pg pro-
tein)

0.000015 50 Ïr{yokinase (0.5 pg) Rabbit muscle

0.00004 50 Oxalosuccinate de- PÍg heart
hydrogenase (0.99
pc)

0.0001 56 Ornithine carbarnyl Rat IÍver
transferase

0.0001- 29 C?eatine kinase Sheep muscle
(5 pS nltrogen)

0.0002 50 Glyceraldetryde 3- Rabbit muscle
phosphate dehydro-
genase

0.0003 69 UDP-glucose dehydro- Calf liver
genase (2b pg)

0.0005 4L Succlnate aenyOro- Beef heart
genase (90 pS)

0"0005 50 Arninopeptidase Beef Iíver

Source

(5-r0 pg)

0.0006 50 Árylesterase

IOB 0.00013 100 Xanthine oxidase Milk

0.0025 100 C?eatine kinase Sheep muscle
(5 pc nitrogen)

0.0035 50 Uridine phosphory- Rat liver
lase

0.0006 50 Uridine phosphory- Rat liver
lase (7 ¡¡g)

Human serum



ïnhibi tor

NETf

Conc.
(mttt¡

-22L"

TABLE XTX
( cont inued)

0. 001

o. 010

0.010

0.036

o. 033

o. 130

'lð'

I nhibition

38

86

t<
.E;nzyme

Creatine kinase

/-gLy eerophosphate
dehydrogenase

Succinate dehydro-
genase

Fructokinase

50

50

48

50

IA

about 0.04

0. o012

0. 10

Sorrr ce

NAD (H) díaphorase

Glyceraldehyde
3-phosphate dehydro--
genase

Uridine phosphory-

Slieep mnscle

Rabbit muscle

Monke5' brain

Beef liver

Beef braln

Rabbit muscle

50

0. 10

0. L0

o.23

1.0

1.5

5.6

50

60

lase

Cathepsin

100

45

Glyceraldehyde
3-phosphate dehydro-
genase

Creatine kinase

Proteinase

Alcohol dehydro*
genase

Succinate dehydro-
genase

Xanthine oxidase

Uridine phosphory-

* The enzymes sb.olm are the most
. in mammalian systems as llsted

ones are listed here, but only
range are lncluded.

Rat liver

52

Liver

Rabbii, muscle

.)

50

Sheep muscle

Rat liver
*Kat It_ver

Rat liver

M1Ik

Rat liver
lase

sensitive ones found for pMB, IOB, and NEM

by lVebb (64). For IA, the most sensitive
a few of .the enz),¡mes inhibited in the I rnl\{



CONSTA}IIS FOR URIDINE PI{OSPHORYLASE FROM INITIAL VELOCITY STi-'DIES

Substrate

trfdlne

Uridine

Udr

P i
PÍ
¡raci1

R-1-P

P i
R_1-P

-z¿z-

pH

TABLE XX

8.1

6.5

6"5

8.1

6.5

8.1

8"1

6.5

8.1

1t

8.1

lt

8.1

6.5

8.1

Constant

Mi chaelis
(K. )

Þ

Apparent I(O

K
b

K
a

K
a

K
p

K
q

Kia
Kiq
K

1q

K.
l-a

K
1a

ya
M

v
l\{

v

Value
(ni\{)

Q. 28

o.t2

.o.36

0. 34

o.64

0" 31

0.070

1.8

0.071

o. 080 -0 . 10

3.3

7 "5

o,2L

0. 10

0. 13

P

urldine

Udr

Uraci 1

Reference

Figure 22

Sectlon IV A 2cii

Flgure 26

Figure 23

Figure 25

Figure 28

Figtrre 28

Figure 25

Figure 26

Figvre 27

Figure 23

Flgure 22

Figures 22, 23

Figures 24, 25

Fígure 28



Substrate

Urldlne

Uracil

Uridlne

Pi
P.

1

Udr

Uridine

IJrldine

Uridine

Udr

Udr

Udr

Uridlne

Udr

Uridine

- Z¿.) -

TABLE XX (continued)

pH

8.0

8.O

7"4

7.4

6.5

6"5

8"1

7"4

6"7

8.1

7.4

6"7

7.4

7.4

8,0

Constant

Apparent

Apparent

Apparent

Apparent

Apparent

Apparent

Apparent

Apparent

Apparent

Apparent

Apparent

Apparent

Apparent

Apparent

Apparent

K

K

K

K

K

K

K

K

K

K

K

K

K

K

K

Value
(mM)

o.L2

o.26

o.76

3.9

3.9

o.7L

0. 069

0"13

0. 11

0. 40

0. 59

0. 60

1.0

0. 30

2.5

Reference

(21) b

(2L>

<rs>

(13i

( 13)

(13)

(L4)

(ra¡

(14i

(L4)

(14)

(G4)

(16)

( 16)

( 58)

All VM values lvere normalized to the same protein concentration and
incubation tlnes"

Enzyme sources rvere given in Tables I and III.
were used in references 13, L4, and 58"

Ehrlich ascites ceIls



Inhlbitor

U
raci.I

V
ariable

substrate

U
racil

U
racil

P
hosphate

iP
hosphate

U
ridine

N
onvari.able

substrate
(m

M
)

Ilraeil

R
-'l -Þ

R
-1-P

R
-1-P

R
-1-P

(0.133)

(o.533)

@
.66n

(6"67)

@
.266)

.:

(3.33)

{0. ooz¡

(6 " 67)

U
ridÍne

A
pparent

K
i" * 

1O
-4M

P
hosphate

P
hosphate

IJridine

IF
idine

3.3

D
efinition 

of
apparent K

r"

7.8

K
pK

iq ¡1 
+

K
q\

C
O

}ÏS
T

A
N

T
S

 F
R

O
M

*pK
iq lt 

*
--;;-l

^q\
K

pK
iq

'K
 

-
q

hK
tq

-K
.q

:,^iq
K

.r-q

1.6

K
rB

 \
K

ffi)
K

B
 

\
a\

-l K
i"K

n I

C
alculated

C
onstant

x ro-4M

13. 0

13. 0

8.0

T
A

LE
 )O

(

K
rn =

 o'52

C
T

i I

K
.1q

A
ppä

K
.. x

t1

=
 1.1

K
iq lt 

* å\
\ 

"t")
A

pproaehing no
inhibition

K
.

-rq
=

 O
.26

=
 7.O

K
.

-1q

. 
10.

:G
om

pel
inhibi
igom

pet
inhi bi



C
T

] IN
H

T
B

IT
IO

N
 S

T
U

D
IE

S

A
ppárent

r. .'x 1o-4M
1l-

2.5

D
efinition 

of
apparent K

..11

2.5

B
+

K
t

B
 

+
K

qK
n 

i

K
ip 

*tq*o 
l

B
+

K
t

B
 

+
 K

qK
t

4.p 
K

iqh
*rn /t . þ\

\ 
^,/

K
.1p

C
onpetitive

inhibition
:C

om
petltive

iinhibl tion

C
alculated

C
onstant

x 1o-4M

K
. 

=
 L.8

1p

K
. 

=
 2.3

r-p

F
igure 37 Í; 

equation 5. 
V

alueg "f 
\, 

K
n, K

n, and K
.n are

from
 the initial 

velocitY
 studY

.

F
igure 37 II; 

equation 5.

K
. 

lL 
+

 A
 \

lql 
;;-ì

\ 
n^/

¡"pproaching no
inhi bition

K
. 

=
 10.5

r.p

C
om

m
ents

F
igure 37 LT

I; 
equation 6. 

P
oor product inhibition pattern.

F
igure 37 ÍV

i 
equation 6.

F
igure 38 T

; 
equatíon 7. 

P
oor product tnhibition pattern.

F
igure 38 V

I; 
equation 7. 

N
onlinear slope.

F
igure 33 V

II; 
equation 8. 

N
onlinear slope.

*tn
c.t

F
igure 36; 

equation 8.
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Figure 6. Hydroxylapatite

from preparatlon D.

Column parameters:

column size
bed volume
flow rate
aliquot
voltune of sample

-ÁJó-

The sarnple contained 26 mg of protein, 832 units of uridine

cfsavi¡g activity, and 571 units of deoxyr-iridine cleaving activity of

which 58/o, 92%, and 92/o, respectively, were ïe.coveredo The vertical

arï'ow indicates the point at which elution v/as startedluith a linear

gradient of 0. O2-O.25 M phosphate. Uridine cLeaving activity ( æ-æ ¡

and deoxyuridine cleaving activlty ( (H) were assayed by procedure

(ai). The specific activity values (n) with uridine as the nucLeo-

sid.e are shown. Fractions 34-42 ( * * ) were combined and concentrated

wlth carbolax for 4 hoirrs. protein ( re ) was estimated spectro-

photometr i cal1y.

chrornatography at pll 7.2 oI fraetion g

0.9 cm by 60 cm

20 ml
4 nlrlhour
2.5 nI
2,5 mL
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Figure 7.

uricllne phosphorylase.

For urldine creavase ( (lH) at 1:II 8.2, the incubation med,ium

contained 0.1 t\{ p-, pI{ ?.4; O.1 M giycylglycine, pH 8.7; 5 rnM 2-
1

mereaptoethanol; 3.3 mtr{ uridine, pH 7,0; 9.8 pg of preparation A, diluted

to 0.5 ml rvith 0.05 I\I p., pH 7.0. Activity was assayed by procedure

(ai). For uridiue synthesis ( ffi) at pH 8"14, the incubation medium

contained 0.1 M gtycylglycine, pu 8.ai o.6T uM uracir i z.g mM ribose-l-

phosphate, pH 7.0; 6 pg of fraction E^. Ac.tivity was assayed by pro-
d

eedure (bii). Enzyme activity is given as the change in absorbance at

290 n¡-r. If only one expeïimental poj-nt is shonryr, it represents an

average of at least two determinationsi if, horvever, the duplicates did

not agree, both readings are given.

Time course of uricline cleavage and uridine synthesis by

-240-
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Ffgure 9. Reactlvation of uridine cleaving activlty by 2-mercaptoethanol

and dithlothreitol.

A-1. Effect of the time of preincubation on reactivatlon of uridlne

phosphorylase with 2-mercaptoethanol

Fraction E, (aSed for three months at -+Oo) tvas preincubated at

ïoom temperatttre wlth 50 mnÍ 2-mercaptoethanol, for the times lndicated,

before elther substrate was added. to the reactlon tube. percent re*

activation of uridine cleavlng actlvity ( æ ) rvas calculated frcm

control readings in v¡hlch 2-mereaptoethanol ivas omítted. The conrplete

incubation medium contained o.1 M Tris, pH 7.4; o.16 mM glycylglycine,

pH 8'9; 10 mI\{ P., pH 7.0; 3.3 rnM urldine, pH 7.o; 50 ïnM 2-mercaptoethanol;
l_

35 Fre of protein were diluted to 0.5 ml wlth o.05 M Tris, pH z.l. The

flnal pI{ of the incubation mixture rvas g.2. Activity was assayed by

prccedure (bi).

A-2" Effect of 2-mercaptoethanol concentration on reactivation of aged.

fraction E 
"a

-244-

The enzyme fraction and 2-mercaptoethanol rvere preincubated for 120

mlnutes. other condltions were the same as descril¡ed Ín A-1.

B.

activlties of fraetions E and E-_t)

Effect of dithiothreitol on uridine and deorTuridine cleaving

Activtty ls shorv-n as an increase in absorbance at 290 mpL. Fraction

Eb (11 LrB of protein) rvas preincubated. at the times indicated. wigr 10 nM

dithiothrej-tol. and then assayed for uridine' cleaving activi ty ( W )

or d.eoxyuridine cleaving activity ( (lH ) " Fraction Ea (s5 pg of protein)

lvas prelncubated ivlth 10 mM dithiothreitol and then assayed for urid,ine

cleaving activity ( n_-_o ) or deoxyuridine cleaving activity ( w=_w ) "

After lBO mlnutes, dithiothretiol rvas added ( t ) to give a final

concentration of about 20 nM. These fractions rvere aged for three months



Flgure 9.

at -4Oo wlth lntermittent freezing and. thaling, and. then clialyzed against

0"05 M Tris, pH 7.2-I mrÏ IDTA, pII 7.0 for 90 rninutes. The incubation

medium conl:a1ned 0.1I1 Tris, pH 7,4i 10 mM P., pH 7.0; 3.3 nII uridine or
1

deoxyurldine, pH 7.0; enzyme diluted as in Figure 9 A-1" The fi-nal pH

of the incubation mixture rvas 7.35. Activity was assayed by procedr.rre

(bi) .

( continued)
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Figure 1-2. Molecular weight estinatlon of trridine phosphorylase and

tiryni-dine phosphorylase by Sephadex G-200.

Uridine and th¡nnidine phosphorylase fractions fron DEAE-Sephadex

clrromatograph¡r (figure 1B) weïe used. Experimental conditions are des-

cribed in sectiån II C 6. I\{arker proteíns rvere apoferritin (O), I -

globulin (A), albumin (tr), ovalbunin (Â) and chymotrypsinogen (E);

¡_, uridine or th5nnidine phosphorylase. The profile of BIue dextran

( re ) rvas determined by rnonitoring the effluents spectrophotometrically

at 29O mp. lVith reference to the standard line, the horizontal axis

indicates the fraction number in rvhich maximum absorbance of protein

occurred.
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,@

ra
 

fo

12
1/

 u
r 

(m
M

-l 
¡

I t\] æ (o I



2 1/
 U

r

4

-T
(m

M
 ')

I \J o l



F
ig

ur
e 

37
" 

R
ep

ro
ts

 o
f 

sl
op

es
 a

nd
 in

te
rc

ep
ts

 i
n 

th
e 

pr
od

uc
t 
in

hi
bi

tio
n 

st
ud

.y
 w

ith
 r

.r
ra

ci
l 

as
 th

e 
in

hi
bi

to
r.

T
he

 s
lo

pe
 (

o)
 

an
d 

in
te

rc
ep

t 
(@

) 
re

pl
ot

s 
ar

e 
fr

om
 F

ig
ur

e 
29

 (
T

; 
ro

w
 u

rid
in

e,
 v

ar
ia

bl
e 

ph
os

ph
at

e)
,

F
ig

ur
e 

30
 (

rr
; 

hi
gh

 u
rid

in
e,

 v
ar

ia
bl

e 
ph

os
ph

at
e 

),
 F

ig
ur

e 
3r

 (
rr

r;
 

lo
rv

 p
ho

sp
ha

te
, 

va
ria

br
e 

ur
id

in
e)

, 
,.r

á
F

ig
ur

e 
32

 (
rv

; 
hi

gh
 p

ho
sp

ha
te

, 
va

ria
br

e 
ur

id
in

e)
" 

T
he

 x
-a

xi
s 

ín
te

rc
ep

t 
of

 t
he

 s
lo

pe
 a

nd
 in

te
rc

ep
t 

re
-

pl
ot

s 
gi

ve
 K

is
 .

rd
 K

rr
, 

re
sp

ec
tiv

el
y 

(T
ab

le
 n

I)
 .

F
ig

ur
e

as
 t

he
38

' 
R

ep
lo

ts
 o

f 
sr

op
es

 a
nd

 in
te

rc
ep

ts
 

in
 

th
e 

pr
od

uc
t 

Ín
hi

bi
tio

n 
st

ud
y 

w
lth

 r
ib

os
e-

t-
ph

os
ph

at
e

in
hi

bi
to

r.

T
he

 s
lo

pe
 (

Q
) 

an
d 

in
te

rc
ep

t 
(@

) 
re

pl
ot

s 
ar

e 
fr

om
 F

ig
ur

e 
33

 (
v;

 
lo

iv
 u

rid
in

e,
 

va
ria

bl
e 

ph
os

ph
at

e)
,

34
 (

vr
; 

hi
gh

 u
rí

di
ne

, 
va

ri-
ab

Ie
 p

ho
sp

ha
te

),
 a

nd
 F

ig
ur

e 
35

 (
vr

r¡
 

ro
* 

ph
os

ph
at

e,
 v

ar
ia

br
e 

ur
ld

in
e)

.
F

i.g
ur

e
I t\] (o H I



@ <
t) F
-

o- LI
J U É
.

uJ !- Z

15 t0 5

6 ¿
L 2

U
R

A
C

IL
 (

V
 x

 lO
4)

o l,/
't

U
J

A
. o -i <,/
1

I N
)

(c N
) I



SLoPES (o)

INTERCEPTS (@)

n
õo
úN)
TN

I
J

I

T
T
o<Jl 'là -o
r
{rn

¡6
oÀ

o
SLoPES (o) - t,6z -



-294-

(iso ordered Bi Bi if EQ and
as shorvn) .

EPQ EQ
(FQ)

E are

(iso Theorell-Chance mechanism if EQ and
EQ and f', as shown).

(5) ORDERED Bi Bi

(F)

changed to FQ and F,

(6) THEORELL-
CHANCE

Flgure 39.

(Random Bi Bi if EAB

E are changed to

Possible seqnential

(7) RAPID
EQUILIBRIUM
RANDOM Bi Bi

* (r at e-1 imit ing)

EPQ is not rate J-imiting) .

mecllanisnrs for uridine pllospholyl ase.
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