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PURIFICATION OF URIDINE PHOSPHORYLASE OF RAT LIVER, SULFHYDRYL GROUP
MODIFICATION, AND INITIAL VELOCITY AND PRODUCT INHIBITION STUDIES
by
Arthur Kraut

ABSTRACT

This study entailed the purification of uridine phosphorylase
(uridine:orthophosphate ribosyltraﬁsferase, E.C, 2.4.2.3) from rat liver
homogenates. With the aid of heat treatment, DEAE-Sephadex, Sephadex
G-200, and hydroxylapatite chromatography, a 1,900-fold purification of
the enzyme was achieved. By disc gel 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.

The initial velocity patterns of nucleoside cleavage and uridine
synthesis, and the product inhibition patterns of uridine cleavage were
consistent with a kinetically ordered mechanism which has a ternary
complex and in which phosphate and O~ribose-l-phosphatecombine 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 phosphorylase has at least one sulfhydryl
group at or near its active site,.

A model for the mechanism of uridine cleavage is presented.
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SECTION I

INTRODUCTION

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 their own sake,

rather than as consclous attempts to cure a disease or to increase a
crop.

Fruton and Simmonds
in
'General Biochemistry'




A, ORGANIZATION OF THE THESIS

Uridine phosphorylase (E.C. 2.4,2.3.) catalyzes a reversible
transfer of ribose or deoxyribose from certain pyrimidine nucleosides
to inorganic phosphate., A typical reaction is illustrated below in

which uridine is the nucleoside:

) 0
I - f
\ N
| X q +
=0 o X0
| > S 1o — °
HOH - - GHC —

2‘3‘4 +0—P —0 (0 & L oo,
OH OH H OH OH
uridine inorganic uracil C-ribose-~l-phosphate

phosphate

This thesis on uridine phosphorylase ig divided into three major
sections:

(1) Purification and properties

(2) Sulfhydryl group modification studies

(3) 1Initial velocity and product inhibition studies

A gearch through the literature has revealed that only a few
papers have been published on these topics., These papers will be dis-
cussed in some detail in the appropriate sections, although a synopsis
of recent papers on uridine phosphorylase is given below. For the pur-
pose of orientation this section will also include a classification of
nucleoside cleaving enzymes, and some comments on the metabolic role of

nucleosgide phosphorylases.




B, LITERATURE REVIEW

1. Recent (1960-1969) Studies on Uridine Phosphorylase

The latest survey of phosphorylases (1) and nucleoside phos-
phorylases (2), in particular, was published in 1961. Since this time
more detailed studies have been published on nucleoside phosphorylases,
i.e. puripe nucleoside phosphorylases (3-7), thymidine phosphorylases
(8-12), and uridine phosphorylases (7, 13-21).

Up to 1960 the studies of uridine phosphorylase were primarily
concerned with the role of this enzyme in metabolism (22-27). The
studies appearing since 1960 can be annotated in the following way:
purification (7, 13, 14, 28); classification (15); induction and re-
generating liver experiments (16-19, 29); enzyme activity with analogues
(13, 20, 21, 30-34); kinetics (13, 35). Thus, perhaps five of these
papers (13, 14, 19, 26, 35) are of direct importance to this particular
study, although comparisons are made with certain points in other papers

(22, 25, 27).

2. Classification of Nucleoside Cleaving Enzymes
Since the 1936 studies of Cori and Cori the name 'phosphorylase’
has become a generic term for all enzymes that catalyze the cleavage of
their organic substrates by a phosphorolytic mechanism (36), These
enzymes are the principal ones, if not the only ones, for the cleavage
of nucleosides in mammalian tissues. Transferases and hydrolases are
the two other major classes of nucleoside cleaving enzymes in living

matter,




a) Phosphorylases

i) Uridine phosphorylase, thymidine.phosphorylase, and purine

nucleoside phosphorylase

Kalckar, in 1947, during his study of purine metabolism (37) in
mammalién tissues, was the first to suggest that phosphorolysis‘of‘
nucleoside linkages may be of universal significance in nucleic acid
metabolism. In 1954, Friedkin and Roberts isolated a pyrimidine de-
oxyribosyl phosphorylase from horse liver, which they named ‘thymidine
phosphorylase® (38), Two years earlier, however, Paege and Schlenk had

studied a pyrimidine ribonucleoside phosphorylase from Escherichia coli

(27). They named it ‘uridine phosphorylase', but its specificity for
ribose-l-phosphate was not established. Later work showed that an

enzyme isolated from E, coli had some activity, albeit fairly low, to-

wards deoxyuridine (one-third that of uridine) and thymidine (one-
twentieth that of ufidine) (15). For the enzyme from mammalién tissues
some workers suggested thét'the name uridine-deoxyuridine phosphorylase
would be a more descriptive one (20), since the enzyme hag high cleaving
activity towards uridine and deokyuridine. Nevertheless, the systematic
name is still uridine:orthophosphate ribosyltransferase,

A classification of nucleoside phosphorylases incorporating in-
formation found in the literature up to this time (July, 1969) is
shown schematically in Figure 1A, The sub—divisioné 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. Still, nucleoside phosphorylases
are readily separable into two major groups based on the specificity of

the enzyme towards the nitrogenous base (1): 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-glycosidic bond of the nitrogenous base since the pyrimidine
nucleoside cleaving enzymes catalyze the formation and cleavage of 3-
pentosyl purines and the purine nucleoside cleaving enzymes of 9-pen-
tosyl purines (31, 32)., Partially purified preparations of uridine
phosphorylase can catalyze a reversible reaction with 3-ribosylxanthine
(32), the cleavage of 3-ribosyluric acid (15), and the synthesis of 3-
ribosyloxallopurinol (31). Thymidine phosphorylase can catalyze a
reversible reaction with 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 also accept purines as sub-
strates to form 3-ribosylnucleotides (39).

Pyrimidine nucleoside phosphorylases (Figure 1lA) have been sep-
arated into a uridine phosphorylase fraction and a thymidine phosphory-
lase fraction (14, 19). Cytidine phosphorylase activity has not as yet
been detected. The separation of these phosphorylases from mammalian
tissue extracts was accomplished six years (14) after their separation
from extracts of E;.Egli‘(40)' These phosphorylases were not further
purified after being separated and they were probably between 10-20
fold pure relative to the homogenate. 1In the initial separation from
rat liver by DEAE-cellulose chromatography (15), the uridine phosphory-
lase fraction had significant activity towards three naturally-occurring
nucleosides, in the order uridine > deoxyuridine >> thymidine, at pH
7.4. The thymidine phosphorylase fraction, on the other hand, was

highly specific for the deoxyribosyl moiety, and the major substrates




were deoxyuridine and thymidine with uridine being cleaved to a very
small extent at pH 7.4 (data for rat liver thymidine phosphorylase was
not given). The uridine phosphorylases were also grouped according to
their pH optimum for the phosphorolysis of uridine. Some tissue sources
have an enzyme with a pH optimum of 8.1 (group A, Table I), while others
have a pH optimum of 6.6 (group B, Table I). The latter enzymes were
postulated to act by a hydrolytic mechanism with phosphate acting as a
stabilizer rather than as a substrate. It is now known, however, that

E., coli and guinea pig intestinal enzymes operate phosphorolytically for

they have been shown to catalyze reverse reactions with ribose-1-phos-
phate (31); thermodynamically, a hydrolytic mechanism would not be
easily reversed. In addition, the different pH optima found for the
uridine phosphorylase fractions suggested to the authors (15) that the
enzymes in group A would be found in the nucleus of the cell, while
those in group B would be found in the cytoplasm. This relationship
between pH optimum and intracellular location was not apparent for the
uridine phosphorylases of rat liver (to be 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 section
IT E 2¢).

(1) The relative activity of each enzyme fraction for the sub-
strates varied widely. For example, dog liver uridine phosphorylase
had very high cleaving activity towards both uridine and thymidine
(thymidine phosphorylase activity was not detected) , whereas in mouse

intestinal epithelium, uridine phosphorylase had eight times greater




activity towards uridine than towards thymidine.

(2) The relative 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 ascites cells, 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 relative position of the activity peaks for the two
enzymes from different sources changed (14, 15).

DEAE-Sephadex chromatography separated a rat liver preparation
into three active fractions (19): a cytoplasmic uridine phosphorylase,
a cytoplasmic thymidine phosphorylase, and a nuclear uridine phosphory-
lase (it contained about 10% of the total uridine cleaving activity).
Recent work from the same laboratory, however, suggested that the latter
enzyme is localized mainly on the plasma membrane (Bose and Yamada, un-
published results). On the basis that they catalyze the same reaction,
are separated by chromatography on DEAE-Sephadex, have similar pH
optima and substrate specificities, it was suggested that the uridine
phosphorylases might be isoenzymes (19).

An anomalous pyrimidine nucleoside phogphorylase, 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; SSEE) however, these activities were not
separable by DEAE-cellulose chromatography (DEAE-Sephadex chromatography

was not used),




ii) Differentiation between uridine phosphorylase and thymidine

phosphorylase

The information available at the present time points to a number
of possible differences between these two enzymes, apart from substrate
specificity.

(1) Substrate specificity. Basically, uridine phosphorylase

is specific for the pyrimidine moiety of the nucleoside and thymidine
phosphorylase for the deoxyribose moiety (15),

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

This is discussed in the 'Introduction® to section IV,

(3) Transferase activity (11, 35), This is discussed in section
I B 2b,

(4) Effect of inhibitors, Deoxyglucosylthymine inhibited the

uridine, deoxyuridine, thymidine cléaving activities of a partially
purified uridine phosphorylase from Ehrlich ascites cells. It had no
effect on the deoxyuridine and thymidine cleaving activities of an
extract of thymidine phosphorylase from horse liver, but it produced
a 50% inhibition of deoxyuridine cleaving activity of a crude rat liver
preparation (33),

2-Thiouracil may inhibit uridine phosphorylase preferentially
but the evidence is vague at this time, It has been shown that nucleo-
side synthesis occurred using a partially purified thymidine phosphory-
lase preparation from E. coli with 2-thiouracil and deoxyribose-l-phos-
phate or ribose-l-phosphate (1/250th that of deoxyribose-l-phosphate)
(40). Yet with the horse livei??gﬁg— and deoxyribonucleosides were formed

with 2-thiouracil to the same extent with a partially purified thymidine

phosphorylase preparation (41)., Uridine phosphorylase from rat liver



could not form the ribonucleoside from 2-thiouracil, yet the latter in-
hibited the synthesis of uridine (21). It may be that 2-thiouracil is
a substrate for uridine phosphoryiasé oniy in the presence of deoxy~-
ribose~l-phosphate. Another point that has not been checked is the
activity of rat liver thymidine phosphorylase for 2-thiouracil with
ribose-l-phosphate and deoxyribose-l-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).
Again the inhibition of deoxyuridine synthesis by uridine phosphofylase
was not reported,

(5) Activity with substrate analogues, Partially purified

mammalién uridine phosphorylases catalyzed the cleavage of 3-ribosyluric
acid (15), the synthesis of 3-ribosyloxallopurinol (31), and possibly
the ciea&age of 1-B-D-arabinosyluracil (43 (§liggli;enzyme)), Experi.~
ments were not done fo check whether uridiné and thymidine'phosphory-
lases could catalyze the cleavage of 3-deoxyribosyluric acid, or the
synthegis of 3-deoxyribosyloxallopurinol. Thymidine phosphorylase
catalyzed the synthesis of deoxyribosylxanthine at a greater rate than
uridine phosphorylase catalyzed the synthesis of ribosylxanthine (32),
The synthesis of deoxyribosylxanthine by uridine phosphorylase waé nbt
checked. A thymidine phosphorylase preparation (20,000 x g) from human
spleen did not catalyze the phosphorolysis of B~b—arabinosyithymine, or
of B-D-arabinosyluracil (30).

(6) pH optimum, “Uridine phosphorylase has a pH optimum of 8.1
for uridine cieavage and 6,6 for deoxyuridine cleavage‘(14, 19) whereas

thymidine phosphorylase has a pH optimum of 5.9 for the phosphbrolysis
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of deoxyuridine and thymidine, and one of 7.3 for transferase activity

(10, 30).

b) Transferases

There are two possible mechanisms by which a pentosyl transfer
can occur (35):

i) Indirect transfer (phosphate dependent)

The initial phosphorolysis of a nucleoside results in the for-
mation of a free pentose~l-phosphate or enzyme-bound pentose-l-phos-
phate, which then can react with a free base (B) to form a new nucleo-

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

Bl—pentose + phosphate ZiBl + pentose-l-phosphate

%
pentose-l-phosphate + B2 e—BZ—pentose + phosphate

ii) Direct pentosyl transfer (phosphate independent)

A nucleoside or an enzyme pentosyl intermediate is the pentosyl

donor:

—
Bl—pentose + B2 e—Bz—pentose + B1

The indirect transfer mechanism should be catalyzed by all phos-

phorylases under appropriate substrate conditions, however the direct
mechanism is not a general one. With purified purine nucleoside phos-
phorylases and thymidine phosphorylases mechanism (ii) occurs, with the
phosphorylase and transferase activities apparently catalyzed by one
enzyme (3, 8, 9, 11, 12, 44). Thymidine phosphorylases catalyze de-
oxyribosyl transfer between pyrimidines while purine nucleoside phos-

phorylases catalyze ribosyl and deoxyribosyl transfer between purines,
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One report with purine nucleoside phosphorylase suggests that the two
activities are functions of different but interconvertible molecular
species of one enzyme (45), Some of the transferase studies with the
purine nucleoside phosphorylase (3, 44) may be invalidated by posgible
trace amounts of phosphate in the enzyme preparation (5, 35).

Evidence at this time suggests that uridine phosphorylase does
not catalyze a ribosyl transfer (30, 33, 35), howevef this was not
checked with a purified preparation that is not contaminated with
thymidine phosphorylase activity. 1In 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
"Discussion? (section II E 6¢). In summary, conclusive evidence for
direct transfer in mammalian tissues has been presented for thymidine
phosphorylase only. In bacteria, separate enzymes have been found that
catalyze a direct ribosyl transfer (46) or a direct deoxyribosyl trans-

fer (47), both being nonspecific for the accepting base.

¢) Hydrolases
Purine and pyrimidine 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).
3. Rat Liver as a Source of Uridine Phosphorylase

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

phorylases from 1930-1958. Table I gives more recent examples from the
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literature on the distribution of uridine phosphorylase, although few
new sources are evident (no Urpase was extensively purified, and only

in references (15) and (19) has a separation of Urpase from Tdrpase

been shown). Results on specific activity and total activity of uridine
phosphorylase preparations are scant, and in addition they are difficult
to compare for the various authors used different units of activity.
Also, in one study (25) enzyme activity was assayed by an indirect
ribose transferase reaction (which is assumed in Table I to represent
Urpase only). For clarity, the specific activity values and the units
used are given in Table II. It is apparent that the specific activity
of uridine phosphorylase in liver may not be the highest, but liver is
probably the best source in terms of total activity. In addition, much

of the metabolic work has been done with rat liver (16-19, 22-25).

4, Role of Uridine Phosphorylase in Metabolism

Besides playing an important role in nucleic acid catabolism by
catalyzing the cleavage of nucleoside, uridine phosphorylase is one of
the phosphorylases in the 'salvage' (52) or ‘reserve' pathway (22) of
nucleic acid anabolism. This pathway utilizes the combined acfion of

nucleoside phosphorylases and nucleoside kinases:

AT ADP
s
.9

uracil + ribose-l-phosphate & uridine” ¢ UMP.....
+ phosphate

At the formation of the nucleotide, 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

(53). This article was concerned with metabolism of deoxyribonucleotides;
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still 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 phosphoribosylpyrophosphate in beef ery-
throcytes, mouse liver, calf thymus (39) and mouse leukemic cells (54),
This complicates the salvage pathwayvas shown above, but as yet a py-
rimidine ribonucleotide pyrophosphorylase has not been found in normal
rat liver (26),

Anofher éS.EEXQApathway, not involving orotic acid but rather
free uracil, had been proposed about ten years ago (52, 55), It was
discounted, however, after an evaluation of the revérsibility of the
enzymes which were thought to be involved in this pathway., Briefly,
the pathway entailed the decarboxylation of carbamyl-aspartate followed
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 would 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 enzymes and growth. For
example, Ehrlich ascites cells, intestinal mucosal cells, and regenerating
liver of mouse show high activity of the salvage pathway enzymes and low
activity of the QS_EEZE pathway as a whole; heart muscle, brain,and liver
from mouse, show relatively low phosphorylase and kinase activities. Un—
fortunately, bone marrow which also has a rapid cell turnover has relatively
low enzyme levels, but this may have been due to difficulties during iso-
lation (22)., Another point to be explained is why the main increase in

uridine phbsphorylase activity comes about 12 hours after the main increase in
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ribonucleic acid synthesis (22). But a factor pointing to a role of
the salvage pathway enzymes-in growth is the concomitant decrease in
the enzymes involved in the catabolism of pyrimidines in regenerating
liver (22, 56); liver is believed to be the only organ to have the
catabolic enzymes (26, 52, 57).

Yamada has shown that in regenerating rat liver, the specific
activity of nuclear and cytoplasmic uridine phosphorylases were in-
creased by injecting a rat with uridine or cytidine; on the other hand,
the specific activity of thymidine phosphorylase was not changed by
uridine injection and it was decreased after cytidine injection (19),
Cortisol injection also increased uridine and deoxyuridine phosphory-
lase activities in normal and regenerating liver (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 phosphorolytic 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 phosphorylases allowed these enzymes to function in a pivotal
bosition for possible regulatory control of metabolic processes (1).

To elaborate briefly on this point, uridine phosphorylase is a bfahching
enzyme between the salvage pathway and the pathway of pyrimidine cata-
bolism. Results on regenerating liver (22, 56) suggest that the increase
in the specific activity of uridine andvdeoxyuridine phosphorylases

36-72 hours after partial hepatectomy overlaps that of nucleoside

kinases (24-48 hours) and, later on, that of the catabolic enzymes

(60-96 hours), Since the increase of the kinases and the catabolic

enzymes are inversely related, they would presumably control the ultimate
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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 towards nucleo-
side synthesis or breakdown, at the appropriate times. This may be
especially 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 concentration of uridine to saturate it (55), i.e.
0.01 M (but this does not appear to be true for Ehrlich ascites cell
preparations (58, 59)). If this is the case for rat liver it would be
highly beneficial if uridine phosphorylase could be made to operate only
in the direction for nucleoside synthesis and thus to force up the con-
centration of uridine as quickly as possible in order to get maximum
synthesis of UMP. For thymidine phosphorylase, differential inhibition
of nucleoside cleavage and formation by thymine has already been shown
(10).

Friedkin and Kalckar (2) speculated that nucleoside phosphory-
lases might be involved in preventing the loss of sugars from the cell
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 play a special role, for example, F—alanine,
a catabolic product of the pyrimidine pathway, is necessary for the
synthesis of anserine. 1In this connection, it is interesting to note
that about 10% of the total labeled uridine (using uniformly tritiated
uridine, uridine—S—sH, or uniformly labeled uridine—14C) was 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. Radioactivity was found under aspartic acid, glutamic
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acid, and alanine peaks. Perhaps the presence of a uracil-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 seedlings (61).

In the regression of tumours, Freidkin and Roberfs (38) suggest-
ed that,

"The synthesis of uncommon nucleosides by the nucleoside phos-
phorylages may be a primary enzymatic event which eventually results in
the known antimetabolic effects of unnatural pyrimidines and purine
bases',

In a recent study on thymidine phosphorylase (62) the authors
stated fhat,

"The metabolic functions of the protein containing deoxythymidine
phosphorylase and pyrimidine deoxyribosyltransferase activities have
not been clarified. The demonstration that the enzymatic activities
of this protein can be subjected to substrate inhibition, product in-
hibition and inhibition by purine bases suggests that it may play an
essential role in the intracellular metabolism of pyrimidine deoxy-
nucleosides",

If the above three points are accepted as criteria, one can gay
that uridine phosphorylase 'may play an essential role in the intra-
cellular metabolism® of pyrimidine ribo- and perhaps deoxyribonucleosides,
besides having its basic role 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 ghown that hypoxanthine and
6-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 en%yﬁes in
metabolism:

"Despite intensive investigation and speculation of biochemists

over a period of 25 years, the role of purine and pyrimidine phosphory-
lases in cellular physiology remains an enigma';
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C. DPURPOSE OF THE PRESENT STUDY

Perhaps by directing more studies into the properties of a pur-
ified uridine phosphorylase, new evidence may be uncovered concerning

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



SECTION II

PURIFICATION AND SOME PROPERTIES OF URIDINE PHOSPHORYLASE

The investigator must be prepared to find his own way through
the jungle represented by the protein mixture he has elected to
fractionate. The difficulties of any rigid schedule will quickly be-
come apparent under the test of general application.

H, Sober et al. (68, p.91)




A, INTRODUCTION

1. Okjectives and Literature Review

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 purification of uridine phosphorylase is the cornerstone of thisgs
thesis, for serious kinetic studies are best pursued with pure enzymes
(64, Vol. 1I, p. 771).

Although the present preparations of uridine phosphorylase are
highly purified, they are not homogeneous. At the most, from past work,
uridine phosphorylase from Ehrlich ascites cells had been purified up
to a 250-fold increase in specific activity (13, 14), and in one of
these cases (14) it was shown to be homogeneéus by moving boundary
electrophoresis. It has also been purified 10-fold from rat liver (28),
20-fold from E. coli (27), and about 8-fold from rabbit bone marrow
(63). A brief summary of two of these purification procedures (13, 27)
may be found in 'Methods in Enzymology' (65, Vol. VI, p. 189). .In a
recent paper a method was developed for éeparating purine nucleoside
phosphorylase, thymidine phosphorylase, and uridine phosphorylase ac-
tivities from each other in E; Eg}i preparations by acid precipitation
and chromatography on Dowex-1, 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
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not be described here, but certain parts will be referred to in the
appropriate places in 'Discussion'.

Table III summarizes some of the purification results of nucleo-
side cleaving enzymes. Evidently the increase in specific activity re-
ported in this thesis is one of the better ones at this time. Five
highly purified uridine phosphorylase preparations were obtained from
this work with a purification range of 300-1900 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 five preparations, for
most of these preparations were used for experiments on properties of

uridine phosphorylase. The summary is shown in Table IV.
2. Assays for Nucleoside Phosphorylase Activity

The enzyme assay used in this work is a spectrophotometric one
that is based on the method of Yamada (19), but there are a number of
methods which may be used to estimate ﬁucleoside phosphorylase activity:

(a) Determination of inorganic phosphate in the presence of
esterified phosphate (2, 13).

(b) A coupled'assay for the estimation of purine nucleoside
phosphorylase activity. Hypoxanthine, a product of the phosphorolysis
of inosine, is oxidized to uric acid by xanthine oxidase; uric acid is
detected spectrophotometrically (3, 37).

(c) Detection of the penfose mciety by using the:

Burton diphenylamine reagent — an estimation of deoxyribose-1-

phosphate formation (8).

Thiobarituric acid reaction - an estimation of deoxyribose and

deoxyribose-1l-phosphate formation (13).
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Orcinol reaction - an estimation of ribose and ribose-l-phosphate

formation (13, 21, 26, 27).
(d) Spectrophotometric assay

Indirect reading. This is based on the differential absorption

of free base and nucleoside in strong alkali (8, 9, 14, 19, 26, 27, 38,
50); the reading is taken after the addition 6f alkali to the assay tube.

Direct reading. This is based on the differential absorption at

280 mp, between uridine and uracil at pH 7.0 (49), that is, continuous
reading with time,

(e) Radioactive assay

Enzyme activity can be estimated by the incorporation of radio-
active base into a nucleoside (25, 30), or by the formation of labeled
base from labeled nucleoside (21, 22), The separation of nucleoside
and base is commonly done by paper chromatography (25) or column chroma-

tography (21).
3. Historical Development of the Spectrophotometric Assay

From the literature, it appears that this type of assay for
purine nucleoside phosphorylases, uridine and thymidine cleaving en-
zymes were developed by different workers.

(a) Carter (in 1951) described two methods for the assay of
uridine hydrolase activity from yeast (49).

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

Carter during his purification procedures.

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

Carter for kinetic studies. 1In one variation of the indirect assay,

Canellakis (23) measured the increase in absorption at 285 mp in 1 M
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sodium hydroxide after phosphorolysis by a crude rat liver uridine
phosphorylase preparation. 1In another, Reichard and Skold measured
the change in absorption at 300 my, in alkaline solution after first
stopping the reaction with 4 N perchloric acid; protein would also
be removed by this method (55).

(b) Friediin and RoBerfs developed an assay for thymidine phos-
phorylase utilizing the marked difference in absorption spectra be-
tween thymine and thymidine at 300 my in alkaline solution (38). Per-
chloric acid was used to stop enzymic action,

(c) Kalckar described differential spectrophotometry between

pburines and their nucleosides (37).
4. Approach to the Problem of Purification

Since the purification section of this thesis is extensive, it
would be of value at this time to clearly indicate the approach that
was taken to the problem of purification. In this regard the author
would like to point out the value of the articles by Schwimmer and
Pardee (66), Dixon and Webb (67), and Sober et al (68) in elucidating
the problems involved in purificétion.

The basic assay procedure was already well established (19) and
the technique necessary for separating uridine phosphorylase ffom
thymidine phosphorylase was already known (14, 19). 1In addition the
initial steps for obtaining a high-speed supernatant were taken from
the work of Yamada (19). The first approach was to briefly examine
some of the classical methods for purifying proteins, i.e. calcium
phosphate gel fractionation, acetone precipitation, and ammonium sulfate

fractionation. The major effort in developing the purification scheme,
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however, went into an investigation of the fractionation of proteins by
chromatography on columns, i.e. ion-exchange, adsorption, and molecular
sieving columns.

As will be pointed out with the data many of the properties of
uridine phosphorylase were not studied with the most highly purified
preparation from each run. Properties such as stability (13, 14),
effect of pH on enzyme activity (13, 19, 22, 26), transferase activity
(20, 33) have been studied to soﬁe extent at 1eést in the past. It
should be noted that for most of these studies either a 10-20-fold pure
uridine phosphorylase preparation was used (19, 22, 26, 33), although
several experiments were done with a highlyApurified Ehrlich ascites
cell enzyme (13, 14). Thus this present work uses enzyme preparations
purified 200-fold or greater, free from thymidine phosphorylase activity,
for the first time, in a detailed study of uridine phosphorylase from
any source. The information available on the above mentioned properties
from past work is confirmed and extended here. 1In a separate category
are the estimate of molecular weight, the effect of small molecular
weight thiols on the activity of uridine phosphorylase, and substrate
inhibition by uracil since data have not been found in the literature

on these points,




B, MATERIALS

Animals

Male albino rats were obtained from Holtzman Company, Wisconsin.

Equipment
The following equipment was used in these studies:
Balances: Top-loading (Mettler); Torque; Sartorius Selecta
Centrifuges: Sorvall Ré—Z refrigerated; Spinco (model 1)
Beckman (model E)
Chromatography:
paper - Whatman #1
chromatography tanks - Research Specialties Ltd.
columns - Pharmacia Fine Chemicals Ltd.
fraction collector - Gilson Medical Electronics
Colorimeter: Klett-Summerson
Electrophoresis: Canalco, model 12 (disc gel)
Homogenizing and Dialyzing:
homogenizer, teflon pestle (Potter-Elvehjem)
dialyzing tank - Oxford Labbratories (model B)
dialyzing bags - A,H. Thomas Co., Catélogue No. 4465~A2
connecting tubing ~ Tygon
Micropipettes: Pedersen (1 to 1000 microlitres)
Mineralight: Ultra-Violet Products Inc.
Parafilm: American Can Co.
pH Meter: Radiometer, model 22
Spectrophotometer: Beckman, model DU

Water Bath: Research Specialities Litd. (Temperature controlled)
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Chemicals
Important chemicals that were used in this work and their sources
are given below:

Chemicals Firm

(a) General

Ammonium sulfate (enzyme grade) Mann Research Lab,
Dipotassium hydrogen phosphate Matheson Coleman and Bell Ltd.
Dithiothreitol P-1, Biochemicals

Ethylene diamine tetraacetate Sigma Chemical

(sodium salt)

Glycylglycine Sigma
2-Mercaptoethanol Eastman Organic Chenicals
Molecular weight markers Mam (kit #81094)
Polyethylene glycol (Carbowax- Unioh Carbide
_20M)

Potassium dihydrogen ortho- British Drug Houses Ltd.
phosphate
Potassium chloride Baker
Polyvinylpyrrolidone Mann (Pharmaceutical Grade

' . (40))
Sodium chloride Baker
Sucrose (enzyme grade) Mann
Tris-hydroxymethylaminomethane Sigma
(HCL)
Tris-hydroxymethylaminomethane Sigma
(base)

(L) Coiumn Materials
Bio-Gel agarose (0.5 M) Bio-Rad Lab.
Blue dextran A Pharmacia

Cellex P Bio~-Rad Lab




(o)

(@
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Chemicals
Diethylaminoethyl Sephadex
Hydroxylapatite
Polyacrylamide P-30C
Sephadex G-200

Sephadex G-200 superfine

Inhibitors

Deoxyglucosylthymine

5,5 Dithiokis (2-nitro-
kenzoic acid)

Iodoacetic aéid

Iodoacetamide

o-Jodosobenzoate
N~ethylmaleimide
p-Mercuribenzoate (sodium salt)

p-Mercuriphenylsulfonate
(sodium salt)

Poiyacrylamide gel electrophoresis

Acrylamide (electrophoresis
grade)

Amido black
Ammonium persulfate
Coomassie brilliant blue R 250

5,5 Diethylbarbiturate
(Barbital)

Glycine

Kodak Photo-Flo 200

Firm

Pharmacia
Pharmacia
Bio-Rad Lab
Pharmacia

Pharmacia

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

Calbiochen

Mann
Calbiochem
Mann
Mann
Calbiochem

Sigma

Eastman Organic Chemicals

Canalco
Canalco
Consolidated Lab,

Fisher Scientific Co,

Nutritional Biochem

Fastman
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Chemicals Firm
N',N' Methylenebisacrylamide Eastman
Riboflavin Eastman
N',N',N',N', Tetramethyl- Eastman
ethylenediamine

(e) Substrates
Deoxyuridine Sigma

Deoxyribose-1-Phosphate Sigma
(cyclohexylammonium salt)

Ribose~1-Phosphate Sigma
(dicyclohexylammonium salt)

Thymidine Mann
Uracil Sigma
Uracil—2-14c (58,0 mC/mmole) Schwarz Rioresearch Inc.

Uridine Mann




C. METHODS

1. Enzyme Assays

Deionized redistilled water (occasionally, redistilled water)
was used for the preparation of solutions, and phosphate buffers were
in the form of their potassium salts. The pH of assay tubes was taken
by the method explained in section II C 8, Assays of activity during
purification, kinetic, and transferAstudies involved different techniques,

ag explained below,

a) Assays for purification studies

The spectrophotometric method of Yamada (19) for nucleoside
cleavage was used throughout the purification Wérk°
i) The following procedure was used in all purification steps ex~-
cept for column chromatography at pH 8,0, The final incubation medium
contained the following (in micromoles) in a final volume of 1.5 ml:
phosphate buffer at pH 7.5, 150: 2-mercaptoethanol, 7.5; enzyme diluted
to 0.5 ml with 0,05 M phosphate buffer, pH 7.,0; Ur, Udr, or Tdr at pH

7.0, 5,0, The final pH of the reaction mixture was 7.34. The reaction

was started by the addition of the nucleoside, After a ten minute in-
cubation period, the reaction was stopped by the addition of 0,45 ml

2.12 N perchloric acid, and by the introduction of the assay tube im-
mediately into an ice-bucket at OO° To the controls (one for each assay
tube or duplicate determinations), pefchloric acid was added first, fol-
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).
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After five minutes in ice, the tubeg were centrifuged at 14,800
X g for ten minutes at 2° ip g RC-2 centrifuge. From each tube one ml
of supernatant was removed and mixed with 0,07 ml of 10 M sodium hydroxide
(not standardized). The readings were taken against controls at 290 T
for Ur and Udr and 295 mp for Tdr.

ii) This incubation medium wag used to assay effluents from columns
at pH 8.0 (in micromoles) ;phosphate buffer, pH 6.85, 30; phosphate buf-
fer pH 7.4, 170; 2-mercaptoethanol, 7.5; enzyme diluted to 1.2 ml with
0.02 M phosphate buffer, pH 8.0; substrate, pH 7.0, 5. The final pH
was 7.3 (as read at 370)° The assay technique was the same as in assay
(1).

All assays were done in duplicate and usually with Ur, Udr, and
Tdr, except when monitoring the column effluents. The enzyme activity
in the various aliquots was estimated from one determination and usually

with one substrate,

b) Assay for kinetic studies

i) Nucleoside cleavage

This procedure is a modification of assay (ai) and it was used
for kinetic assays with enzyme preparation E and feactivated enzyme
preparation D, However it could have been used with the other purified
breparations and with some of the purer fractions obtained during the
purification procedure,

The exact incubation medium used depended on the kinetic exper-—
iment so the ingredients and other conditions will be described along
with the relevant data, The reaction was started with nucleoside, and

after incubation it was stopped with perchloric acid as previously
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described, After waiting at least five minutes, 0.140 ml 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 pymcles of phosphate buffer were used or
when 150 pmoles of acetate buffer were used, a precipitate formed after
the addition of perchloric acid. Neverthelesgs, the precipitate was not
removed by centrifugation since it settled quickly and it did not in-
terfere with the assay results,

Under standard conditions of these‘assays, the formation of free
base was a linear function of time for at least 20 minutes and of pro-
tein concentration up to an optical density reading of 0.390 (19).

ii) 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): glycylglycine buffer, pH
8.4, 150; ribose~1—phosphate; PH 7.0, 4.2; uracil, 1.0; enzyme, 10
plitres. The enzyme was diluted with 0.05 M Tris buffer before it Wés
added to the incubation medium, The final pH was 8.1. The reaction
was started by the addition of urécil and the tubes were incubated for
30 or 65 minutes, The rest of the procedure is identical to that des-
cribed for assay (bi). Any change is described along with the relevant
data,

The absorption change between one micromole of uracil and one
micromole of uridine at 290 mpy is 4.40; between uracil and deoxyuridine
at 290 mp, 4.70; between thymine and thymidine at 295 mp, 4.30 (19).

The enzyme was not generally added to the control tube for the kinetic
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and modification experiments, however, a correction for absorbance due

to protein was made where necessary (0.01-0.02 optical density units).

¢) Assay for transferage activity

The assay is a modification of the procedures of Gallo et al
(10) and de Verdier and Potter (25). Transferase activity was assayed
. - . 14 . . 14
by measuring the conversion of uracil-2-""C to uridine-2-" C, Only
qualitative results were obtained, that is, absence or presence of

radioactivity in the uridine spot.

i) Direct transfer (phosphate independent assay)

The final incubation medium contained the following in a volume
of 0.3 ml (in micromoles): glycylglycine buffer, pH 8.9, 50; Tris
buffer, pH 7.2,§;§3 uridine, pH 7.0, 9;3; uracil, 9;925 uracil-2—14c,
0.0086 (0.025 pC); enzyme (in 0.05 M Tris, pH 7.0-1 mM EDTA, pH 7.0-5 mM
2~8H) 5‘p1 (7.2 pg proteinj. The final pH of the incubation medium
was 8,1. The reaction was started by the addition of uridine, After
the assay tubes had been incubated for 30 minutes, the reaction was
stopped by placing the tubes in a boiling water bath for four minutes.

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

The nucleoside and the free base were separated by descending
paper chromatography in a solvent system composed of the upper phase
from a mixture of ethyl acetate-water-formic acid (12:7:1). The lower
or agueous phase was poured into a 25 ml beaker an& placed at the bottom
of the developing tank which was covered with upper phase (approx. one
centimetre in depth). After 0.2 ml of each sample was applied to Whatman
#1 chromatography strips, the paper was pre-equilibrated overnight with
the solvent system already in the tank as described. Then the upper

phase was slowly poured into the trough and the chromatogram was developed
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for 90 minutes., The strips were dried with hot air, and then examined
with an ultraviolet lamp to ascertain whether the separation was suf-
ficient for counting in a radiochromatogram scanner,

ii) 1Indirect transfer (phosphate dependent)

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

incubation medium also contained 0.25 pmoles of phosphate at pH 7.0,
2, Estimation of Protein Concentration

The method of Lowry gE_gl_(?O) was used for estimating the pro-
tein concentration of individual énzyme fractions (duplicate detérmin—
ations). The protein concentrations of effluents from column chromato-
graphy were determined by the method of Warburg and Christian (71) from
optical density readings at 260 my and 280 mp. Specific activity is
defined as the number of units of enzyme activity per milligram of pro-—

tein,
3. Unit of Activity

One unit of enzyme(uridine phosphorylase or thymidine phosphory-
lase)is defined as that amount of enzyme that catalyzes the formation
of 1,0 micromole of free base per hour or 1.0 micromole of nucleoside

per hour.
4, Preparation of Substrates

a) Nucleosides
Stock solutions (0.1 M) of uridine, deoxyuridine, and thymidine
were made by dissolving'the appropriate quantities of nucleoside in 10

ml of water., The pH was adjusted to 6.9-7.1.
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b) Uracil
A stock solution was made by dissolving 56 mg of uracil in 50 ml
of water (0.0l M). No pH adjustment was made.

¢) Ribose-1l-Phosphate

A stock solution was made by dissolving 92 mg of ribose-l-phos-
phate in 5 ml of water (0.043 M). The pH was adjusted to 7.0.
d) Phosphate

Stock solutions (1.0 M) of KH_PO, and KZHPO were prepared. The

2" 74 4

appropriate pH values were obtained by mixing the two stock solutions
in definite ratios. The appropriate concentrations were usually made

by subsequent dilution,
5, Purification Procedure

A schematic outline of the program is shown in Figure 1B. The
following procedure is a detailed account of the methods used in the
purification of preparation C, Although this represents the general
scheme followed with other preparations, the schemes for preparations
A to E differed in certain respects. These variations are noted at the
end of this general account,

All steps were carried out in a celd room held at 4° or in ice
buckets at 0°, The pH of the buffers were measured at room temperature
and all the buffers used contained 1 mM EDTA except for those used in
hydroxylapatite column chromatography. All dialyzing bags were washed
with 1% EDTA and then with the buffer to be used in dialysis. Only the
final combined fraction from each step was assayed for Ur, Udr, and
Tdr cleaving activities., It was apparent after preparation A that at

least 50 rat livers should be used for each preparation of purified
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enzyme in order to obtain reasonable quantities of activity. Steps 1
to 3 and 7 are based on the methods of Yamada (19), The basgic tech-
niques involving chromatography with Sephadex Were taken from booklets

available from Pharmacia (Canada) Ltd,

a) Procedure for preparation C

Step 1l: Preparation of the homogenate., The rats were fed purina
rat pellets ad libitum, ZEight to ten rats (250-350 grams) were killed
by decapitation, usually between 9 A,M, to 1 P,M.. Their iivers were

perfused in situ immediately upon death with ice-cold 0,9% sodium

chloride until blanched, then removed, blotted with filter paper,
weighed, and cut into fine pieces., The livers were homogenized in a

50 ml glass vessel (immersed in ice-water) with three volumes of 0.25 M
sucrose (Potter-Elvehjem apparatus). Aftér aboﬁt 50 strokes the homo-
genates were filtered through two Iayers of cotton gauze (28 x 24 mesh).

Step 2: Preparation of supernatant and nuclear pellet, The homo-

genate was centrifuged at 900 x g for 20 minutes in an RC-2 refrigerated
centrifuge. The pellet was re-homogenized in two volumes of 0.25 M
sucrose and centrifuged as above for 10 minutes. Both supernatants

were combined and filtered through two layers of cotton gauze. The
nuclear pellet was resuspended with homogenization in one volume of

0.05 M Pi’ pH 7,0-5 mM 2-SH. The nuclear and supernatant fractions ard
a few millilitres of homogenate were dialyzed against 20 litres 0.05 M
Pi’ pH 7.0-10 mM 2-SH for 16 hours in a continuous flow dialyzing ap-
paratus, The nuclear fraction was then frozen at -200.

Step 3: Preparation of supernatant 2. Dialyzed supernatant 1 was

centrifuged at 150,000 x g for one hour in a Spinco ultracentrifuge.
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The supernatant was filtered through two layers of cotton gauze or
glass wool. The lipid layer was not removed. The pellet was discarded
without an assay or protein estimation.

Step 4: Ammonium sulfate fractionation. Enzyme grade ammonium

sulfate was added slowly to supernatant 2 under mechanical stirring
(glass stirrer) up to 30% saturation (0.7 grams ammonium sulfate per
millilitre of solution per 10% saturation). This required about a 90
minute time period. After stirring for another 20 minutes the pre-
cipitate (ASl) was removed by centrifugation at 16,000 x g for 20
minutes, “An agssay and protein determination was generally done on it,
The pH of the supernatant at this point was about 6 (pH paper). Ad-
ditional solid ammonium sulfate was added until 50% Saturation was
reached, in the same manner as in the AS1 preparation. After centri-
fugation, the supernatant was discarded and the pellet (ASz) was dis-
solved in slightly more than the minimal volume of 0.0S»M Pi’ pH 7.0-5 mM
2-SH. Assays on the fractions from procedures 1-4 were done within a
week, if not sooner, and after one cycle of freezing and thawing,

Step 5: Combining and dialyzing of ammonium sulfate fractions,

After steps 1-4 were repeated seven times over a two month period with
different groups of rat livers, the AS2 fractions were combined and
dialyzed against 13 litres of 0.02 M Pi buffer, pH 8,0-10 wM 2~SH
(buffer A) as in step 2.

Step 6: First DEAE-Sephadex column, pH 8,0 (preparations B-E),

Forty grams of DEAE;Sephédex (A-50) were ailowed to swell for 24 hours
in buffer A. After the gel was washed with six 2 litre aliquots of
buffer A (the fines being removed by suction), the slurry was packed

into the éolumn, A layer of Sephadex G-25 (éoarse) washed in the same
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buffer was added to the top of the bed to protect the gel surface,

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

the reservoir containing the combined AS2 fractions was connected to

the column. The column was washed with 1 1/2 bed volumes of buffer Aj;
then enzyme aétivity was eluted with a linear potassium chloride gradient.
The mixing chamber was filled with 400 ml of buffer A and the reservoir
was filled with 400 ml of 0.4 M KCl in buffer A (buffer B). After all

of the deoxyuridine cleaving activity was elutedﬁfrom thé"column, the
fractions containing more than 36 units each of uridine cleaving activity
were combined and concentrated with ammonium sulfate (up to 75% satur-
ation), The deoxyuridine cleaving activity from other fractions was

not collected (25% or more of the total), The concentrated fraction

was dialyzed immediately against 5 litres of buffer A for nine hours.
After an agssay and a protein estimation were done, the fraction was

frozen at —200,

Column parameters:

column size : 2.5 cm X 90 cm

bed volume : 400 ml

flow rate : 24 ml per hour

aliquot : 12 ml

time : 55 hours (from application of

sample to_end of concentration).

Step 7: Second DEAE-Sephadex column, pH 8.0 (preparations A-E),

In the case of preparationacithe sample was applied fwelve days after>
the previous column. Sufficient DEAE-Sephadex was prepared in Step 6
for two columns, After packing the éoiumn, about one cm of Sephadex
G-25 (coarse) was applied, and the column was equilibrated with one

bed vélume of buffer A, The dialyzed enzyme fraction was adsorbed on
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the column. A linear potassium chloride gradient (as above) was

started after one bed volume of buffer A had passed through the column,
After most of the deoxyuridine splitting activity had been collected,
eight fractions, each containing more than 200 units of uridine split-
ting activity (fraction #1), and seven fractions containing deoxyuridine
splitting actiﬁity (fractibn #2) were combined and concentrated sep-
arately with ammoniﬁm sulfateAuﬁ to 85% saturation. Both fractions

were dialyzed immediately against 4 liﬁres of 0.05 M Pi -10 mM 2-SH

(buffer C) for 10 hours using the continuous-flow dialyzing apparatus.

Column parameters:

column size : 2.5 cm X 90 cm
bed volume : 400 ml

flow rate : 40-58 ml per hour
aliquot : 12 mnl

time : 41 hours

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

grams of DEAEFSephadex were allowed to sweil in 6.02 M Pi’ pH 7.1 for
24 hours at 4°. After washing the gel five times with one litre aliquots
of the above buiffer, the column was packed with the slurry (the fines
were removed by suction). A one cm layer of Sephadex G-25 icoarse)
washed in the same buffér was added to the top of the bed, hAfter the
column was equilibrated with 2 1/2 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 mixing chamber was filled with 400 ml of buffer C and
the reservoir was filled with 400 ml of 0.20 M KCl in buffer C. After

most of the deoxyuridine cleaving activity was eiuted, the fractions
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containing more than 150 units of activity (5 fractions) were combined
and concentrated with ammonium sulfate (up to 85% saturétion). In
addition, it was further concentrated a’factér of two~fold with Carbo-
wax, over a four hour period. With this particular column a minor
deoxyuridine cleaving peak appeared after the major peak and it con-
tained about 15% of the total deoxyuridine cleaving activity. The
active fractions of this minor peak were also combined and concentrated

with ammonium sulfate,

Column parameters:

column size : 2,5 cm x 45 cm
bed volume : 240 ml

flow rate : 34 ml per hour
aliquot : 14 ml

time H 44 hours

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

After twenty grams of gel were allowed to sweil for three days in 0,02
M Pi’ pH 7.3 at 40 it was washed four times with two litre aliquots of
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 pressure head was gradually
increased to its final value, After the column was packed with the
slurry, a sample applicator was added and the column was equilibrated
with two bed volumes of buffer D (0.02 M Pi’ pH 7.3-10 mM 2-SH). To
check the packing of the column, five ml of 0.2% Blue dextran 2000 in
0.02 M Pi’ pH 7.3 were applied to the column, The final fraction from
the previous.column was applied 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
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400 units of activity were combined (four tubes), concentrated with
Carbowax over a six hour period, and’dialyzed fér two hours against
two litres of 0.02 M Pi -5 mM 2~SH in a continuous-flow dialyzing
apparatus (EDTA was not part of the buffer system), After an aliquot
of the conéeﬁtrate had been removed for an enzyme assay and a protein

estimation, the remainder was bottled and frozen at -20° for two days.

Column parameters:

column size e 2.5 ecm X 90 cm
bed volume : 430 ml

flow rate : 32-35 ml1 per hour
pressure head : 21 cm

aliquot : 12,9 ml

time § 29 hours

Step 10: Hydroxylapatite chromatography, pH 7.3 (preparations (A-E).

After sixty-five grams of adsorbent were allowed to s&ell for 24 héurs”
in 0.02 M Pi’ pH 7.3 at 40 it was washed five times with 500 ml aliquots
of this buffer. EDTA was not included in any of the buffer systems with
this column for it.éould inteffere with the protein separation by com—
plexing the calcium ions contained in the adsorbent (74). In packing .
the column, the first few centimetres were allowed té séttlé by gravity.
After the column was packed it was equilibrated with five bed volumes

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

bed volume in this case was 1.3, but in any case it was not greater than
2.0. The enzyme activity and most of the protein was adsorbed onto the
column; then the column was washed with one-half bed volume of buffer
E. Elution of the proteins was 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 ml of 0.25 I P,, PH 7.2-10 mM 2-SH, After

all of the deoxyuridine cleaving activitybwas eluted, the fractions
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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 waé longer here because the dialyzing tubing was not
repaéked for a seven hour period). The concentrate was dialyzed for
three hours against two, 500 ml éliquots of 0,05 M Tris, pH 7.4-5 mM
2-SH (no EDTA). The dialyzate was clarified by centrifugation at
11,000 X g for 20 minutes. After an assay and protein estimation were
done, the purified enzyme was stored in six sample bottles and frozen

at —400. This fraction was used for kinetic studies,

Column parameters:

column size o 1.5 cm X 90 cm
bed volume : 109 ml

flow rate : 8~12 ml per hour
aliquot : 8 ml

time : 48 hours

b) Concentration of protein fractions with Carbowax

This procedure is a modification of the method of Setlow and
Lowenstein (72) and Kohn (73). The enzyme fraction was added to a
dialyzing bag and immerse& in a 500 ml beaker containing Carbowax,
The dialysis tubing was packed tightly; its upper end was not tied.
About every 45 minutes the wet wax was removed from the surface of
the tubing and from the beaker, and then the tubing was repacked in
the remaining old wax plus added fresh wax, The above steps were
repeated over a 4-6 hour period, after which time the surface of the
dialyzing bag was washed thoroughly with water (dialysis, if done,
followed directly after this washing). After ah enzyme assay and a
protein estimation the fraction was épplied to the next column, A

dialyzing step was omitted with preparations C and D.
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¢) Variations

(1) 2-Mercaptoethanol. This thiol was added to the column

tubes containing substantial enzyme activity in preparations D and E
to give a final concentration of about 10 mM, It was thought that
this might stabilize the active fractions during the lengthy column
steps.

(2) First DEAE-Sephadex column. Different ratios of total pro-

tein to béd volume; and different proteinAconcentrations were uged, in
order to establish the best overloading conditions. This will be dis-
cussed in section II D 1d.

(3 SecondVDEAE—Sephadex column, The basic difference between

the colﬁmhs in preparations A to E was the'type of linear gradient used
(0.15 M to 0.4 M potassium chloride). This will be discussed in section
11 D 1f,

(4) Sephadex G-200 column., In preparations D and E, the pH of

the colﬁmh was 8,1 instead of 7.3. in preparations A, B and E, thé
DEAE~Sephadex, pH 7.3 fraction was abplied in two portibns, 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 diaiyzed. Generaily a ratio of 100 to 200 of buffer to sample
was used for the wvarious purified fractions, except for supernatant 1
where a lower ratio was used, If more than four litres of buffer were
necessary, a continuous-flow diélyzing procedure was used, where the
dialyzing tank contained four litres of buffer and the reservoir could
contain a maximum of twenty litres,

(6) Heat treatment, This was an additional step for preparation

D only," The combined, undialeed AS2 fractions were placed in four 50 ml
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stainless steel tubes and heated, with stirring, for three minutes at
50° in a water bath, The tubes were then immediately immersed in an
ice bucket and stirred for another minute, The precipitate was re-
moved by centrifuging at 12,000 x g for 15 minutes, It was washed
with a few milliiitres of 0.05 M Pi -5 mM 2-SH. After centrifugation

the supernatants were combined and dialyzed fbr step 6.

6. Molecular Weight Estimation

The molecular weights of uridine phogphorylase and thymidine
phosphorylase were estimated by Sephadex G-200 gel filtration (75) of
fractions #1 and #2 from preparation B (36-fold pure and 13-fold pure,

respectively).

a) Preparation of the column

The preparation of the gel and the packing of the column were
done the same way as described in step 9, but the buffer was 0,05 M Pi’
pPH 7.0-10 mM 2-8H, A sample applicator was not used because the column
diameter was too small, The column was equilibrated with three times
its bed volume., Blue dextran 2000 (average molecular weight: 2 x 106)

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

b) Calibration of the column
The calibrating proteins were obtained from a molecular weight

kits

Protein Source Molecular Weight
apoferritin " horse 480,000
% -globulin human 160,000
albumin bovine 67,000
ovalbumin 45,000

chymotrypsinogen beef pancreas 25,000
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Each protein was made up to a concentration of 5 mg/ml in the
column buffer, and 0.5 ml of each was chromatographed separately by
layering the protein solution, using a micropipette, under a minimal
volume of buffer already present at the top of the bed. Uridine phos-
phorylase (0.2 ml; 9 mg protein) and thymidine phosphorylase (0.2 ml;
11 mg protein) were also eluted eeparately, Protein was estimated
spectrophotometrically by measuring the absorbance at 280 mu. The two
enzymes were also detected by their enzymic aetivity, The efflﬁent
volumes corresponding to the maximum concentration of pfotein was es-
timated to the nearest millilitre from the elution diagram by extra-

polating both sides of the protein peak to an apex,

Column parameters:

column size s 1.5 X 30 cm
bed volume : 41,5 ml
flow rate : 6,5 ml/hour
aliquot : 2,0 ml

7. DPolyacrylamide Gel Electrophoresis

Only anionic systems and 7% polyacrylamide gels were used, The
method of Davis (76) was used for.electrophoresis at pH 8.9, and the
method of Williams>énd Reisfeld (77) for electrophoresis at pH 7.5.
Both diagnostic and elution expefiments were performed. The method of
polymerization was the same for both experiments except that 5 mM
2-mercaptoethanol was included in the buffer system for the elution

experiments.

a) Preparation of the gel

The ingredients used, and the make up of the gel will not be
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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 with 0.3 ml of 0,25 M
sucrose, The gel column (0.5 cm X 6 cm) previously coated with Kodak
Photo-Flo éolution was atéached to the &ells. On top of the sucfose,
0.4 m1>of 'spacer gel' were allowed to polymerize for about 30 minutes
under the influence of fluorescent light. Then the 'separation gel’
was added to the column until a bead of gel‘formed at the end. This
was removed with parafilm, The gel was allowed to polymerize, away
from strong light for 30 minﬁtes. The sucrose was then drained and
the sample, diluted with spacer ge1>(3~to 20-fold) or with sucrose
(two-fold), was added to the top of %he spacer gei. If sucrose was
ﬁsed 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 épace was washed with this gel to

remove traces of sucrose.

b) Analytical disc gel electrophoresis experiments

i) Diagnostic gel electrophoresis

This type of electrophoresis was used to show the banding pattern
of preparations C-E, and also that of different fractions obtained from
the purification SCheme,‘ Normally, electrophoresis was done at Foom
temperature for about 90 minutes with a current of 2 to 2.5 mA/tube°
The concentrations of sample that were applied ranged from 0.3 to 13
mg/ml with absolute amounts of 50 to 200 pg. The protein bands were
visualized with Coomassie blue (78), although Amido black was used in
the initial experiments. The gél samples were stored in 2% trichloroacetic

o
acid at 4 .,
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ii) Elution gel electrophoresis

Several different procedures were tried for eluting enzyme
activity from the gel, 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 activity, although this was only 7% (this method
was only tried once).

Four gel columns were prepared at pH 7.5. The enzyme sample
was dilﬁted 1:1 with 40% sucrose and then Sandwichéd between two layers
of spacer gel. Each coiumn contained about 260 pg (3 mg/ml) protein,
and 19 units of uridine cleaving activity. ElectrophoresisAwas per-
formed for 3 hours at 4° with a current of 1,75-2.00 mA/tube, The
upper and lower reservoir buffers contained 5 mM 2—mercaptoethaﬁol,
After development, one gel column was stained with Coomassie blue for
a period of 50 minutés, while the other columns were kept at 40. With
the stained column as a guide, each of the other columns were cut into.
gseven pieces with the corresponding ones being combined., The combined
gel sections were allowed to stand in 0.06 ml of 0.05 M Tris, pH 7.,1-5
mM 2-SH for two hours at 4° (with occasional stirring). ‘An asséy was

done for uridine and deoxyuridine cleaving activities.

8. pH Study

The kinetic assay procedure was used to measure the effect of pH
on nucleoside cleavage and uridine synthesis, A special note should be
made on the method of pH measurement. Blank assay tubes (no enzyme
present) were first incﬁbated at 370 for several minutes before a
reading with the pH meter (equipped with a temperature compensator)

was taken. The reading was taken within 10 second of its removal from
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the water bath. Acetate, phosphate, Tris, and glyecylglycine buffers
were used to provide a pH range of 4—10 (concentrations are given in

section II D 24),



D. RESULTS

1. Purification of Uridine Phosphorylase

The enzyme was purified on five different occasions with the in-
crease in specific activity of the final fractions being 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
preparations. Although these differences in the final degree of purity
cannot be clearly assigned to differences in procedure at this time, the
changes will 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),
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 with 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.

a) Homogenate, supernatant 1, and nuclear fraction

Assays and protein estimations are given for dialyzed fractions
only. 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 difference in activity between dialyzed homogenate
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and the sum of the activities in (dialyzed supernatant 1 and nuclear
fraction), the difference was negligible (not shown).

The percent recovery of uridine, déoxyuridine, and thymidine
cleaving activities from the homogenate in (supernatant 1 plus nuclear
fraction) was virtually always in the range of 80 to 120% for each set
of rats with the average for each subst?ate being over 90% (6 to 10 rats/
set). The ratios of the specific activities of the homogenate for Ur/Udr,
and Ur/Tdr in 36 different sets of rats had a range of 0.32-0.57 (0.44)
and 0.60-1.1 (0.75), respectively (the average values are given in paren-—
thesis). Also in 36 sets, the speéific activity values for uridine were
grouped around 0.07 or 0.09 with a range of 0.065 to 0.100., The range
of values for deoxyuridine and thymidine were 0.14-0.21 and 0.074-0.12,
respectively.

The percent recovery of the enzyme activity in the nuclear fraction
for the seven sets of rats in Table V ranged from 7-14% (Ur), 6-10% (Udr),
and 4-9% (Tdr). In five of these sets the order of the percent recovery
was Urz» 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 did 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%, and the ratio of
the protein estimations of (supernatant 1 plus nuclear fraction / homogen-

ate9 has a range of 0.86—1.39 with an average value of 1.03.

b) Supernatant 2

Ultracentrifugation of supernatant 1 resulted in an average per-—

cent removal of protein of 54% in preparation C with an absolute range
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of 57 to 69% in the different sets of rats in preparation C. In 36
other sets, similar results 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 was not reproducible. The range of the loss for
each nucleoside was normally between 2-23%. Nevertheless, there ap-
peared to be a pattern in these losses, albeit a weak one at this time:
where the loss in uridine cleaving activity was low, deoxyuridine and
thymidine cleaving activities were elther both low or both high. If the
loss in uridine cleaving activity was high, the loss in deoxyuridine
cleaving activity was high, but that of thymidine cleaving activity was
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 to the same extent in different preparations.

c¢c) Ammonium sulfate fractionation

The increase in specific activity over the previous fraction 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-fold. The average recovery of activity in the seven, second
ammonium sulfate fractions of preparation C (step 4B, Table V), was 76%
@Ur), 87% (Udr), and 86% (Tdr) - based on supernatant 2. Similar recoveries
were obtained from fourteen other preparations. These A32 fractions had a
reddish-brown colour; as a result of inadequate perfusing during excision
of the liver, hemoglobin may have been present in the homogenate.

The first ammonium sulfate fraction (0-30%) appeared to be en-
riched in thymidine phosphorylase activity,vi.e. High deoxyuridine and

thymidine cleaving activities, and little uridine cleaving activity

(Table V). Even up to at least 235% saturation with ammonium sulfate,
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there was still considerable enrichment of Tdrpase over Urpase in this
fraction (not shown). Table V shows three different steps for the

second ammonium sulfate fraction (steps 4B, 4C, and 5). The first one
(AS2) represents a summation of the activities from the individual 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 ElectrophorecticFilter/
Concentrator (79). The second assay (ASzc) is an assay on the undialyzed
combined A82 fractions, and the third>one is an assay on this fraction
after dialysis (ASZCd)' The percent change in the activities towards the
three nucleosides, pefore and after dialysis, was small, Most of the
other preparations gave a similar result. Table V shows that a significant
decrease in uridine cleaving activity between AS2 and ASZC occurfed with
no decrease with the other two substrates. This effect was observed also
with preparation E.

The ammonium sulfate fractions of preparations B-E showed a 50%
loss of uridine cleaving activity and about a 40% loss of deoxyuridine and
thymidine cleaving activities relative to the homogenate. There are at
least three reasons for this big loss:

(1) The removal of the nuclear and the 150,000 x g pellets entailed
a loss of 10-20% in activity for each pellet.

(2) The ammonium sulfate step itself involved a 10-15% loss in
activity.‘

(3) Storage of the ammonium sulfate fraction for twe months at

o ,
-20 involved at least a 10% loss in activity.

d) First DEAE-Sephadex column, pH 8.0

The possible advantage of using an overloaded DEAE-Sephadex column

was discovered accidentally, and this type of column was subsequently
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used with five preparations (B-D, El, Ez). This procedure looked
promising, for example, the recovery of uridine cleaving activity was

80% Or better in all preparations used, and for preparation C itself it
was 92%. The recoveries of deoxyuridine and thymidine cleaving 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 activity 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 column alone as in step 7. Only preparations
C and D gave an additional two-fold increase in specific activity. Still,
relatively small decreases in the amount of protein in the final concen-
trated pooled fractions after chromatography could have a beneficial
effect on the separation of proteins in succeeding columns, (in prepara-
tion E, one gram out of 3.5 grams was removed). Sufficient data is not
available to clarify this point.

It was difficult to duplicate 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 peak. TFor example, protein to bed volume ratios of 20, together
with a concentration of protein above 35 mg/ml generally gave an in-
complete separation of the two phosphorylases. Nevertheless, the amount

of breakthrough and the degree of overlap were not reproducible when these
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two payameters were varied above these values.

e) Second DEAE-Sephadex column pH 8.0

The recovery of uridine cleaving activity in the eluate was 80%
or better, and the recovery after concentration with ammonium sulfate
and after dialysis was also generally in the same range. In preparation
C, the recovery after concentration was 100% (Table V). With prepara-
tion D, however, 32% of the uridine cleaving activity and 24% of the
deoxyuridine cleaving activity were lost after concentration with am-
monium sulfate; with preparation A about 35% of the uridine and deoxy-
uridine cleaving activities were lost. 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
uridine cleavage was achieved with this 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 deoxyuridine cleaving activities, and the other peak had
mainly deoxyuridine and thymidine cleaving activities - as had been
previously found by Yamada (19). Nevertheless, as shown in Figure 2
(preparation A, Table VI), there appears to be a certain degree of
overlap in this separation for a base line was not reached. The uridine

cleaving activity in the common region indicated by dotted lines is 8%

or less of the deoxyuridine cleaving activity in the first activity
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peak (the enzyme activity was not assayed in detail with both substrates),
and no uridine cleaving activity was detected in the upper slope of the
thymidine phosphorylase peak on the few occasions when this was checked.
The significance of the thymidine cleaving activity present in the uri-

dine phosphorylase peak will be discussed in section I1 E 2a,

f) Third DEAE-Sephadex column PH 7.1

The recovery of protein and enzyme activity from this column was
usually 80% or better, with an increase in specific activity of 2 to 3-
fold. The elution profile with preparation C is given in Figure 3. A
reddish-brown colour was evident throughout the enzymatically active
fractions. With this Preparation two cuts were taken of the column
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 dependence, pH optimum for uridine (with 50% of the total
activity still present at pH 6.5), and the pH optimum for deoxyuridine.
In one experiment, however, deoxyuridine cleaving activity was not
detected at pH 7.8, whereas 40% should normally remain at this pH
(section II D 2d). Disc gel electrophoresis of these fractions did not
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 be dependent on the potassium
chloride gradient. As the gradient increased from 0.15 M to 0.4 M the
activity peak became more symmetrical; a similar change did not occur
in the protein profile (although the width of the band under the activity

peak was less with 0.4 M gradient). Since assays for uridine and deoxy-

uridine were not done a comparison of gradient effects on these two
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activities cannot be made.

With preparation A and B, steps 8 and 9 were reversed. The
present procedure is preferable for a smaller volume of sample could be
applied to the Sephadex G-200 column if the anion exchange column were
done first. As previously explained in 'Methods', dialysis of the com-
bined 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 24% loss in
uridine cleaving activity, and a 4% loss in deoxyuridine and thymidine
cleaving activities on dialysis. 1In preparation B there was a 17% loss
in uridine cleaving activity and an 8% loss in deoxyuridine cleaving

activity on dialysis. At present, this cannot be explained.

g) Sephadex G-200 column

The recovery of protein and activity after elution was 90% or
better, although for preparation D (Figure 5, Table VII) a low recovery
or protein was recorded (1 out of 8 cases). This might have been due
to an error in the protein estimation of the final fraction in the
preceding column. The activity peaks for deoxyuridine and possibly
uridine were fairly symmetrical, The protein profile shows at least
four peaks. In all cases the elution profile of Blue dextran indicated
tailing (Figure 5B). Again enzymatically active column eluates had a
reddish-brown coloﬁr. The concentrated uridine phosphorylase fraction
was stable to dialysis.

The G-200 columns (bed volumes about 400 ml) were developed at
either pH 7-7.3 (preparations A-C) with 0.02 M P_ or 0.05 M P,, or at
pH 8.1 (preparations D and E) with 0.02 M Pi (in all cases 10 mM 2~-mer-

captoethanol was present). With the two procedures differences in
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elution profiles and extent of purification were found. Development
with buffer at pH 7.1 produced a definite shoulder in the activity
profile which was absent at pH 8.1. 1In addition, the protein bands
were not as sharply defined as at pH 8.1. The average increase in
specific activity of the final concentrated pooled fractions for uri-
dine and deoxyuridine was 1.8 with preparations A-C. The increase in
specific activity of the final fraction for uridine and deoxyuridine,
in the case of preparation D, was 5-fold, but with preparation E it

was only 2.6-fold. This point will be taken up in section II E 2b.

h) Hydroxylapatite column

The recovery of uridine and deoxyuridine cleaving activities in
the effluent was over 90% in all cases (preparations A-E), but usually
only 50% of the protein was eluted after six bed volumes. This was
similar to the purification results of Zimmerman (8), where it was
found that inactive protein was held back, but that thymidine phosphoryl-
ase activity (human spleen) was only partially retarded. Figure 6
(preparation D) shows fairly symmetrical and coincident. peaks con-
taining uridine and deoxyuridine cleaving activities. The protein
profile shows at least four protein peaks. Other preparations did not
give such symmetrical activity peaks, but this is 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 activity in the combined concentrated
column eluates was generally between 4 and 6-fold, but this increase
was greatly dependent on the width of the activity band that was
collected. The specific activity for uridine in the best fraction

from preparation D (containing 25% of the total activity) was 510 and
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this would represent a purification of 7,000-fold. Unfortunately, in
order to obtain a reasonable yield, column fractions with a specific
activity range of 63 to 510 were combined. The specific activity for
deoxyuridine in the most active fraction from preparations A to E was
30, 29, 31, 380,. 42, respectively. In preparation B to E the percent
of the total activity present in the four most active fractions was
between 70-80%; but the specific activity range for uridine in these
four tubes was 40-47 (preparation B), 37-46 (preparation C), 230-510
(preparation D), and 15-42 (preparation E). ‘Although there was no
constancy across the activity peak, the specific activity values were
much closer for the two most active 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 (Table VIII) which is 40 times greater than that obtained by
Canellakis with a partially purified rat liver preparation (26). In
preparation E, the main activity band was divided into two cuts and
each one was concentrated separately, with fraction Ea showing a 3-fold
o increase in specific activity, and fraction Eb showing a 13-fold in-
crease; it contained 60% of fhe total activity (Table VIII). No colour
was eluted along with the enzymatically active fractions. There was
little loss in activity after concentration in Carbowax and subsequent
dialysis (based on the assays of the various column 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 with ammonium sulfate

(up to 90% saturation), showed a 44% loss in activity after dialysis.

An explanation for this will be given under heading (k).
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i) Heat treatment

Only preparation D was heat-treated and the maximum increase in
specific activity was 1.5 based on the ammonium sulfate (fraction) step
(Table VII). The percent decrease in protein was between 32-45%. Four
differentAﬁrotein estimations were done, i.,e. the heat-treated sample
itself, a Tris dialyzate, and the diluted and undiluted phosphate
dialyzate, and the estimations varied from 6,600-8,300 mg of protein.
Thymidine phosphorylase activity decreased to about the same extent after
heat treatment as uridine phosphorylaseractivity (18% decrease for Ur,
20% for Udr, and 19% 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 purifi-

cation scheme. The increase in purification in that study was 2.3-fold.

J) Specific activity ratios

Three different specific activity ratios for the substrates, Ur,
Udr, and Tdr, are given 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 specific activity ratios of the fractions from steps involving
column chromatography of preparations A to E. The ratios were fairly
constant. This suggests that the preparations may be enzymatically pure
with respect to the presence of other uridine and thymidine phosphorylases

(66, p.388) with no evidence of a separation of uridine cleaving activity
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from deoxyuridine cleaving activity. In addition, the phosphorolysis of
thymidine in all purified preparations appears to be an inherent feature
in the action of the uridine phosphorylase isolated in this study

(discussed in section II E 2a).

k) Concentration of protein fractions

Ammonium sulfate (80 to 90% saturation) was normally used to
precipitate enzyme protein from pooled column fractions when the concen-
tration of protein was above 4 mg/ml in the majority of the individual
fractions. Below this concentration Carbowax was used. In preparation
A, however, ammonium sulfate (up to 90% saturation) was used to concen-—
trate the selected fractions from the hydroxylapatite column, and the
protein concentration at the most was 0.9 mg/ml in the individual
fractions. The result was a loss of 44% in enzyme activity. The Carbo-
wax procedure did not result in serious losses, but an unusual result
occurred in the protein estimations from the final hydroxylapatite
fraction of preparations B, D, and E; a yellow precipitate formed on the
addition of the Folin-Ciocalteau reagent. This would suggest that an
impurity, probably from Carbowax, was introduced into the dialyzing bag.
In preparation D, the Lowry estimation and spectrophotometric determina-
tion (absorbance reading at 260 and 280 my) gave identical protein
estimations. With preparation B the yellow precipitate was formed when
10 1 of sample were used for the estimation but not when 5 pl were used.

Polyvinylpyrrolidone (73) as well as the Electrophoretic Filter/
Concentrator (79) were used forAconcentrating fractions, but the recovery

: : o
of activity was low (experiments were done at 4 ).
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1) Other purification steps

Acetone fractionation of A82 fractions resulted in about a 90%
loss in activity with no increase in specific activity. 1In calcium
phosphate gel fractionation, the total recovery of the enzyme activities
towards Ur, Udr, and Tdr was 83%, but to obtain a two-fold increase in
specific activity it was necessary to discard about 50% of the total
uridine cleaving activity.

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 20-114% recovery of activity and protein
with the activity peaks being more symmetrical 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 activity
based on the peak tube was slightly greater than with Sephadex G-200.
Columns using Cellex P and polyacrylamide P-300 were not successful.
After five bed volumes had been collected from the start of the gradient
only 50% of the uridine cleaving activity and protein were recovered
from the Cellex P column (mixing chamber: 100 ml of 0.0ZIM.Pi, pPH 7.1-1
mM EDTA, pH 7.1-10 mM 2-SH; reservoir: 100 ml of 0.1 M Pi’ PH 7.1-1 mM
EDTA-10 mM 2-SH). A similar result was obtained when the buffers were
at pH 8.0. The flow rate with the polyacrylamide column was close to
zero (bed volume 39 ml) after two packing trials; it was abandoned at

this point.

2. Properties of Uridine Phosphorylase

a) Enzyme assay

Experiments on the rate of uracil formation as a function of time
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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. Similar experiments were done in
the present study with highly purified preparations. The change in ab-
sorbance during the phosphorolysis of uridine was linear with time for

at least 30 minutes; during uridine synthesis, linearity was evident for
about 70 minutes (Fig. 7). A similar result was obtained with a partially
purified E. coli preparation (27). The phosphorolytic reaction was also
linear with added protein over at least a 10-fold range (4.9 to 49 ug)
(Fig. 8). It should be noted however that for most of the studies in-
volving uridine synthesis 1-2 g of protein were frequently used.

Each point on the lines in Figures 7 and 8 (and in subsequent
experiments) generally represents the average of two readings. If,
however, the duplicates do not agree, both readings are given on the
graph. To clearly indicate which fraction from the purification pro-
cedure was used in an experiment, the following notation was devised:
the most highly purified fraction of a given preparation is denoted by

a subscript 'f', for example prep. A any other fraction is denoted by

f;
a number which refers to the stepin which it was prepared, for example

prep. A4 (ammonium sulfate fraction). The two final fractions in

preparation E will be denoted as fraction Ea and fraction Eb (Table VIII).

b) Stability
A comprehensive study of the stability of uridine phorphorylase

activity was not done. Nevertheless, general information is given here
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so that one can obtain some idea of the stability of the uridine phos-
phorylase preparations in this work.

i) Storage of enzyme fractions

Preparations B_, C

£ £ and Df were dialyzed against 0.05 M Tris,

o
PH 7.4-5 mM 2-SH. Aliquots were taken and they were frozen at -40 .
Preparation E was dialyzed against 0.05 M Tris, pH 7.4-1 mM EDTA-5 mM

2-SH. Preparations Cf and E,_ lost 22% of their uridine cleaving activity

b
(assayed at pH 8.1) after 60 days in storage. On the other hand,

preparation D, ( 1 mg/ml protein) lost 65% of its activity in 18 days

£
of storage. Uridine phosphorylase fractions (20-30 mg/ml protein) from
step 6, if stored after concentration with ammonium sulfate at —400, did
not lose any uridine or deoxyuridine cleaving activity after one month,
but lost 17% of each activity when stored for two months. Fraction Ea
(7 mg/ml protein) lost about 25% of its activity towards uridine and
deoxyuridine after three months at —400. After repeated freezing and
thawing, aliquots from fraction Eb lost about 35% of its activity in
20 days in addition to the activity lost by storage alone.

The purified preparations of Pontis et al (13) and Krenitsky et al
(14) from Ehrlich ascites cells were much more labile than the present
preparations (except for preparation D). Pontis EE 3& were able to
maintain the activity of the enzyme for two weeks or more by storing
the fraction in 1% bovine serum albumin, and by freezing at —200. The
final enzyme concentration from their purification scheme was 0.06 mg/ml.

ii) Effect of 2-mercaptoethanol and EDTA on storage

2-Mercaptoethanol was used in this study during the purification
procedures, for storage, and in most of the assay procedures. EDTA was

used in purification and storage of many of the enzyme fractions, although
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it was only used for storing one purified preparation (fractions Ea and
Eb). EDTA did not appear to have a stabilizing effect on the activity
of the stored enzyme at least at this stage of purification (1000-fold).
Pontis et al (13) found the same effect with EDTA using a 20 to 40-fold
pure uridine phosphorylase fraction. In the summary shown in Table XI
it is apparent that Z2-mercaptoethanol and EDTA were not commonly used to
protect 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 directly to
the assay medium, and it probably has little effect on an aged prepara-
tion of uridine phosphorylase if it were only in contact with the enzyme
for 10 minutes and only at a final concentration of 5 mM (results under

heading iii). Preparation E, lost very little of its activity towards

6
Ur, Udr, and Tdr when dialyzed for 16 hours in the absence of 2-mercapto-
ethanol. After dialysis for 90 minutes to remove this thiol from fraction
Ea’ no loss in either uridine or deoxyuridine cleaving activities was
evident. Again using preparation E6 there was no effect on activity by
Z-mercaptoethanol over a concentration range of 10 pM to 10 mM during

the 10 minute assay incubation period. Pontis et al (13) found that
glutathione had no effect on enzyme activity (20 to 40-fold pure
preparation), however, there was neither an indication of the age of

the enzyme preparation nor of the time involved in the incubation of
enzyme and thiol. Nothing can actually be concluded from the present

work on the effect of 5-10 mM 2-mercaptoethanol on the stability of

uridine phosphorylase on storage, for no preparation was ever stored

without this thiol being present. Setlow and Lowenstein (72) found that
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freezing crude adenylate deaminase preparations in the absence of
2-mercaptoethanol stabilized the enzyme for at least two months, whereas
freezing the enzyme in the presence of the thiol caused inactivation.
Nevertheless, during purification and storage of the pure enzyme at 40,
2-mercaptoethanol (0.1% by volume), glutathione or dithiothreitol was
needed for stability. There was no indication of the effect on freezing
the pure enzyme with 2-mercaptoethanol present.

Although uridine phosphorylase will be shown in the next section
to be a sensitive sulfhydryl enzyme, this does not necessarily mean that
a low molecular weight thiol will be needed for storage. Creatine kinase,
one of the most sensitive sulfhydryl enzymes known, did not require a
thiol for stability (80). It is possible that the disulfide formed on
oxidation of 2-mercaptoethanol by dissolved cxygen and catalyzed by
substances in the medium, may 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% (81). A study on nucleoside monophosphokinases re-
vealed that CMP kinase, UMP kinase, and dCMP kinase activities are
differentially inactivated by oxidized glutathione with 50% loss of dCMP
kinase activity at a concentration of glutathione of about 24 mM (53).

iii) Inactivation and reactivation experiments

The effect of 2-mercaptoethanol and dithiothreitol on the activity
of aged enzyme preparations was discovered by accident near the completion

of the studies done for this thesis.

Inactivation. After 24 hours at room temperature, in the presence

of 20 mM dithiothreitol, reactivated fraction Ea showed no loss in uridine
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or deoxyuridine cleaving activity. After 48 hours, however, the loss

of activity with both nucleosides was 27% and after 96 hours it was 82%.
After 72 hours a white fluffy material began to form (gel formation or
bacterial growth?). On the addition of 13 mM dithiothreitol at 96 hours,
there was no clarification and very little reactivation 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

inactivation of the nucleoside cleaving activities was not evident.

Reactivation of aged preparations. Time and concentration re-

activation studies at room temperature, with 2-mercaptoethanol and
dithiothreitol, were done on aged fraction Ea and Eb (after a three
month aging period at —400). Initially, this was done by adding the
thiol directly to the assay tubes, however, with dithiothreitol the
absorbance readings were not reproducible when 10 mM or greater concen-
trations were used. It is interesting to note that with a highly puri-
fied purine nucleoside phosphorylase preparation dithiothreitol would
sometimes first activate the enzyme and subsequently inhibit it (3).

An increase in absorbance was still apparent with uridine phosphorylase,
for example, the increase in activity with uridine at pH 8.1 and 7.4
and with deoxyuridine at pH 7.4 was between 50-100%. 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 control tubes at different times
(control readings decreased by 10-20% for a 5 to a 120 minute pre-~
incubation period). With 50 mM 2-mercaptoethanol maximal reactivation

is being approached, still the two hour preincubation period does not
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appear to be the optimal one (Figure 9A-2).

Reactivation with 10 mM dithiothreitol was repeated on fractions
Ea and Eb by first dialyzing to remove 2-mercaptoethanol and then adding
dithiothreitol to make a final concentration of 10 mM. Aliquots were
removed and assayed at different times. The increase in absorbance on
activation for fractions Ea and Eb with uridine and deoxyuridine as
substrates (assayed at pH 7.4) is shown in Figure 9B. 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 10 mM increase in its concentration
after 130 minutes did not produce a significant change in absorbance.
Fraction Ea did not show a great increase in activity on reactivation
probably because it was not aged enough.

This point may be better understood by looking at Table XII where
the results of reactivation of preparations Cf to Ef are summarized.
The activity towards uridine and deoxyuridine cleavage was increased
with the above preparatiors after a 3 to 9 month storage period, even
though in two cases no activity was present before reactivation. The
results suggest that the activity of uridine phosphorylase may have been
better maintained by activating the preparations at frequent intervals.
Fraction Ea was completely reactivated but it did not have far to go.
The number of bands and their relative intensity by visual inspection
(disc gel electrophoresis) did not differ before and after activation
for any of the preparations.

Even though reactivation results of aged enzyme preparations have

been found in the literature, few thiol concentration studies (82, 83)

and time studies (84) to show optimal conditions were given concomitantly.
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For phogphofructokinase (85), 100 mM 2-mercaptoethanol was incubated
with the enzyme for 10 miﬁutés at 370. For malic enzyme, 1 mM dithio-
threitol preincubated for 80 minutes at 260, reactivated the enzyme
optimally (84)., Mitochondrial nucleoside diphosphokinase was incubated
with 100-200 mM 2-mercaptoethanol for 8 minutes. TFor deoxycytidine kinase,
50 mM 2-mercaptoethanol, preincubated with the enzyme for 60 minutes at
370, reactivated the enzyme maximally (82). The conditions for maximal
reactivation of aged uridine phosphoryiasé preparations are not yet
known, however, it appears that the enzyme should be preincubated with
50 mM 2-mercaptoethanol for at least 180 minutes or with 10 mM dithio-
threitol for 120 minutes, at 250. Such long periods of reactivation
are not uncommon. With the citrate cleavage enzyme, it was found
necessary to incubate with 5 mM dithiothreitol for as long as 24 hours

o)
at 0 for complete activation (86).

c) Homogeneity

Besides the criterion of constancy of specific activity as
mentioned with the results of the hydroxylapatite column, two other
criteria were used to judge the homogeneity of the purified preparations.

i) Polyacrylamide disc gel electrophoresis

Diagnostic electrophoresis. Preparations C_-E

T gave two dense

bands on disc gel electrophoresis at pH 8.9 as shown in Figure 10, with
band A always being the widest and darkest staining band. Preparations
D (photos 1 and 2) and fraction Eb also had very faint bands, two above
and two below the dense bands. Coomassie blue appeared to bring out the
faint bands better (compare photo 1 with 2, and 5 with 6, in Fig. 10)

than Amido black when the same amount of protein (50 ug) was applied.
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The banding pattern of preparation D at pH 7.5 was similar to that at
pH 8.9 except for a narrow light staining band immediately above band A.
In preparation C, four additional faint bands appeared after the pre-
paration was 10 weeks old with a concomitant loss of activity (about 50%).
Also, the minor band (B) was more heavily stained than in the original
preparation. These pattern differences on aging were also apparent in
preparation D but notin fraction Eb. With freshly prepared fraction Ea
(specific activity 20) three dense bands appeared on electrophoresis, but
band A still stained the darkest (not shown).

A definitive concentration study was not done, so there is the
possibility that band B was due to aggregation effects. Still, in

preparation C_ the protein concentration was 1.3 mg/ml, whereas in

£
preparation Df and fraction Eb it was between 0.2-0.5 mg/ml, and no
differences in the banding pattern were observed. One more fact worth
noting is that 200 pyg of preparation C (photo 3) did nct show the faint
bands which appeared with 30 ;g of aged preparation C (photos 5 and 6).

Furthermore, the banding pattern with 280 g of preparation D (not shown)

did not differ from that with 50 ;g (photo 2).

Elution electrophoresis. On elution, 90% of the original uridine

and deoxyuridine cleaving activities were lost. Since the absorbance
readings were between 0.03 and 0.07 units for uridine and deoxyuridine,
it is not possible to present any meaningful results, although it should
be added that 90% of the remaining uridine and deoxyuridine cleaving
activities was recovered in band A. These results are included in this
thesis in order to account for over 75% of preparation Df (Table 1IV) that

was used in an effort to find better conditions for recovery of activity

on elution. Some precautions that were taken were:
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(1) to add 2-mercaptoethanol to the buffers

(2) to apply the protein sample in sucrose instead of spacer gel

(3) to run the gel column at 40

(4) to extend the time of contact between the gel pieces and
buffer

(5) to apply larger protein samples,

Few papers have been found in the literature that actually gave
the percent recovery of enzyme activity after elution (87~95). 1In one
paper, however, 40% recovery of activity was reported (90). Perhaps
modification of the elution procedure would produce a better recovery
of activity, although a preparative disc gel technique would provide a
better sclution (96, 97). Still it should be noted that the two most
frequent approaches used in 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 stand in 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
directly on the gel or pieces of the gel by adding a specific dye or
indicator to the assay medium (92-95).

ii) Ultracentrifugation

Sedimentation velocity analysis with preparation C_ (4 mg/ml

£

protein) at 60,000 rpm. for 90 minutes, resulted in a small band such
as seen in the other studies (923, 98). No peak was evident, however, with
fraction Eb (5.7 mg/ml protein) under the same conditions. The reason
for this discrepancy is not understood. Because the peak was so small

it is difficult to say for certain whether it i1s symmetrical, neverthe-
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less, the lack of homogeneity in the purified preparations was evident

from electrophoresis alone.

d) pH-Activity study

The pH-activity relationship for uridine and deoxyuridine over a
pH range of 4-10 is shown in Figure 11. The pH optima for uridine and
deoxyuridine are 8.2 and 6.5 respectively. This is essentially the same
as shown by Pontis EE El (13) for a partially purified Ehrlich ascites
cell preparatiqn; by Yamada (19), and by Canellakis (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 symmetrical here.
At the pH optimum for each substrate the ratio of Ur/Udr activities was
1.1, which is lower (compare to 1.4) than that obtained for a 15-fold
pure preparation of uridine phosphorylase (19). The ratio for the
Ehrlich ascites cell preparation was 1.0 (13). Paege and Schlenk found
the pH optimum for the phosphorolysis of uridine with a 20-fold pure

E. coli uridine phosphorylase preparation to be 7.2 (27), although a

more recent paper has reported a value of 7.6 on a 15-fold pure pre-
paration (28).

For the phosphorolysis of nuclecsides about 100 mM phosphate was
used, in addition to acetate (100 mM) , Tris (100 mM), or glycylglycine
(167 mM) buffers, in order to obtain the different pH values. Tris
inhibited the phosphorolysis of deoxyuridine by about 25%, but it had
no effect on the phosphorolysis of uridine. It is interesting to note
in this connection that the deoxyribonucleoside cleaving activity of
thymidine phosphorylase was also inhibited by Tris (50 mM); more details

are given under heading (fii). The loss in activity at pH 5.4 and 9.4
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with uridine as the nucleoside was not due to inactivation of the enzyme
for when it was preincubated at these pH values for 10 minutes, and then
assayed at pH 7.6 or pH 7.9, the normal absorbance readings were recovered
(Figure 11).

When phosphate was not included in the incubation medium, 10% of
the normal uridine cleaving activity at pH 8.0 was still present. This
was not apparent with deoxyuridine as the nucleoside (Figure 11). This
difference may be due to experimental error since the absorbance readings
were very low, or perhaps to the presence of a uridine hydrolase. Never-
theless, it might also be a reflection of active site differences in
uridine phosphorylase for the cleavage of uridine and deoxyuridine. It
should be noted that the phosphorolytic and the hydrolytic activities
appear to have the same pH optimum.

The pH optimum for the synthesis of uridine appeared to be about
8.5. This is in goocd agreement with a value of 8.2 for a crude Ehrlich

ascites cell preparation (22).

e) Molecular weight estimation

The molecular weights of uridine and thymidine phosphorylases
(based on one determination) by Sephadex gel filtration were both esti-
mated to be about 110,000 (Figure 12). These molecular weights are not
unreasonable 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 and’l48,000 for
partially purified pyrimidine nucleoside phosphorylases from E. coli and
B. stearothermophilus, respectively (estimated by sucrose density gradient

centrifugation (99)).
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The points representing the five standard proteins on Figure 12
do not all have to be on the standard line, and, in addition, the ones
that deviate may still be used as long as their behaviour is recognized;
for example, ovalbumin, deviates +10%, and ¥-globulin, -30% (75). In
the present study both of these proteins deviated from the line, but not
to the same side of the line as given by Andrews (75). Andrews suggested
that his data be taken as the standard relationship for globular proteins.
Thus, it would be of value to compare the ratios of elution volume to
void volume for the proteins used. The values for the present study are
given in brackets: chymotrypsinogen, 2.4 (2.3); ovalbumin, 2.3 (2.0);
albumin, 2.0 (1.9); ¥ -globulin, 1.5 (1.5); apoferritin, 1.2 (1.2).

The aggreement is quite good.

£f) Transferase activity

i) Transferase experiment

The transferase experiment performed as described in 'Methods',
showed that phosphate independent ribosyl transfer did not occur, that
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. Indirect transfer activity
simply indicated what had been shown previously with 10-fold or less
pure preparations (25, 35), namely, that uridine phosphorylase can
catalyze a reversible reaction. The above experiment was done in order
to show the connection between the inhibition of phosphorolysis by deoxy -
glucosylthymine (described below) and transferase activity, for a pre-
paration of uridine phosphorylase free from thymidine phosphorylase

activity. To the author's knowledge this was not done before.
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ii) Inhibition of activity by deoxyglucosylthymine

Deoxyglucosylthymine inhibited the phosphorolysis of uridine and
deoxyuridine as well as the synthesis of uridine (Figure 13). The
inhibition of the synthesis of deoxyuridine was not studied. The concen-
tration of deoxygluccsylthymine required for 50% inhibition of the phos-
pherolysis of uridine at pH 8.1 was 0.10 mM, and for deoxyuridine at
PH 6.6; 0.018 mM. Also the 150 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 150 value was 0.14 mM. Except for the pH 7.3 studies, as
indicated below, each complete experiment was done once. The inhibition
produced by deoxyglucosylthymine after a 20 minute preincubation period
was the same as after a 5 minute period. Preincubation of phosphate or
uridine (assayed at pH 8.1) with the enzyme before adding deoxyglucosyl-
thymine did not reduce the degree of inhibition.

The phosphorolysis of deoxyuridine and thymidine by thymidine
phosphorylase (preparation D7b) was not inhibited by a deoxyglucosyl-
thymine concentration of 0.19 mM. In connection with this fraction, it
should be noted that it had already lost 50% of its activity towards
the two nucleosides after dialysis against 0.05 M Tris-1 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
inhibitions by deoxyglucosylthymine of uridine phosphorylase and the
lack of inhibition against thymidine phosphorylase are in agreement with
previous results on crude rat liver and Ehrlich ascites cell enzyme
preparations (20, 33).

As indicated in the legend of Figure 13B, the first experiments

with uridine and deoxyuridine at pH 7.3 were done on one day. The
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experiments at pH 8.1 and 6.6 (Fig. 13A) and the second experiment for
uridine at pH 7.3 were done about one week later. The irregular shape
of the uridine curve could not be reproduced in the second experiment.
The only apparent difference between the two pH 7.3 experiments was that
the absorbance reading of the control for the experiment on (8.12.68) was

20% lower than for the experiment on (28.11.68).

g) Substrate inhibition

The synthesis of uridine at pH 8.1 was inhibited by uracil (Fig.
14) with 50% inhibition occurring at a concentration of 1.2 mM uracil.
With deoxyribose-l-phosphate as the second substrate, 1,1 mM uracil
inhibited the synthesis of deoxyuridine by 65% at pH 6.5 (not shown).
Optimal concentrations of the pentose-l-phosphates were used (1.4 mM).

The type of inhibition that was produced is difficult to classify
since the Dixecn plot (1/v versus uracil) was not obeyed as shown in the
insert of Figure 14, that is, the lines did not cross the positive
y—axis and they did not intersect in the negative x-quadrant (67, p.80).
In passing it is interesting to note that the Dixon plot was obeyed for
the inhibition of thymidine synthesis by thymine for thymidine phos-
phorylase preparations (9, 10). If the velocity values on inhibition
were obtained at higher concentrations of uracil, the lines may have
intersected in the expected quadrant. This suggests that cooperative
effects between two or more uracil sites may have aided the progress of
inhibition. Also the concept of overlapping sites for uridine and
deoxyuridine is an attractive hypothesis for this situation and it will

be discussed in some detail later (sections III D 5b, and III D 8c).
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h) Anomalous results after reactivation

These results are sketchy, for the limited amount of enzyme at
this late stage made it impossible to do detailed studies; nevertheless
the findings were considered to be of some interest and they will be
described.

Preparation D_ and fractions Ea and Eb, one to two months after

£
reactivation, gave unexpected absorbance readings for the phosphorolysis
of uridine and deoxyuridine at different pH values. Table XIII summarizes
the effects with fraction Eb. This fraction had exceptionally low uri-
dine cleaving activity near its.optimum pH (compare with Fig. 11) but

this activity increased substantially when glycylglycine was incorporated
into the buffer system (experiments 3 to 7). No such increa;e with
glycylglycine had been previously recorded. 8till there was substantial
deoxyuridine cleaving activity near its pH optimum, but there was a
marked decrease in the phosphorolysis of deoxyuridine at pH 7.3 (experi-
ments 9 to 11). ©Nucleoside synthesis with ribose-1-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 preparation Df and
fraction Ea were similar, but the effect of glycylglycine was only

checked with fraction Eb. Reactivated preparation Cf did not give the
above anomalous results. The only difference in procedure that was
evident was that this preparation was only thawed twice after its

original reactivation, whereas preparation Df and fractions Ea and Eb
were thawed numerous times before all assays were completed.

The reason for the anomalous effects is not known yet. Previous

experiments on reactivated samples did not reveal any differences for
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the phosphorolysis of uridine and deoxyuridine, Perhaps aging of the

reactivated aged samples is an important factor,



E. DISCUSSION

1. Intracellular Localization of Uridine Phosphorylase

Although about 80% of uridine and deoxyuridine cleaving activities
were found in the soluble portion of the cell, this does not necessarily
mean that these activities are localized in cytoplasmic or soluble fractions

in vivo. Thus, if the tissue is homogenized in 0.25 M sucrose, most of the

nuclear sap components, i.e. enzymes and low molecular weight chemicals, will
occur in the soluble fraction of the cell (56, 100). The soluble space of
the cell may be defined as the extraparticulate coﬁpartment of the intact
cell in which proteins and metabolites are free in solution (56). In addi-
tion, cytoplasmic enzymes 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 (101) and 5'-nucleotidase (102).
Green has concluded that the glycolytic enzymés afe bound to the erythrocyte
membrane with various degrees of firmness (103). In this connection it is
interesting to note that a purine nucleoside phosphorylase has been found to
be highly concentrated in the nucleolus of starfish Oocytes (104), and that
Bose and Yamada have localized most of the enzyme activity ffom fhe crude
nuclear fraction as described in the present study, in the plasma membrane

(unpublished results from this laboratory).

2. Column Chromatography

a) Thymidine cleaving activity of uridine phosphorylase

The columns gave an overall recovery of activity of 85 to 95% with
generally little loss on subsequent concentration and dialysis. Thé losses

that did occur were usually a result of the selection of only certain column
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fractions in order to obtain a concentrate of high specific activity.

The DEAE-Sephadex column (step 7) gave a good separation of Urpase
from Tdrpase, however a base line was not evident in the chromatogram.
This would suggest that the uridine phosphorylase peak was contaminated
with a small amount of deoxyuridine and thymidine 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 Ur/Tdr remained relatively
constant for the fractions obtained in the purification procedure after
step 7 in the five different preparations (Table X). Also it was observed
that if a small 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, the above three points suggest
that the thymidine cleaving activity remaining with the purified uridine

phosphorylase preparations is an inherent part of its catalytic action.

b) Explanations for the variation in the final specific activity

The differences in specific activity 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
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the procedure, and to the fact that fractions collected from the hydroxy-
lapatite column had a wide range of specific activities ranging from 8 to 32.
In 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). Still
the loss of enzyme activity from preparation B through spilling probably had
a greater effect than the above point on its final specific activity.

Perhaps factors (1) to (3) can explain why preparation D had the
highest final specific activity of the five preparations. Heat treatment
resulted in less than a 2-fold increase in specific activity but about 4 out
of 12 grams of protein were eliminated. This could result in a significant
effect on the resolution of proteins in subsequent column steps. The
Sephadex G-200 column normally gave a 1.8-fold increase in specific activity
(2-fold in the most active column fraction) in the final concentrated fraction,
but in preparation D, a 5-fold increase occurred (6.6-fold in the most active
fraction), and in preparation E, a 2.5-fold increase occurred (3.9-fold in the
most active fraction). The only apparent difference between the columns used
in preparations D and E andin the other preparations was the change of pH of
the buffer from 7.1 to 8.1. It is difficult 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 sample used, since the sep-
aration of proteins on a molecular sieving column is greatly dependent on
this volume. In preparation D, the volume of sample applied was 1% of the
bed volume whereas in preparation E it was 3%. But when the sample volume

was 1% with a column at pH 7.1 the increase in specific activity was still
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only 2-fold. Another point to consider in connection with preparations D
and E is the recombination technique, for more activity was discarded with
D (30%) than with E (15%). In passing, it is interesting to note that

Sephadex dextran gels have an aromatic affinity for solutes (105), however

for Sephadex G-200 this is not very pronounced.

c¢) Specific activity ratios

The Ur/Udr specific activity ratio at pH 7.4 from a 10-fold pure rat
liver uridine phosphorylase preparation was given as 2.0 by Krenitsky et al
(15), however this ratio varied from 8 in E. coli to 0.5 in dog intestinal
epithelium (in the present study the ratio was 1.3). Purified uridine
phosphorylase from Ehrlich ascites cells gave ratibs of 1.1 (13), and 2.0
(14) at pH 7.4. The Ur/Udr ratio indicates the prefere¢nce of the enzyme for
ribose or deoxyribose, whereas the Udr/Tdr ratio indicates the preference
for uracil or thymine (15). Thus, from the present study and another study
(19), it appears that uridine phosphorylase of rat liver has a greater
preference for the ribosge moiety from pH 7.2 to 10, and for the deoxyribose
moiety from pH 5.1 to 7.2. In addition it has a preference for uracil over
thymine from pH 5.5 to 10 (this is only an estimate for a pH-activity curve
for thymidine was not done here).

At this point, it would be meaningful to look at Krenitsky's specific
activity ratios for his various preparations more closely as given in Table
I (15). Ome explanation that can be given for the variation in the ratios
is that uridine phosphorylases from different sources have different sub-
strate specificities. Other explanations were discussed in detail in
éection I B 2 ai. However another possibility is that the ratios may vary

as a result of a pH effect. The pH profiles for Ur, Udr, and Tdr for any
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of Krenitsky's 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, l.e. 6.6 for uridine cleaving enzymes of group B, 8.1 for uridine
cleaving enzymes of group A, and 5.5 for thymidine cleaving activity of
thymidine phosphorylase. The literature values for the pH optima for
uridine and deoxyuridine for uridine phosphorylase have been reported for
rat liver (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 (19);
from Ehrlich ascites cells, 6.8 (14); and from B. stearothermophilus, 7.2 (99,
although the evidence that this enzyme also catalyzes the phosphorolysis of
uridine and thymidine is not conclusive yet. Perhaps it is possible that
the pH profiles of deoxyuridine and thymidine in relation to the pH profile
of uridine are different for enzymes from different sources. This could

account for the variation in the Ur/Udr and Ur/Tdr ratios.

3. Interpretation of the Disc Gel Patterns

A number of explanations for the significance of the two major bands
on disc gel electrophoresis are considered below:

(a) One band is specific for uridine cleavage and the other for
deoxyuridine cleavage, or band A has both activities and band B has only
one activity.

(b) Both bands have two activities, but band A has the greater
activity (1) towards both substrates or (2) towards only one substrate.

(¢) Band A contains both uridine and deoxyuridine cleaving activities

and band B is due to aggregation effects or to some artifact produced during
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electrophoresis.

(d) Only band A has the catalytic activity and band B contains in-
active protein (with regard 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:

(a) Band A appears to be at least the major active band. There was
enrichment of A over B during purification in preparations C-E. In addition,
there was further enrichment in fraction E, relative to fraction Ea. Also

b

fraction Eb coentained 80% of the total uridine and deoxyuridine cleaving
activities whereas fraction Ea contained 20% of the total uridine and deoxy-
uridine cleaving activities from preparation Ef (Table VIII). The specific
activity ratios of Ea and Eb were virtually identical (Table X). Thus
explanation (a) does rot appear likely, and, at the most, band B contains

an enzyme with low activity towards one of the nucleosides.

(b) Explanation (bl) cannot be ruled out, but (b2) does not appear
likely on the basis of the information given above.

(c) This explanation does not appear likely for the lack of homo-
geniety was also evident by the inconstancy in specific activity across the
activity bard in the hydroxylapatite column. Also, variations in procedure
for electrophoresis did not produce a marked difference in the patterns
(section IT 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.
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4. Reactivation of Uridine Phosphorylase

a) Future experiments

The inactivation of uridine phosphorylase with time and its re-
activation by 2-mercaptoethanol and dithiothreitol indicate the presence in
the protein of one or more reactive thiol groups which are essential for
maintaining the protein in an active conformation. It would be interesting
to explcre the above effect further. An investigatién of the following
points are congidered to be worthwhile in this connection:

(1) The effect of different thiols (mecno and di) on reactivation of
enzyme activity towards nucleoside cleavagehand synthesis,

(2) Aging of the enzyme at different temperatures, pH, and ionic
strength conditions.

(3) The formation of disulfide bonds with o-iodosobenzoate and
tetrathionate followed by reactivation with 2-mercaptoethanol, dithio-
threitol, etc.

(4) The effect on activity of different ratios of reduced and
oxidized thiol.

(8) The effect of substrates on aging, that is, protection of
sulfhydryl groups.

(6) The effect on molecular weight.

Perhaps a differential effect on uridine and deoxyuridine cleavage
will be revealed on reactivation. Such an effect was evident with a nucleo-
side monophosphokinase preparation, purified up to 147-fold, with substrates
dCMpP, CMP, UMP (53, 82). 1If aging and reactivation were simply a matter of

a reversible reaction, with an equilibrium ketween oxidized and reduced
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sulfhydryl group conformational protein forms (discussed under heading 4b),
one might expect that inhibition with o-iodosobenzoate, to be discussed in
section III D 6, should duplicate the effect of aging. In this section on
'Sulfhydryl Group Modification Studies', 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 in uridine would decrease the rate of the aging

process of the enzyme.

b) Equilibrium between two thiol states

Although more evidence on the importance of sulfhydryl groups for the
activity of uridine phosphorylase is given in section III, there will still
be no evidence to support or negate the possibility of an equilibrium between
an active uridine phosphorylase molecule with reduced SH groups and an in-
active uridine phosphorylase molecule with oxidized SH groups. Still this
is an interesting possibility, for equilibria between various conformations
of proteins in solution is believed to be an important property of proteins
(106, 107), and reduced and oxidized thiol states have been postulated (53,
83, 109). Since Sugino EE El have found that the three kinase activities of
dCMP kinase were differentially inactivated and reactivated (82), as reported
above, Sugino suggested (53) that the,

Tt

...redox potential may be one of the factors regulating activities
of some enzymes without change in the net amount of protein.”

Although Sugino et al did not report on an in vivo enzyme system,
they did obtain rapid activation of dCMP kinase with thioredoxin, thiore-
doxin reductase and NADPH2 (109) . Reversibility was not shown. The above

speculative discussion can be adequately summarized by showing a generalized

version of the sketch given by the above authors. As a tentative

explanation for band B, an additional enzyme form is added (irreversibly
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oxidized uridine phosphorylase).

irreversibly oxidized Urpase

(band B?)
aging

active Urpase ?—————%> inactive Urpase
(band A?)
M’\
oxidized metabolite reduced metabolite
(-8-8-) S~ (-SH,)
enzyme

reduced coenzyme —"" ~#goxidized coenzyme

This equilibrium between two thiol states will be considered in more
detail in connection with a model for the mechanism of action of uridine

phosphorylase in section VI B.

5. pH-Activity Study

The phosphate species that is involved as a substrate in phosphorolysis
is not known (1). One report gave the concentration of monoanion and dianion
as being equal at pH 7.2 (110). This is an interesting point for at this pH
the enzyme has equal activities towards uridine and deoxyuridine (Figure 11).
Although this may imply that the monoanion is involved in deoxyuridine
cleavage and the dianion in uridine cleavage, there are difficulties inherent
in this proposal for neither activity is at 50% of its maximum value at this
pH, that is, uridine had 66% of its maximum, and deoxyuridine has 74%. One
should note however, that the pH curves are rather steep in this region.

The apparent splitting of uridine without adding phosphate to the
incubation medium might indicate that the phosphorolytic and hydrolytic
activities are an intrinsic feature of uridine phosphorylase. Sucrose phos-—

phorylase isolated from Jleuconostoc mesenteroides exhibited hydrolytic

activity of the order of 1 to 2% of its phosphorolytic activity even after
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extensive purification (111). The authors concluded both activities to be
an intrinsic property of thé enzyme on the basis of: (1) constant ratios
of phosphorolytic to hydrolytic activity during 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 inhibition of only deoxyuridine
cleavage by Tris, and the loss of only uridine 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.

6. Transferase Activity

Although the present results suggest that uridine phosphorylase does
not have direct ribosyl transfer activity, this conclusion has already been
predicted by Krenitsky et al (14) based on rather indirect evidence (30, 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 low thymidine
cleaving activity, but no transferase activity, whereas normal rat liver and
human tumours have both activities (30).

(b) Thymidine cleaving activity in rat and mouse tumours was completely
inhibited by deoxyglucosylthymine, whereas in normal rat liver and human
tumours both activities were not inhibited (80).

(c) At about the same time, it was found that Ur, Udr, and Tdr
cleaving activities of a partially purified Ehrlich ascites cell uridine phos-

phorylase preparation were inhibited by deoxyglucosylthymine; deoxyuridine and
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thymidine cleaving activities of a partially purified horse liver 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:

(a) ©pH experiment. The activity was only measured at pH 8.1, which

is the optimum for the phosphorolysis of uridine, however, the pH optimum
for transferase activity may be different. For thymidine phosphorylase-fhe
pH optimum for transfer of a deoxyribosyl moiety was 7.3, and for phosphoro-
lysis, 5.9 (10). 1In addition, perhaps uridine phosphorylase may also be
able to catalyze the direct transfer of a deoxyribosyl moiety.

(b) Concentration experiment. 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 nucleosides above a concentfation
of 5 mM for the nucleoside (11). 1In the present study a concentration of

0.66 mM was used in the presence and in the absence of phosphate.

7. Substrate Inhibition

a) Comparison with results from the literature

Although no study, up to this time, 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 4-10 mM and substrate inhibition was not observed (13,

22, 26, 27). 1In two other studies an assay for indirect transfer activity

was used and the final uracil concentrations were 0.67 mM (25) and 0.17 mM
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(35). In one paper (21) it was noted that the activity of a partially
purified uridine phosphérylase preparation from rat liver was inhibited by
high concentrations of uracil, but a concentration of 6.6 mM was still used.
The above results cannot be reconciled with the fact that substrate inhibition
was found in the present work above a concentration of 0.7 mM. It should be
noted, however, that a purified rat liver preparation was not used for any
study from the literature, and in only two cases were rat liver preparations

used (21, 26).

b) Comparison with results on substrate inhibition of thymidine phosphorylase

Substrate inhibition of thymidine phosphorylase preparations has been

studied in some detail (9, 10) and it would be of interest to compare 150

values with the present study. With a highly purified thymidine phosphorylase
preparation from rabbit liver (9), inhibition by thymine began at about 3 mM
with 50% inhibition at about 8 mM. With a partially purified thymidine phos-
phorylase preparation from human leukocytes (10), inhibition by thymine of

thymidine synthesis resulted in an I value of about 7 mM; inhibition by

50

uracil of deoxyuridine synthesis resulted in an 150 value of about 10 mM. Thus

uridine phosphorylase (with an I value of about 1.1 mM) is more sensitive to

50
substrate inhibition than thymidine phosphorylase, although a rat liver pre-

paration of thymidine phosphorylase has not as yet been examined.

¢) Physiological role for substrate inhibition

Substrate inhibition by uracil should be looked at in relation to the
numerous effects of other metabolites on the kinases and other enzymes that
are involved in ribo-and deoxyribonucleotide metabolism (53). Feedback
circults, however, are very complex and they are beyond fhe scope of this

thesis. Still it was suggested in the 'Introduction' (section I B 4) that at

an appropriate concentration of uracil, uridine phosphorylase might be forced
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to catalyze an essentiélly unidirectional reaction,that is, nucleoside syn-
thesis, Furthermore, this may be an important development for producing
sufficiently high concentrations of uridine for the efficient catalysis of
UMP production by uridine kinase during periods of growth. In the most
general terms one could say that the function of substrate inhibition by
uracil is,

"the maintenance of cellular economy and the cellular physiological
balance at the lower metabolite level"  (53),

8. Modifications of the Present Scheme for Purifying

Uridine Phosphorylase

While uridine phosphorylase from rat liver has been purified as much
as 1,900-fold relative to the homogenate with a recovery of 8% of the initial
uridine cleaving activity, a number of ways can be suggested for improving
the yield and decreasing the time involved:

(a) Purchase frozen perfused rat livers,

(b) 1Increase 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 purified enzyme fractions by Diaflo membranes rather
than by Carbowax.

(g) Prepare a homogenous enzyme fraction using preparative disc gel

electrophoresis after the hydroxylapatite step or perhaps after an earlier
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step.

(h) Monitor columns for aétivity by using the kinetic assay procedure
or the direct reading procedure of Carter (49).

(i) Improve the separation of the uridine phosphorylase isozymes on
DEAE-Sephadex (19).,

(i) 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 protein(s) in the second
band (B) of the disc gel electrophoresis pattern may be more negatively
charged than the proteins in band A.

The working time for the purification of uridine phosphorylase could
be reduced to 200 hours by incorporating suggestions a-f into the present

purification procedure (Figure 1B),.



SECTION IIX

SULFHYDRYL GROUP MODIFICATION STUDIES

... & program relating SH groups to activity cannot
be undertaken lightly.

J.L. Webb (64)



A, INTRODUCTION

1. Literature Review

Phosphorylases, as a class, contain sulfhydryl groups which are
essential for enzymic activity, as based on inhibition by sulfhydryl
reagents (1), although only 3-phosphoglyceraldehyde dehydrogenase (112)

o and glycogen phosphorylase B (113) have been investigated in detaii.
Phosphorolysis in its broadésf seﬁse includes any conversion of in-
organic phosphate to organic phosphate, If uridine phosphorylase con-
tinues the pattern set by other phosphorylases it should have a sub-
stantial number of sulfhydryl groups, for example, glycogen phosphory-
lase B has 18 SH groups (113), and 3-phosphoglyceraldehyde dehydro-
genase has 20 SH groups (112).

The role of the sﬁlfhydryl groups in nucleoside phosphorylases
has as yet to be determined, and no detailed studies have been found
in the literature on any of these enzymes. Table XIV summarizes the
results found in the literature on inhibition of nucleoside phosphory-
lases by sulfhydryl reagents., Most of these inhibition studies were on
erythrocyte purine nucleoside phosphorylase (3, 69, 114), and it appears
to be a sensitive enzyme towards p—mercuribehzoate (pMBj. Although
there is some digagreement between workers, the differéht experimental
conditions used make it impossible to project a valid comparison (dis-—
cussed under section III D 9), ©No information has been found in fhe
literature on the inhibition of uridine phosphorylase by sulfhydryl
reagents,

The writings of Boyer (115) and Webb (64) were very helpful in

establishing a theoretical foundation on this subject and in providing
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an experimental -approach to the study of enzyme sulfhydryl groups,
2. Definition and Classification of Sulfhydryl Enzymes

Boyer defined a sulfhydryl enzyme as one that loses catalytic
‘éctivity when some or all of its original sulfhydryl groups undergo
modification. Uridine phosphorylase was found to obey this general
definition, A detailed discussion of the role of sulfhydryl groups in
enzymes is not warranted for the pregent study, Nevertheless, since
uridine phosphorylase is a sulfhydryl enzyme, it would be of interest
to look at four major ways in which this type of enzyme may be clas-
sified, based on the postulations of the original author., The majority
of the enzymes listed in Table XV have sulfhydryl groups which are
thought to be important in maintaining protein structure. Of the
eleven enzymes placed 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

brocess or in the binding of substrates,
3. Purpose of the Present Study

This study was not actually concerned with providing unequivocal
evidence for the role of sulfhydryl groups, but rather it sought to
establish whether uridine phosphorylase is a sulfhydryl enzyme, and to
give some information on the sensitivity of its SH groups to sulfhydryl

reagents,
4, Approach to the Study of Inhibition

There are at least two general approaches to the study of sulf-

hydryl groups in an enzyme,
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(a) Experiment in detail with a specific reagent which can be
shown to react with sulfhydryl groups on the enzyme, This 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 more specific reagent is to be pre-
ferred ..." (115, p. 569).

(b) Experiment with a number of different types of inhibitors,
This approach is favoured by Webb:

"The groups introduced by iodoacetate and p-chloromercuribenzoate
are negatively charged, whereas those from iodoacetamide and phenyl-
mercuric acetate are uncharged, and this could well be respounsible for
some of the differences observed between these inhibitors., This is one
reason why many studies with SH reagents would profit from a quantitative
comparison of the effects of a large number of inhibitors of different
types.' (64, Vol II, p. 649).

Thé present-épproach 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 technically feasible because the
enzyme was not available in sufficient quantities, and also the enzyme
preparation was not homogeneous. The following studies were the basic
ones that were performed with most.of the inhibitors:

(1) time study

(2) inhibitor concentration study

(3) reversal of inhibition with 2-mercaptoethanol

(4) protection of sulfhydryl groups by substrates

(5) pH study
5., Inhibitors

The inhibitors that were used fall into five classes based on

their reaction with a thiol group:
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Mercaptide formation - with p-mercuribenzoate (pMB) and p-mer —~

curiphenylsulfonate (pMPS).

Mixed disulfide fofmation - with 5,5" dithiobis (2-nitrobenzoic

acid) (DTNB).
OXidétion - with o-iodosobenzoate (IOB).

Addition to double bonds - with N-ethylmaleimide (NEM).

Alkylation - with iodoacetate (IA) and iodoacetamide (INEH,) .

The chemical reaction of an inhibitor'Wifh a thiol group wili be il—
lustrated in the appropriate graphs.

The inhibitors listed zbove were chosen since they are con-
sidered to have high specificity for sulfhydryl groups under experimental
conditions that are easily reproducible in the laboratory. In addition,
these are the common reagents used for the specific reactioné listed
above. The experimental conditions that are necessary to give the
greatest specificity for the thiol group have not been well-defined.
Nevertheless, reaction with other groups in a protein often requires
higher concentrations of inhibitor, longer reaction times, and higher
temperatures than with thiol groups (64). This point will be mentioned
again in various parts of the"Discuésion’,‘ Still experimental guide-
lines have been given by Webb (64) for most of the inhibitors used in
this study:

EME: pH should be around neutrality; use minimum concentration,

PI§E: not given.

I0OB: pH about 7 (not much lower); temperature between 15—250;
use minimum concentratioﬁ; 30 minutes is about minimum time for maximal
inhibition.

NEM: pH should be below 7; excess reagent should be avoided.
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IA: pH about 7; concentration of inhibitor should be below
5 mM; 60 minutes is minimum for maximum inhibition, Although these
points are useful as an experimental guideline "each protein or enzyme

must be treated as a special problem’ (64, Vol III, p. 337).
6. Enzyme Fraction Used for the Inhibition Study

All of the inhibitor studies shown in the present work were
done with fraction Eb (Table IV)., Since this fraction was stored in
a pbuffer containing Z—mércaptbéfhanol, 6,2 mpymoles of this thiol were
always introduced into the incubation medium along with protein. This
amount corresponds to the maximum amcunt present and does not exclude
losses due to the oxidation of 2-mercaptoethanol during storage or to
freezing and thawing. Two recent studies have revealed that metal ions
such as the ferric ion (116) and the cupric ion (117) have an important
role in catalyzing the éxidation of cysteine. 1In thé absence of a
cation the oxidation was very slow (116), Sincé EDTA was used through-
out purification (except during the"steﬁ involving-the hydroxylapatite
column) as well as deionized redistilled water, the oxidation of 2-
mercaptoethanol by metal ions should be minimal, The above concen-
tration of this thiol in the incubation medium will probably affect the
150 values of pMB, pMPS, IOB, DTNB, because these values turn out to be
within the range of the thibl ébnéentrationo

Ethylene diamine tetraacetic acid (1.3 mpmoles) was also intro-
duced into the incubation medium along with protein. This reagent

might affect the I values of the mercurials by forming a complex with

50
the organic mercurial ion (118; 64, Vol I, p. 744).




B, METHODS

1. Incubation Media

The assay technique is the same one as described under assay
(bi) in section II C, 1In all cases 7.2 pug of sample were used for each
assay tube, Enzyme activity was always assayed in the direction of
nucleoside cleavage, The final incubation media for the three pH con-

ditions used in these Studies are given below.

1 M G-G, pH 8.9 0 0 235"
1 M Ac, pH 5.5 150 pl 0 0
1M Tris, pH 7.4 1352 1357 150
0.05 M Tris, pH 7.2 200 200 200
Water 650 800 550
Enzyme 5 5 5
Inhibitor 154 15% 15
0.05 M P;, pH 6.6 300 0 0
0.05 M P;, pH 7.0 0 300 300
0.1 M nucleoside 50 50 50
pH 7.0
pH of incubation 6.7 7.4 8.2
medium

symbols: a, volumes of the two solutions were always 150 ul;
b, volumes of the two solutions were always 250 pl.

2, Procedure for Inhibition of Phosphorolysis

The inhibitor and the enzyme were preincubated for a specified
‘period 6f time at 25O as described in the legends of the figures showing
concentration studies. The time necessary for maximum inhibition was
determined for most of the inhibitors before other studies were done,.
After the preincubation period, phosphate was added to the incubation
medium first, followed by the nucleoside. The general procedure (assay
(bi)) was followed after this point. The aétion of the inhibitor4was

not stopped prior to addition of the sﬁbstrateso This could have been
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done by adding 2-mercaptoethanol or EDTA to the assay tube, The same
order of addition and timing Was.folléwed for the blank, except that
the enzyme was not present, Control assays, i.e., measurement of ac-
tivity ét different times without inhibitor being present, were usually
done; the experiments for which this was not done will be pointed out,
The percent activity remaining after inhibition was found by dividing
the absorbance reading of the tube containing the inhibited enzyme by

the reading of the appropriate control tube,

3. Procedure for Substrate Protection

After one of the substrates (Ur, Udr, or Pi) was preincubated
with the enzyme for 5 minutes at 250, the inhibitor was added to the
assay tube. The second preincubation period (given in the legend to
the appropriate figure) with fhe inhibitor present was not necessarily
equal to the time for équilibrium of inhibition to be attained - the
experiment to deterﬁine the time of equilibrium was not always done
before the protection study (DTNB, NEM); with iodoacetate and iodo-
acetamide, the time was very'lbng. After this second preincubation
period, the second substrate‘was added, and the assay tube was immed-
iately incubated at 37° for 10 minutes. The final concentrations of
substrates (for any protection experiment) introduced into the assay
tube were: Ur (3.3 mi), Udr (3.3 mM), and P, (10 m.

"Mixed® nucleoside profection studies, that is, with both nucleo-
sides being present in the final incubation medium, were only done with
DTNB asg the inhibitor. For example, in one case, after deoxyuridine
protection of the enzyme“at PH 8.2 an agsay was done after the addition

of uridine and phosphate.
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4, Procedure for Reversal of Inhibition with 2-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 25° for another specified period of time, i.e,, the reversal
time. After the reversal time had expired the substrates were added,
and the remaining activity was assayed in the usual manner. For clarity,
the exact times and the concentration of 2-mercaptoethancl that were

used are listed below,

Inhibitor Inhibition Final conc Reversal
time (min) of 2~SH (mM) time (min)

INHy 20 5 20

IA 60, 30 50, 5 30, 30

pMB 5 5 15

DTNB 30 5 15

10B 15 5 15

The only detailed study of different reversal times was done with pMPS.
After the enzyme and inhibitor were preincubated together for 1.5
minutes, 2-mercaptoethanol was added to give a final concentration of

5 mM. The enzyme activity that remained was checked at different re-
versal times from 1 to 3 minutes., Appropriate controls (inhibition

without reversal) were done,

5. Preparation of Solutions

As a precaution against deterioration of the inhibitors, fresh
solutions were prepared daily. In the case of iodoacetate and iodo-
acetamide stock solutions were pfepared for each assay. Serial dilutions
were usually made, During its use, the solution of inhibitor was kept
in an ice bucket at OO° The preparation of stock solutions is summarized

below:




Inhibitor

() *

MB
MPS
TNB

S EeNeNel
o v uw
- gg g

OB

100 NEM
500 INH,
500 IA

* beét stock solution,
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Solvent

1 M glycylglycine, pH 8.9

1 M glycylglycine, pH 8.9

1 M glycylglycine, pH 8,9

1 M potassium hydroxide (to give

a final pH of approximately 7) and
water

1 M Tris, pH 7.4

1 M Tris,

As with IOB




C. RESULTS

Most of the Figures are based on one experiment with each point
representing the average of tests done in duplicate. Both readings
are given if the duplicates varied widely. The results obtained with
each sulfhydryl reagent is given below under separate headings, in the
order of increasing Iz, values. A compendium of these results is

given in Table XVI.

1. Inhibition by p—Mercuriphenylsulfonate

Figure 15 gives the results of time, inhibitor concentration,
reversal, and protection experiments. Maximum inhibition of uridine
cleaving activity at pH 8.2 was reached after 3 minutes of preincubation
with 0.65 pM pMPS (Fig. 15A). An inhibitor concentration study Wiﬁh
uridine as the nucieoside at PH 8.2 gave an 150 value of 0.4 pM (Fig.
15B). The substrates, uridinekand phosphate; did not show any pfo—
tection against inhibition by pMPS (Fig. 15B),

Reversal of inhibition with S mM 2—méfcaptoethanol was quite
marked, with the original 60% inhibition ievel, that occurred after a

1.5 minute preincubation period of inhibitor plus enzyme, decreasing to

8% (Fig. 15C),

2. Inhibition by p-Mercuribenzoate

A time study was not done. UNevertheless, it was thought that a
5 minute preincubation period probably would be sufficient, as it was

with pMPS (Fig. 15A). Figure 16A shows the inhibition of uridine
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cleaving activity at pH 8.2 and 7.4. The 15 value at pH 8.2 was

0
0.62 pM and at pH 7.4,v0.85 uM. The cﬁrveé indicate a répid loss in
activity with an increase in inhibitor concentration, and possibly
some stimulation of enzyme activity at low concentrations of inhibitor,
at both pH values (17% stimulation at pH 7.4). Figure 16B shows in-

hibition of deoxyuridine cleaving activity. The I, values at pH 7.4

0
and 6.7 were both lower than those of uridine; buf the four 150 values
were within a factor of 2.3 of each other (Table XVI).

The concentration-inhibition curves"are sigmbidal and steep
which is expected of inhibitors that combine tightly with enzyme groups
(64, Vol II, p. 771)., Thymidine phosphorylase does not appear to be
as sensitive to PMBR action as uridine phosphorylase, but one purine
nucleoside phosphorylase preparation appeared to have a similar sen-
sitivity to this type of modification (Table XIV). Although, at this
time, no decrease was observed in the éxtent of'inhibition under the
present experimental conditions, the results on protection and reversal
of inhibition are inconclusive (Figures 15B, and 16B). For example,
a concentration of pMB of about‘l LM gave inhibitioﬁé of-50 and 90%
for uridine cleavage at pH 8.2, on the same day with the same inhibitor
preparation, and both poihts fitted equally well onto the steep portion
of the inhibition curve, Since the protection and reversal studies were
done on this portion of the curve, a lowering of the extent of inhibition
would probably not be detectable.

When: the 150 value is very low, as it is in the present study,
it may become deﬁendent to a great extent on the enzyme concentration.

This will be discussed in section D 4 cii. In line with this possibility

Was the observation that when the control value for uridine cleavage
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at pH 8.2 was 33% greater than for the curves shown in Fig, 16A, the
150 value was 80% greater than the previous value, Thué 150 values
may not be the best way of reporting mercurial inhibitions (and pos-
sibly inhibitions with DTNB and IOB). Nevertheless, the mefhod of
expressing inhibitions iﬁ ferms 6f gmoles of inhibitor per ug of en-

zyme would not be appropriate, since the enzyme preparation used in

this study was not a homogeneous one.

3. 1Inhibition by 5,5' Dithiobis(2-nitrobenzoic acid)

The equilibrium time appeared to be about 30 minutes when using
a concentration of DINB of 1.3 yM (Fig. 174). After equilibrium was
attained, the 150 value for uridine cleavage at pH 8.2 was 1.8 uM
(Fig. 17B). The 150 value (Ur) at pH 8.2 after a preincubation time
of 5 minutes was ébout three times this value, while the 150 value
(Udr) at pH 6.7 after 5 minutes was ten times this value (Fig., 17B,
Table XVI). This amply illustrates the meaninglessness of comparing
150 values for the same or different enzymes if equilibrium times are
not used for concentration studies.

The substrates, uridine and phosphate, at pH 8.2 gave complete
protection against inhibition by 4.0 M DTNB after 5 minutes of contact
between the protected enzyme and the inhibitor, and subsﬁantial protection
after 30 minutes (50% reduction in inhibition} (Fig. 17B). In another
experiment (not showﬁ) uridine reduced the inhibition from 69 to 13%
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 ffom 40 to 20% after a protection period of 5 minutes (Fig. 17B).
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This figure also shows the slight reversal of inhibition by 5 mM 2~
mercaptoethanol (from 40 to 30%) with 1.3 M DTNB.

The resulfs of protectidh against inhibition by DINB by two
different nucleosides ('mixed! protection) is given in Table XViI. The
absorbance readings rebresent a combination of uridine and deoxyuridine
cleaving activities. But from the pH-activity curve (Fig. 11) it is
known that over 90% of the activity ﬁeasured at pH 8.2 should represent
uridine cleaving activity. At pH 6.7, however, the percent contribution
from each nucleoside is uncertaih for there is substantial uridine
cleaving activity at this pH.

Table XVII shows thaf at equimolar concentrations of the two
nucleosides, deoxyuridine decreased uridine cleaving activity at pH 8,2
by 10% (experiments 1 to 3, in the absence of inhibitor). It protected
the enzyme against inhibition as shown by the enzyme's subsequent ac-
tivity with uridine (experiments 2, 4, 5), Nevertheless, uridine pro-
tected the enzyme to a greater extent (eXperiments 6 and 7). Although
uridine itgelf is cleaved at 50% the réte 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 inhibition in the presence of 17 uM DINB by about 40%
(experiments 8, 12, and 14), but when uridine Waé.added after the pro-
tection period the absorbance reading was then almost identical with
the unprotected cage (experiments 12 and 15), Uridine appeared to pro-
tect the phosphorolytic activity with uridine at pH 6.5 by 100% (ex-
periments 11, 13, 16), and when deoxyuridine was added aftfer therpro—

tection period the absorbance reading changed very little (experiment 17).
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At pH 7.3 (where uridine and deoxyuridine cleaving activities are
approximately equal) there was about a 10% decrease in the absorbance
reading when uridine and deoxyuridine 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,

4, Inhibition by o-Iodosobenzoate

The time study in Figure 18A shows that inhibition with I0B
attained equilibrium betwéen 20~30 minutes., The concentration étudies
in Figures 18B and 18C and the above time study were done on different
days. The 150 values for uridine cleavage at pH 8.1 and 7.3 and for
deoxyuridiné cleavage at pH 6.6, appeared to bevidentical (Figure 18B
and 18C). 1In the case of inhibition 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 percent inhibition. 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 protection'. At pH 8.1
uridine reduced the inhibition on the phosphorolytic activity With
uridine from 42 to 4%, and phosphate reduced it from 35 to 28% (based
on two experiments) (Fig. 18B). At pH 7.3 uridine reduced thé inhibition
of uridine cleavage ffom 41 fd 8%, and phosphate reduced it from 35 to
17% (based on one experiment) (Fig. 18B), At pH 6.6 deoxyuridine re-

duéed the inhibition on the ﬁhosphorolytic activity with deoxyuridine
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from 63 to 36%, but phosphate did not alter the extent of inhibitiocn
(based on one experiment) (Fig. 18C). Cytidine did not protect the
énzyme against inhibition of its phbsphorolytic activity with uridine
(it did not reduce the absorbance reading when incubated together with
ﬁridine in the absence of inhibitor),

In the experiment on reversal of inhibition (Fig. 18B), the in-
hibitor (3.3 pM) and enzyme were preincubated for 15 minutes and then
2—mercap£oethan61 was added for another 15 minute preincubation period
(as descfibed under section III B 4). Therefore the percent inhibition
ﬁresent after reversal should‘be'coﬁparéd to the inhibition present after
15 minutes and not after 30 minutes in the control. The inhibition de-

creased by 10% (from 44 to 34%).

5, Inhibition by N-ethylmaleimide

Although the time required for equilibrium to be attained appeared
to be greatey than 30 minutes, over 90% of the inactivation produced at
equilibrium was obtained after 15 minutes (Fig. 19A). The concentration
studies for both uridine and deoxyuridine éhowed a pronbunced pH effect,

with the higher pH for each nucleoside having a lower I value (Figures

50
19B and 19C). As with pMB, the 150 value with uridine was two times
that with deoxyuridine at.pH 7.4A(Tab1e XVI). Both uridine and phos-
phate gave significant protectionEagainst ihhibition of phosphorolysis
at pH 8.1, with uridine reducing the inhibition from 40 to 16% and
phosphate reducing it from 35 to 14% (Fig. 19B). Deoxyuridine and phos-
phate reduced the inhibition at pH 6.5'from abéut 40 to 10% (Fig. 19C).

A reversal study was not done. With NEM, the time study was done after

the concentration study,
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6. Inhibition by Iodoacetamide

Equilibrium for the inhibition of uridine cleaving activity at
pPH 8.2 was not reached after 80 minutes as shown by Figure 20A, The
absorbance reading of the controls in this study showed little dif-
ference at 5 and 60 minute preincubation periods without substrates.

In the reactivation experiment in section II D 2biii, the decrease in
the controls was 10 to 20% after preincubafion periods ranging from
5 to 120 minutes.

The concentration study in Figure 20B indicated a marked pH
effect on inhibition of uridine cléavage, The 150 value at pH 7.3
was three times that at pH 8.1, Uridine~reduced the inhibition on the
pbhogphorolytic activity with uridine from 60 to 1% and phosphate re-
duced it from 50 to 6% (at pH 8.1), Although no reversal of inhibition
was noted in one experiment With 6.5 mM iodoacetamide, 2-mercaptoethanol
(5 mM) did prevent a further increase in inhibition after it was added
to the incubation medium (Fig. 204).

Because of the 1ow.ébsorbance readings for deoxyuridine cleavage
at this time with 7.2 ug protein (two months after the preparation of

fraction E note the effect of aging on enzyme activity, section II D

X
2 bi), and the limited amount of protein still available, a complefé in-
hibition study with deoxyuridine as the substrate, at pH 7.3 and 6.6

was not feasible. Instead experiments on the inhibitioh of uridine and
deoxyuridine cleavage after preincubation periods of 20 and 60 minutes
with 6.5 and 13.0 mM of iodoacetamide were done as shown in Table XVIII.

The inhibition of uridine cleavage was markedly decreased as the pvaas

lowered (experiments 1 to 11), TFor example, at 60 minutes with 6.5 mM
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iodoacetamide the inhibition of uridine cleavage was 91% at pH 8.1,
60% at pH 7.3, and 0% at pH 6.6, At pPH 7.3 and 6.6, the inhibition

of deoxyuridine cleaVage Wés low (expefiments 12 to 22),

7, Inhibition by Iodoacetate

Equilibrium for the inhibition of the phosphorolytic activity
with uridine at pH 8,2 was not reached at the end of 120 minutes as
shown in Figure 21A, Nevertheless, concentration studies were done
with this preincubation time (Fig. 21B), mainly for convenience. In
addition, iodoacetate and iodéacetamidé are reactive and unstable in
solution, although at physiological pH and temperature they are re-
latively stable for several hours, Ohe reaction that the alkylating

reagents can undergo in solution is shown below (64, Vol III, p. 97):

ICH,C00™ + H,0 ¥ HOCH,C00  + H' + I

The 150 values for uridine cleavage at pH 7.4 and 8.2, and for
deoxyuridine cleavage at pH 6.7 were within a factor of two of each
other (Table XVI). After a 60 minute preincubation period both uridine
and phésphate offered protection against inhibition by iodoacetate.
Uridine reduced the inhibition of the phosphorolytic activity with
uridine at pH 8.2 from 74 to 16% (13 mM IA) and phosphate reduced it
from about 74 to 27% (10 mM IA) (Fig. 21A). There was no reversal with
5 mM 2—mercaptoethanoi (30 minﬁté preincuﬁatién period with 13 mM iodo-
acetate followed by a 30 minute reversal time) (Fig. 21A). In another
reversal experiment 50 mM 2-mercaptoethanol (éOhminute pfeinéubation
period with iodoacetate and 30 minute reversél time), the progression
of inhibition was halted and the degree of inhibitién itself was reduced

from 74 to 53% (Fig. 21A).




D, DISCUSSION

1. General Conclusions

Since the phosphordlytic activities of uridine phosphorylase
towards uridine and deoxyuridine have been found to be sensitive
(and in some cases very sensitive) to the usually accepted sulfhydryl
reagents under mild experimental éonditions, it is reasonable to con~-
clude that the loss in activity is due to modification of at least one
SH group in the enzyme that is at or near the active site, Two SH
groups may very well be involved because of the strong inhibition pro-
duced by o-iodosobenzoate (section III C 4). No difference was evident
between the inhibitions of uridine éhd deoyxuridine cleaving activities
with any of the inhibitors. Nevertheless, this can still not exclude
the possibility of the presence of two similar enzymes (as previously
discussed in section II E 3) or of overlapping sites on.one enzyme
(sections III D 5b and III D 8c). Although further suggestions are
made in this discussion they are highly speculative,

Table XIX summarizes the inhibitions of the most sensitive mam-
malian enzymes with the inhibitors used in the present study. Except
for the inhibitions by DTNB, the data is compiled from tables given
by Webb (64). Thus, at‘this time, uridine phosphorylase should be
classed as one of the most sensitive mammalian enzymes known (under the
important restriction, that experimental conditions cannot be‘properly
compared; section III D 9). This table will be referred to again
briefly with the discussion on each of the different inhibitors.

Since a titration of sulfhydryl groups was not done, it should

be emphasized that we cannot directly relate SH groups to inhibition of
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enzyme activity (64, Vol II, p. 799). For example,
(a) the inhibifion>may run pérallel to the SH groups reacted.
tbj the inhibition may develop completely before all the SH
groups have reacted,
(c) the inhibition may develop only after a certain number of

SH groups have reacted,

2. Time Studies

The time studies were done only at pH 8.1 and only when assaying
in the direction of uridine cleavage, Generally, the time necessary
to attain equilibrium for the above reaction was used in concentration
studies at different pH values with uridine as well as with deoxyuridine
(Table XVI). Since one cannot conclude that the equilibrium times will
be the same with both nucleosides and at different pH values it is not
possible to state that the minimum 150 values are always being measured,
Nevertheless, these values will at ieast show differences in the rate

of inhibition. Few studies were found in the literature in which time

curves were done at different pH values (118, 139) (up to July 1969).

3. Organization of the Discussion

The results with each type of inhibitor will be discussed in
order of increasing 150 values, Extended generalized discussions on
'protection’, ‘reveréal', ete,, will be included with certain of the
inhibitors. A comparison of uridine phosphorylase with other sulfhydryl

enzymes will conclude this section.
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4, Mercurials

a) DProtection

The lack of protection afforded by the substrates does not
necessarily imply that the thiol radical is not involved in binding
of the substrate or in catalysis. Since protection is generally
considered to be due to a slowing down of the rate of inhibition
rather than to a permanent replacement of inhibitor at the substrate
site (64, Vol II, p. 779), the extent of protection would be sensitive
to the time of preincubafion of inhibitor with protected enzyme and to
the relative concentration of inhibitor and protector. Other reasons
for the lack of protection were given in section III C. 2, The present
views on the subject (64) relate the lack of protééfion by substrates
to (a) the substrate ﬁot'covering the SH group adequately and (b) the
substrate having too low a relative affinity for the enzyme, Since the
affinity of phosphate for the enzyme (the 'Results' of section IV sug-
gest that phosphate binds to the free>enzyme first to give an active
complex) appears to be about 1 mM, the latter reason is quite plausible
for one substrate at least., ZEven if protection were observed, as it
was with most of the other inhibitors, this still does not necessarily
imply that the inhibitor reacted solely at the active site. This point
will be discussed under 'Alkylation' (section IV D 8e), for the results
of the iodoacetate and iodoacetamide étudies afé ﬁsed(in discussing

possible explanations for protection by substrates.

b) Reversal
Lack of reversal does not necessarily imply that irreversible

changes in protein conformation were the primary result of inhibitor
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action or that sulfhydryl groups were not involved. Instead it might
be that (1) the binding of the sulfhydryl reagent to the enzyme is
strongerAthan to the reverser or (2) the enzyme is chemically altered
by the sulfhydryl reagent (64, Voi i, p. 651). The importance of the
preincubation period of inhibitor with enzyme for the detection of
reversal of inhibition was clearly shown by the opposite results in
the reversal experiments with pMB and pMPS. Webb .has pointed out that
these two inhibitors show 1itt1e.difference in their effectiveness
(64, Vol II, p. 860), and this is in agreement with the results of

the present study, fhat is, with the I values (Table XVI).

50
A summary of the findings of mény other ehiymes shows that com-
plete reversal was obtained in 59% of the cases, partial reversal in
30%, and no reversal in 11% (64, Vol II, p. 825). Because of the effect
of time (as well as the concéntration'of 2—mercéptoethanol mentioned
above ), future studies done under better experimental conditions will

brobably show that complete reversal is possible with both mercurials

in the case of uridine phosphorylase,

c) Mercurial concentrations

i) Sensitivity of the sulfhydryl group(s)

In a survey on the effect of mércuriélé on the activity of enzymes,
Webb arbritrarily classified an enzyme asg being significantly inhibited
if it is inhibited 50% or more at a mercurial concentration of 0,01 mM
or less, for such enzymes '"could usually be considered as having reactive
SH groups at or near the aétive center" (64, Vol 11, p. 829), 1In ad-
dition, the time for equilibrium to be attained has been used to classify

the SH groups of an enzyme according to their sensitivity to mercurials :
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class (a) 1-2 minutes; (b) 5 minutes; (c) 15-20 minutes (64, Vol 1II,
p. 810). By these classifications uridiﬁe phosphorylase-can be con-~
sidered to have very sensitive SH groups at or near its active site,

ii) Isovalues

The 150 values themselves would be an accurate indication of the
inhibition constant (Ki) for mercurial inhibition if (64, Vol II, p. 860):
(1) the inhibitor is classically noncompetitiﬁe (which in most

cases it is not).

(2) the inhibition is in zone A of the mutual depletion kinetics

system (which it seldom is),

A mutuai depletion system (64, Vol I, p. 66) is one in which there is

a mutual reduction in the éoncehtrafion of free enzyme and free in-
hibitor, that is, Michaelis-Menten kinetics no longer apply. Three
possible situations exist and these are listed as zones A, B, and C by
Webb depending 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 inhibition produced, i.e., competitive, noncom-
petitive, or uncompetitive. Moreover, a homogeneous preparation would

be a definite asset in interpreting results with a very sensitive enzyme,

d) Effect of pH

The effects of pH on enzyme inhibition by mercurials are complex
and unpredictable, for éxample, seven enzymes have been found to be in-
hibited better at low pH and six enzymes better at high pH (64, Vol 1II,

P. 791)., If the reactive form of the thiol isg the anion (R;—S-) oneonuld
have pfediéted that the rate of inhibition would have incféasédﬂwith pPH,

but the increase with uridine phosphorylase was very small. In this
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connection, the composition of the incubation medium should be con-
sidered for,

"One must assume that in solution in most physiological media
the organic mercurials 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).

Thug, there is competition for the mercurial ion by the sulf-
hydryl énion and a ligand, and there is also competition for the sulf-
hydryl anion by the mercurial and hydrogen ions (64, Vol I, p. 789).

A ligand, in this context, is any anion in the iﬁcubafion.ﬁedium. The
three different pH systems used in the mercurial study contained dif—
ferent buffers in the incubatior medium, that is, pH 6,7: acetate and
Tris; pH 7.4: Tris; pH 8.2: glycylglycine and Trie (phdsphate was present
at all pH valueé). One might speculate that the'competition between
various ions reduced to some extent that expected increase in the rate

of inhibition of enzyme activity as based on an increase in pH (118).

e) Structural changes?

Since the mercufials can induce gtructural changes in certain
enzymes‘and cause aggregation or fractionation into subunits in others,
the question arises as toc whether the inhibitions observed are due
primarily to the modification of functional sulfhydryl groups, or
secondarily to the structural changes that occurred after modification.
The present studies are not complete enough to resolve this question.
Nevertheless, since the inhibition curves were steep and the equilibrium
time was a few minutes, it appears reasonable to suggest that there was
an initial reaction of sulfhydryl group(s) at or near the active site,
Then, since reversal of inhibition was ﬁof evident after five minutes,

structural changes might have occurred in the protein (other explanations
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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 mercurials (Table XIX). About 23
enzymes from cher sources are inhibited more strongly thap‘uridine
phosphorylase. If the amount of enzyme used in these studies is taken
into consideration as well as the two factors mentioned»earlier (sec~
tiop III‘B 5) then uridine phosphorylase might yet be higher up on the

list of sensitive enzymes.

5. 5,5' Dithiobis (2-nitrobenzoic acid)

a) Comparison with other enzymes

This inhibitor was introduced by Ellman (145)»in”1959{ and thus
Webb could not have much information to warrantvaAsectiqn for this in-
hibitor along with other sulfhydryl reagents (64). At least twelve
papers have been published between 1967 and 1969 that give some‘data v
on inhibition with DINB (4, 80, 81, 113, 123, 125, 136, 140, 146-149),
No paper published before 1967 was found that included a detailed study
with DTNB (129), The I50 value for uridine phosphorylase was comparable
to values obtained with other enzymes, where a gomparison of concentrations
of DTNngquld be made (123, 125, 146, 148, 149){ Lower equilibrium times
were reported in some cases, fqr example, glyceraldehyde 3— phosphate
dehydrogenase (148) had an equilibrium time of abgut 15 minutes and
transglutaminase (149) had one of about 5 minutes.

Some papers (81, 1131 125, 146, 147, 149) dealt With.the differential

reactivity of the sulfhydryl groups of an enzyme to DINB, with enzyme
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activity being dependent on certain of these groups. In the case of
lactate dehydrogenase (146), activity was completely lost after the
titration of one sulfhydryl group per monomer, and in the case of iso-
citrate dehydrogenase (125) activity was completely 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 asvshown in Figure 17, there is the possibility_that an intra-
molecularkdisulfide bond may rgsult as in the reactionrof uridine

phosphorylase with o-iocosobenzoate (discussed in section III D 6a)(149).

b) Protection

The protection studies suggest that the substrates prqtected’
against inhibition by slowing dqwn the rate of inhibition{ since there
was lesg protection after a preincubation period of Svaingtes than
after 5 minutes. The protection studies with bothvnucleosides suggest
that there may be a common binding site or two overlapping sites for
the two nucleosides. Overlapping sites have not been frequently postu-
lated,

"indeed, the existence of overlapping sites on enzymes may be
much more common than has heretofore beer appreciated and may in part
account for the diverse effects on activity exerted by compounds which
apparently compete for the same site (125).

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 al (13) support the present finding
that uridine inhibited the phosphorolysis of deoxyuridine tq‘a g?eater
extent than deoxyuridine inhibited the phosphqrolysis'of gyidine.u>1n

both cases the inhibition was found to be competitive. Also the ap-

parent Km values for uridine (pH 8.0) and deoxyuridine (pH 6.5) were
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almost identical while the inhibition constants for uridine were about
ten times smaller than for deoxyuridine at the above pH values., These
results suggested to the authors that their highly purified Ehrliéh
ascites cell preparation might contain two enzymes or "...two different
active centra - one for deoxyuridine and one for uridiﬁe". The latter
possibility appears to be quite close to the idea of oveflapping sites.
In order to follow the reasoning that the above authors used, it
appearsvnecessary 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 affinity or dissociation constant) .
To make such an assumption one would need more data on the values of the
rate constants (section IV A 4a), Also if a comparison were to ke made,
one would think that the Michaelis constants should be compared at the
same pH, that is both at pH 6.5 or 8.0. 1In this connection it is in-~
teresting to observe that with another highly purified Ehrlich ascites
cell preparation (14), the apparent Km for deoxyuridine was between 3

to 14 times the Kﬁ of uridine in the‘pH range 5.5-8.0,.

c) Reversal

Although the reversal with 2-mercaptoethanol was quite small,
different experimental conditions should be tried before any definite
statements on irreversibility of the inhibition are possible, With
lactate dehydrogeﬁase (146), the completely inhibited enzyme could be
stored for 24 hours atA20 and still be completely reactivated immediately
on addition of 0.5 mM 2-mercaptoethanol. On the other hand, with iso-
citrate dehydrogenasé (125) the activity that remained after inhibition
(17%) was only restored toﬁ65% of the original activity after incubation

with 2.8 mM 2-mercaptoethanol for 3 days (at 4°).



- 117 -
6. o-Iodosobenzoate

a) Oxidation state of the sulfhydryl group and protection by substrates

Of the seven inhibitors used, o—iodosobenzogte was the only one
which did not introduce newlgroups into the enzyme.

Webb stated that "...what evidence exists for proteins suggests
that intramolecular oxidation is dominant" over intermolecular oxidation
(64, Vol II, p. 702), in the reaction of IOB with protein SH groups.

The oxidation state of the sulfhydryl groups after reaction.with I0B
Will,be discussed in some detail now, for the presence.of two sulfhydryl
groups in the active site might explain the apparent differgntial pro-
tection by uridine and phosphate fqund in the present study.

The problem concerning the oxidation statevqf the sulfhydryl
groups in proteips after inhibition by IOB has recently been re—investi—
gated (112, 150), 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 catalytic SH group may

exist as a sulfenic acid derivative:

E:iiﬁ + IOB & E::zg + (iodobenzoate) + H'

sulfenic
acid
From a less detailed study with this enzyme, it was cqncluded that in-
aqtivation of the enzyme by_IOB was due to the formation of an intrachain
disulfide bridge at theractive site (112), since two sglfhydryl groups

in the active site disappeared after titration with one equivalent IOB

per equivalent of enzyme monomer.
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Little and O'Brien (150) investigated the effect of various
oxidizing reagents on the one thiol group of yeast cytochrome C
(R-SH). Their evidence suggested that weaker oxidants such as copper
sulfate,vo-iodosobenzoate, and potassium ferricyanide qgused inter-
molecular disulfide bond formation under certain conditions (R—S—S—R),
whereas ;tronger oxidants such as N-succinimide, iodine)‘hydrogen
peroxide, and lipid perqxide caused the formation'of mqnomeric»gxidation

products exclusively,mainly sulfonic acid (RSO H). The best conditions

3
for‘disglfidekbond fqrmation with the weaker oxidants/wepevlow concen-
trations Qf inhibitor and an alkaline pH (to’aid dimer formation 0.15
mM cytothome oxidase was used). With a 1arge'mqlecule such as uridine
phosphorylase, and in dilute solution (about 0.04 pM),intermolecular
disulfide bond formation is not as probable as intramolecular disulfide
bond formation or oxidation of a monothiol to a sulfenic, sulfinic, or
sulfonic acid derivative., Also, in the present study, o-~iodosobenzoate

has a low 15 value and the pH range used was between 6,5-8.1, Still,

0
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 IOB was caused by the
protection of two sulfhydryl groups by uridine directly through binding,
whereas phpsphate indirectly protected them, possibly by steric hindrance
or conformational changes in the active site, Differential protection
by substrates is discussed in more detail under"'Alkylation’ (section

III D 8e). The double bond, the carbonyl oxygens, and the hydrogen

ffémAN—llof uracil are the groups on uridine that may react with sulfhydryl
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groups of the enzyme (115),

The lack of change of the 150 values with pH.is worth studying
in more detail, for if verified, it may help to explain the micro-
environment of the reactive sulfhydryl group(s), For example, a sulf-
hydryl group of the enzyme may be hydrogen bénded to other groups
‘and, in this way, it may not be dependent on the ionization of the
hydrogen from the sulfhydryl group for reactivity (151), There is
some evidence that suggests the involvement of a gfoup other than a
sulfhydryl group in the catalytic activity of thymidine phosphorylage

(8) and purine nucleoside phosphorylase (5).

b) Reversal

In most cases, according to Webb (64, Vol II, p, 718), partial
reversal is possible, Nevertheless, enzymes for Which inhibition can-
not be reversed have also been reported, including the very sensitive
enzyme xanthine oxidase (Table XIX). One likely explanation for irrever-
sibility is

"oocprogressive secondary inactivation consequent to the protein
distortion induced by disulfide bond formation" (64, Vol II, p. 718).

For emphasis, it should be mentioned again thaf in the prééent study the
conditions used for reversal were probably too mild, for example, gly-
ceraldehyde-3-phosphate dehydrogenase (112) was reactivated 100% with

10 mM dithiothreitol after preincubating with o-iodosobenzoate for 20
minutes at 260° If one considers, as a working hypothesis, that aging
of uridine phosphorylase involves, initially, intramolecular disulfide
bond formation, then, as a first approach, the conditions (10 mM di-
thiothreitol or 50 mM 2-mercaptoethanol for 100 minutes) that were used

to reactivate the aged enzyme should be used in future studies of reversal,
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c¢) Comparison with other enzymes

Table XIX indicates that only two other mammalian enzymes 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 sensitivé sulfhydryl enzyme,

7. N-ethylmaleinmide

a) Time and concentration studies

The eéuilibrium time with uridine phosphorylase may be fairly
short (15 minutes), and this is not a common finding for NEM inhibition
studies (64, Vol iI, p. 343); inhibition times of 40 min, 120 min, and
18 hours have beehvreported;

Webb stated that the advantages of NEM over other sulfhyaryl
reagents are three-fold (64, Vol III, p. 342):

(1) probable high‘seleCtivify for SH gfoups

(2) reaction with only certain acceésible groups on enzymes

(3) reasonably good penetration into cells...

Thus, a’reasonable conclusion at this time is that uridine phosphory-
lase has at least some freely accessible sulfhydryl groups that are
essential for activity. Of course, the present study cannot exclude
the presence of other nonessential freely accessible sulfhydryl groups
(113, 148),

If‘the preincubation time of the concentration study is con-

sidered in relation to the time study, then the I values should pro-

50

bably be reduced by about a factor of three in ofder to take into ac-

count the fact that the enzyme was not maximally inactivated with the
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concentration used. The new value might be'0,0S mM for uridine

cleavage at pH 8.2 (néte the decrease in I

50 values in Fig. 17B at 5

and 30 minutes with DTNB).

b) Effect of pH

Since the rate of inhibition by NEM is strongly dependent on pH,
less effective pH systems may be the reason for the high equilibrium v
times reported in the literature. For example, adenylate kinase re-
guired 30 minutes to be maximally ihactivated by 0.2 mM at pH 7.5, but
at pH 9 a concentration of 0.05 mM gave the same inactivatioh in five
minutes (64, Vol II, p. 342). This would be expected for inhibitions
that are'due to thé reactioh of'sulfhydryl groups on the enzyme as dis-
cussed under section III D 4d. The pH dependency of inhibition was

apparent in the presenf‘séudy.

¢) Reversal

Although a reversal study was not done, reversal of inhibition
would not have been expected. Webb stated that inhibition with N-~ethyl~
maleimide is probably an irreversible reaction (64, Vol II, p. 344).
There is the possibility that the irreversibilify of inhibition might
be due to NEM reacting with a group on the enzyme other than a sulfhydryl
group. The terminal amino group of the O~chain of hemoglobin has been
found to react with 1.8 mM N—ethylmaleimide at pH 7.15, at 25° after one
hour (64, Vol II, p. 343). " In a recent work on fhe specificity of NEM,
the authors (152) concluded that high concentrations of NEM and high pH
values favoured alkylation of €-amino and imidazole groupsg at least ih
the two proteins used, ribonuclease A, and lysozyme. At the usual con-

ditions for modification of sulfhydrYl groups (0.001 M NEM, pH of about 7.0)
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side 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, low concentration of NEM
and a short preincubation time, even though the pH range was between
6.6 and 8.1. Nonspecificity appears even less 1ikely for uridine phos-
phorylase when one considers that the above work (152) used a 24 hour

preincubation period and an enzyme concentration 6f 5kmg per ml.

d) Comparison with other enzymes

For emphasis, it should be mentioned again that the inhibition
of activity of other enzymes by N-ethylmaleimide as given in Table XIX
probably does not indicate the maximum inhibitions possible, for many
variables were not considered in doing the inhibition studies, for ex-
ample, pH and time., Neverthelegs, baged on the information available,
five mammalian enzymes 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,

8. Alkylation

a) Time and concentration studies

Webb arbritrarily defined sensitivity to iodoacetate ",.. as

implying a significant inhibition at concentrations below 1 mM since
this blocks glycolysis effectively in most cases” (84, Vol III, p. 52).
Thus uridine phosphorylase may be considered to be a sensitive enzyme

for an 150 value of 1.8 mM was attained under the most favourable conditions
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used in the present work., Perhaps this conclusion is debatable, but
what is probably more important to note is that uridine phosphorylase
was inhibited by alkylating reagents under reasonable conditions, since

"...many enzymes which are usually classified as SH enzymes,

because of inhibition by other SH reagents, do not react readily with
iodoacetate and are not inhibited" (64, Vol III, p. 18).

The best buffer, temperatufe; and'pH ééhditions"for inhibitions

may not have used in the present study. With phosphofructokinase (81),

1 mM iodoacetamide inhibited the activity of the enzyme by 25% aftér

five minutes of preincubation in a medium containing 0.05 M glyecylglycine
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% after five minutes (the
final dégfee of inhibition was the same) ,

The inhibitions with both iodoacétate and iodoacetamide developed
slowly, but this was not unusual since maximum inhibition is seldom
reached before 36-60 minutes (64, Vol III, p. 51), and the equilibrium
time could well be longer; for exaﬁple;'fice alcohol dehydrogenase re—
quired more than 120 minutes to attain equilibrium with 1 mM iodoacetate
(64, Vol 111, p. 50); fumarase was inhibited 60% with 20 mM iodoacetate
éfter 3 hours (139). In the present study complete inhibition was shown
only in the caée of uridine cleavage at pH 8,2, This could be interpreted
as indicating a reaction with a vicinal SH group Which reduces the affinity
of the substrate for the enzyme or leWS'fhe breakdown of the ES complex,
Nevertheless, both the nature of the time curve and the effect of pH
suggest that higher concentrations and longer times would have giveh

complete inhibition for the other cases as well.

b) Comparison between iodoacetate and iodoacetamide

There was a marked difference in the rate of inhibition between
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iodoacetate and iodoacetamide under the same conditions, for example,
after 20 minutes at pH 8.2, 6,5 mM iodoacetamide inhibited uridine
cleavage by 53% while €.5 mM iodoacetate inhibited it by only 10%.

In considering.the effect of iodoacetate and iodoacetamide, two im~
bortant differences in general reactivity were given by Webb (64,

Vol III, p. 271):

’(l) Iod&écetamide reacts more rapidly than iodoacetate with SH
groups il;9 fimes as fast at pH 7.1 and 4 times as fast at pH 6.1)
whereas“iodoacetate usually reécts more rapidly than iodoacefamidé with
amino groups.

(2) Following reactions with proteins or enzymes iodoacetate
introduces négatively charged groups (—CHZCOO—), while iodoacetamide
introduces neutral groups (-CHZCONHZ);..

If the reason for tﬁe’greatAdifference in reactivity is based
solely on charge, it is not easy to understand the type of inhibitions
with other inhibitors such as, the mercurials, I0B, and DTNB which are
also negatively charged, but yet inhibit at much'iower cdhcéntrations
than iodoacetate. As seen with a neutral alkylating reagent (INH2),
alkylation of uridine phosphorylase was not a rapid reaction,Aéo“tﬁe
fact that alkylation with iodoacetate was slow was not surprising.
Nevertheless, since the neutral alkylating reagent inhibited more strongly
than the negatively charged one of similar size, under the pregent ex-
perimental conditions, electrostatic effects should play some part in
slowing down the inhibition. If one postulates some hindrance to the
approach of a small charged moiecule to the active site, one must con-
sider the fact that one of the substrates (inorganic phosphate) is also
charged., Although the reason for the différence in reactivity is not

known yet, one possibility is discussed under the next heading.
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The shape of the inhibition-time curves for iodoacetate and
iodoacefamide at their lower concentrations are different from all
the other time curves in the present study. After an initial fairly
rapid reaction, which did not inhibit the enzyme maximally, there was
a slower reaction phase, The question is,

"Are these slower phases due to reaction with less reactive
groups on already reacted enzyme, or to secondary inactivation un-

related to further carboxymethylation?" (64, Vol III, p. 51).

The answer to this will have to await a ﬁitrafion'éfudy.

¢) Effect of pH

The pH effect on inhibition with iodoacetate and iodoacetamide
has seldom been reported (64, Vol III, p. 45), although Webb did make
a generalization as alreaay meﬁtiohéd. The bresent study does not pro-
vide sufficient data to make a worthwhilé comparison between iodoacetate
and iodoacetamide; however, there is an interesting possibility that
deserves further study. 1In a recent work with streptococcal proteinase
(153) Gerwin found that the rates of inhibition with chloroacetamide
and chloroacetate varied with pH, with chloroacetamide being more re-
active at higher pH values and chloroacetate more reactive at lower pH
values. An explanation favoured by the author was that some positivev
grouping(s) in the active site had been lost as the pH was increased,
and this-gfoup facilitated the removal of the halide énion from the in-
hibitor. The loss would have a greater effect on the acid derivative
than on thé amide derivative.

Since the pH optimum for deoxyuridine is 6.5 as compared to 8.2
for uridine, it apbears reasonable to suggest that the microenvironment

for deoxyuridine is more positive than for uridine., To speculate further,
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if one assumes again that uridine and deoxyuridine occupy overlapping
sites and that the sulfhydryl groups, per se, at pH 6.5 would be less
ionized than at pH 8.2, a positive charge strategically placed next to
the nonoverlapping SH group in the deoxyuridine site might aid in the
ionization of the SH>group itself (147), If the sulfhydryl anion is
necessary for maximﬁm activity this ma& be the reason for the different
PH optima for the cleavage of uridine and deoxyuridine.

The pKa values of the sulfhydryl groups of uridine phosphorylase
are not known yet. But the values for SH groups depend on the micro-
environment, and they could range from 7;2 to 10.2 (64, Vol II, p. 638).
Thus, the difference in pH optimum would not rule oﬁt SH groﬁps some-
how being involved in theAmechanisms for uridine and debxyuridine cleavage,
In addition, pKa values for essential SH groups from different enzymes
have been postulated to be 6 (147), 7.3 (123), and greater than 8 (147,
153). To account for a pKa of 6,'the au%horé postulated ",.. that”a
nucleophile in the region.of the SH group pulls the protoﬁ away from
the sulfur atom' (147).

It is nof ﬁossible to conclude that only SH groups were reacting
at different pH values. With fumarase, at pH 6.5, two methionyl residues
and one higtidyl residue were modified (139,.154)0 With ribonuclease,
at pH 5.5, one histidyl residue was modified, while at pH 8.5, one lysyl
residue was modified (64, Vol III, p. 32). An argument,‘albeit a weak
one, in favour of SH éroupé beihg involvéd, at least in the case of uridine
cleavage, is that ibdoacetamide was a more potent inhibitor than iodo-

acetate (64, Vol IIL,p. 271).

d) Reversal

The lack of good reversal of inhibition with iodoacetate and
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iodoacetamide was not unexpected: ''If the inhibition arises from carboxy -
methylation of an enzyme group, éne.WOuld expect the inhibition to be

very slowly or completely irreversible upon removal of the iodoacetate',
(64, Vol I11, p. 48). Some reversal did occur with 50 mM 2-mercapto~
ethanol, and this suggests that this thiol can compete under the right

conditions with enzyme SH groups for iodoacetate.

€) Mechanisms for protection by sgubstratesg

Protection of enzymes against inhibition by iodoacetate and pre-
sumably iodoacetamide is common (64, Vol III,p. 46). The protections’
given by uridine and rhosphate againsﬁ inhibition by béth alkylating
reagents were better than with most of the other inhibitors (Table XVI).

Protection by more than one substrate has been reportéd in thé'>
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-phosphate
protected the same”two‘essential SH groups of phosphofructokinase against
DTNB (81); inosine diphosphate, bicarbonate, and phosphoenolpyruvate,
géve good but not equal protection against NEM, although at Km concen~
trations of the substrates,inosine diphosphate was by far the best pro-
tector (123)., 1In the case of phosphofructokinase, the authors suggested
that the moét likely explanation for protection 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; 27y,
the inhibition was thought to be dynamically competitine with réénect to
the substrates with the SH groups being at or near the active site.

Four mechanisms Wéie listed by Webb by which a substrate can pro-

tect an enzyme againgt inhibition, besides having the sulfhydryl group(s)
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involved in binding or catalysis (64, Vol III, p. 47). Perhaps by
using the protection results obtained with.iédoacetafe and iodoacetamide
some of these mechanisms may be eliminated, Protection will again be
discussed in section IV D 3e in relation to the order of binding of
substrates to the enzyme;

i) Protection of one sulfhydryl group

(1) Steric protection of a vicinal SH group in the active site
by the éubstrates does not appear likely for.uridine and phosphate are
quite different in structure and size. Equal protection would not be
expected.

(2) A sulfhydryl group, at or near the active site, that is
sequestéréd by a conformational change after a substrate binds to the
enzyme is a more probable explanation, If both substrates bind to the
free enzyme, however, different active site conformational changes would,
as a first approach, be expected, yet thegse different conformationgwould
have to give equal protection to the SH group.

(3) Electrostatic repulsion of‘the negatively charged iodoacetate
by subsfrates is not probable, for uridine is not a charged molecule,
yet it protected uridine phosphorylase as well as the phosphaté anion.
Also there is excellent protection against inhibition by iodoacetamide
with both substrates,

(4) A sulfhydryl group covered or masked, as shown by Webb, im-
plies the'existence of two positive or two negative centers on the sub-
strates, This is not possible in the present case. If a different mode
for coverihg or masking the SH group is postulated, one would still not
expect one SH group to be prd%ected to the same extent by the different

chemical structures of uridine and phosphate.
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ii) Protection of two sulfhydryl groups

If there is more than one SH group at or near the active sife,
the queétion arises as to how eachvsubstrate could protect the SH
groups to about the same extent in most cases (according to the protec—
tion studies)., To this author, there are at 1éast two major approaches
that can be ﬁakeh, based on the above discussion (although they are
both highly speculative):

(1) Perhaps theAbinding sites for uridine and phosphate are so
situated fhat after conformational changes in the active site after
binding, both can protect the same SH groups, if they are strategically
placed relative to the substrates, This explanation does not entail a
sulfhydryl group being ipvolved in cétalysis or binding. It is apparent
that there would have to be quite a fortuitous arrangementvof nonessential
SH groups in or near the active site, especially so whgn one considers
that both nucleosides and phosphate have the chemical potential to under-
go different types of interactions with sulfhydryl groups (64, Vol I,

p. 642; 115),

(2) At least one sulfhydryl group is involved in the binding cof
each substrate (possibly two for nucleoside binding). 1In gddition there
is a conformatién change so that after one substraté bihds, thg other
SH group(s) in and near the active site can be proteqted. This proposal
ié incorquated into the mode; presented for the mechanism 6f uridine
phosphorylasg in section VI B.

Both proposals can éléo account for substgate”protectign\found
with DTﬁB, NEM, and IOBf nevertheless, differential_protection against
inhibifién with o—iodoéobenzoate may perhgps be beﬁter.explgiped by

proposal (2): wuridine protected two SH groups directly through binding,
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and then either by sterical hindrance or by a conformational change
prevents reaction of the SH group necessary for phosphate binding or
for catalysis. When phosphate is the protector, it can bind to, or

in some other way protect, one essential SH group, but it can only
indireqtly p:otect the two other essentigl SH groups (perhaps by con-
formational changes or steric hindrance)., Because of‘itsustructure
(size and_shape) this indirect protectién bj phosphate may not_be very
éffective, The‘protection of two sulfhydryl groups of isocitrate de~
hydrogenase by isqcitrate P1u$ manganese sulfate cr TPNH plus manganese
sqlfate was explained by postulating direct protectibn of a mechanig-
tically essential SH group, and conformational protection of the other

one (125),

f) Comparigon of inhibition of activity with other enzymes

Table XIX shows that uridine phosphorylase is far qum being’one
of the more reactive enzymes with iodoacetate. Many mammalian enzymes
were ligsted by Webb which showed about 50% inhipitiqn in the 1 mM range,
with a few having an 150 value below thisvrange. Thus, uridine phos-
phorylase may be considered to be one of a large gfoup of enzymes that

are inhibited significantly in the 1 mM range.

9. Cverall Comparison of Uridine Phosphorylase

with Other Sulfhydryl Enzymes

Few‘enzymes are as sensitive as uridine phogphorylaseiis to 21l
of.the inhibitors tested in this study (Table XIX). Neverthelesg, an
erroneous impression of sensitivity couid»resuiﬁ if”uyigiqg phosphory—
lase were graded in relation to other enzymes, since experimental con-

ditions from other studies are not always comparable:
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Such factors as pH, temperature, period of incubation with the
inhibitor, purity of enzyme, and presence of cofactors and coenzymes
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).

Based on presehf data (end bearing the above quotation in mind),
however, only ereatine kinase“appeared to be inhibited to a‘greater
extent than uridine phosphorylase, with all of the inhipito?s, than
any other mammalian enzyme. Excluding the fact that glyceraldehyde-3-
phosphate dehydrogenase appeaﬁs to have the most reaetive sglfhydryl
group known at present to iodoacetate, this enzyme, isocitrate dehy-
drogenase, and uridine phosphorylase rank close together in overall
sensitivity to sulfhydryl reagents.

Glyceraldehyde—S—phosphate dehydrogenase is considereq to have
a sulfhydryl group that is involved in catalysie (lZQ),Hand ieocitrate
dehydrogenase is postulated to have one or two Suifhydryl groups that
are involved in the catalytic process (125). On the other“hand, the
two sensitive sulfhydryl groups in ereetine kinase are considered<to be
involved in maintaining the structure of the active’site (80), Thue,
with uridine phosphorylase one should only generalize at fhie time, and
state that the sulfhydryl group(s) may be involved in: (a) binding of
substyates, (b) the catalytic p%oeess itself, or (c) maiﬁtaining ﬁhe
cenfermationﬁof the active_site, It still may siﬁpiy be{ however, that
uridine_phosphorylase has non—participating sulfhydryl groups at or near
the actiye_site,

"...when it is considered that most enzymes contain 5-30 SH groups

per molecule and that statistically one would expect one or more of
these to be near the active centre’ (64, Vol II, p. 648).
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10. Future Work

The results in this section suggest that further experiments
on sulfhydryl groups could provideAan insight into the mechanism~of
catalysis of uridine phosphorylase., The following studies should give
sone information in this direction.

(a) Titration studies under various experimental conditions
might rélate.the loss in activity and the modification.of‘sulfhydryl
groups in one of the ways suggested in section III D 1,

(b) pH versus pKh and pH versus log VM ééﬁld provide additional
support‘for the involvement of éulfhydryl groups (and other groups) in
the_enzyme mechanism as in the case of purine nucieoside phosphoryiase
(5).

(¢) More detailed pH, reversal, and protectiqn»studieskgspecially
in connection with point 1 might further elucidate different types of
sulfhydryl groups.

(d) Inhibition studies with substituted inhibitors should aid

in mapping the enviromment around the sulfhydryl group(s) (139).




SECTION IV

INITIAL: VELOCITY AND PRODUCT INHIBITION STUDIES

Kinetics, often viewed with awe, has power but limitations, which
are often little recognized. Enzyme mechanisms are not proved by
kineties alone, but any mechanism must meet kinetic tests.

P.D. Boyer (156, p. 35)




A, INTRODUCTION

1. ILiterature Review

a) Initial velocity and product inhibition

Detailed initial velocity and product inhibition studies have
nqt been reported as yet for any preparation of uridine.phosphorylase,
Appgrent Michaelis constants have been given in a number.of papers
(13,_14, 16, 21) but each value appeared to be based on one experimental
line, 1In one péper a table was given of apparent Kh valuesrfor uridine
and deoxyuridine between pH 5.5 and 8,0 (14)., It has been reported
that uracil inhibited the phosphorolysis”of nucleosides but this finding
was not investigated in any detail (14).

Detailed initial velocity studies have been carried out with
partialiy purified thymidine phosphorylase preparations (10, 11), while
initial velocity and product inhibition studies have bgeh carriéd out
on a highly purified preparation of purine nucleoside phosphorylase (4)

(sources are given in Table III).

b) Mechanisms proposed for uridine phosphorylase

TWObdifferent authors have proposed a mechanism for uridine phos—
phorylase in Which the nucleoside binds to the free enzyme (25, 35).
This mechanism is contrary to the mechanism proposed on the>basis 6f the
results ﬁrom the present study. ‘De Verdier and Potter (25) investigated
transferasg»activity presept in rét‘Iiver supernatant (i14;000 ng),
Dunning‘hepatomaz and other organs of the rat by'measqfipglﬁhe ingérf
poration of thymine-2—14c into Udr, Tdr, Ur, and other nucleosides; and

uracil—2~l4c into Ur and Udr. The fbllowing three steps were proposed
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as an explanation for the presence of two activities in one enzyme,

that is, deoxyribonucleoside phosphorylase and trans N~deoxyribosylase
activities, 1In addition, the authors speculated that the two activities
suggested the>presence of thymidine phosphorylase. They also appeared
to suggest that reactions 1 to 3 could explain theirxresults on ribosyl

transferring activity (the term ribose transferring enzyme was used):

1) E + Bdr € EBdr
2) EBdr @Edr + B
3) Edr + P, 2R + drP,

where E: enzyme; Bdr: deoxyribonucleoside; B: base,

The conclusion that at least two enzymeg were involved, one for

"...based on

deoxyriboside exchange and one for riboside exchange was
the distribution in the different organs and hepatoma and‘the effect of
arsenate, pH, and fluorouracil" (25)., The three reactions given above,
however, apﬁear to be based soieiy on the results with arsenate. The
ribosyl exchange reaction in Dunning hepatoma was inhibited by arsenate
ions, while the deoxyribosyl éxchange in rat liver supernatant was not
inhibited. Arsenate probably exerts its effect by forming a pentose-l-
arsenate which subsequently breaks down spontaneously to the free sgugar.
Thus the pentose intermediate which is necegsary for reversal of phos-
ﬁhorolysis is removed, The authors postulated that if reactions (1)

and (2) were more rapid than reaction (3), arsenate would only have a
smali effect on pentose exchange, 1In éhis way, 'thymidine phosphorylase'
can act as a phosphorylase through reactions (1) to (3), and as a trans-
ferase through reactions (1) and (2). On the‘oﬁher ﬁaﬁd, 'uridine phos-

phorylase' can act only aé a phosphérylase.
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~ Although de Verdier and Potter did not appear to have identified
the ribose transferring activity with the presence of a uridine phos~-
phorylase, some of the difficulties which may be inherent in their
mechanisms shquld perhaps still be,pointed out.

(1)‘ Since uridine phosphorylase cleaves ribo- aqudeoxyribo~
nucleesides, and thus forms E@r and Er complexes, both“ribosyl and
deoxyribosyl exchange sheuld oceur, especially at the PH used by de
Verdier and Potter (pH 7.0) (Fig. 11). To explaip the ﬁotal lack of
inhibition of deoxyfibosylAtfensfer Withiarsenate, one”cquid say that
the above two activities of uridine phosphorylase themselves may be
affected differently by‘arsenate, rather than interppeting the results
solely to favour the presence ef two enzymes. Differences in the
stability of the deoxyriboseel—arsenate complexes might_be eqnsidered
in this'connection. The greater stability of the deoxyribose eomplex
is coneistent with the obsearvation that deoxyribosyi transfer activity
of a thymidine phosphorylase preparation was stimulated more by arsenate
than ribosyl transfer activity of a uridine phosphorylase preparation
(35). This paper is discussed in more detail belqw.

(2) 1t appeérsfodd that_onlyhepatoma supernatant was used fer
ribose exehahge and only liver supernatant for‘deoxyribose exchange.
The authors may have been investigating a speeial case, for Krenitsky
has suggested that the Dunning hepatoma contains mainly uridine phos-—
phorylase aetivity While normal rat liver contains both uridine and
thymidine phosphorylasevaetivities (14).

,(4) ‘The two Step”reaction fer the transiep of a pentose unit
tq a free”baeev(reactions l‘anq 2) and the three_reactiqne ior'the

transfer-of a pentose unit to inofganic phosphate do not appear to be
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able to explain the stereochemidry that is involved, In the former
case, the B-configuration of the glycosidic linkage must be conserved,
and in the latter case, the (~configuration of the sugar phosphate
must be formed after the reaction (8.

In a more recent study on pérfially purified uridine and thy-
midine ?hosphorylase preparations from guinea pig and rabbit smgll in-
testine, respectively, Krenitsky postulated a different mechanism for
each enzyme, A transferése assay was used which involved_the incor-
poration of uracil —2—140 into uridine and thymine-2~14c 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.
B (uracil) RP dRP B(thymine)
- Vi
i~ B i © — dRP 4
v . N ™ - = = |
b Smites

E L

K
¥
Uridine phosphorylase Thymidine phosphorylase

‘Thus, in the uridine phosphorylase mechanism the ribonucleoside
(BR) binds to the enzyme (E) first, while in the thym@dine phosphorylase
méchapism, phqsphate‘(P) bihds first’and the deoxyribonuclepside second
(EQR). The broken lines indicate the steps that are not involved in
béntésyl'transfer, although they would normally beuinvplved ip nucleo~
side synthesis from thymine and”deoxyribose—l—phqsphateﬂﬁdRP). Tbe
aboye.mechanisms were based on the three observations thét afe listed

below:
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Urpase Tdrpage
(1) Sephadex chromatography The same experiment did not
eliminated pentosyl transfer eliminate all of the transfer
in the absence of added phos~- activity.
phate,
(2) High concentrations of High concentrations of phosphate
phosphate inhibited both pentosyl only inhibited nucleoside syn-
transféer and nucleoside syn- thesisg,
thesis.
(3) Stoichiometric amounts of Less than stoichiometric amounts
phosphate were required for the were required.
optimal rate of pentosyl trans- -
fer.

Krenitsky did not discuss his.data in detail with rsgard to
the order of binding of substrates and release of prqducts. ‘The
mechanisms will be discussed here in order to establish the relevance
of the kinetic study in this thesis. Still, it should be borne in
mind that the interpretation presented here may not’necssssrily coincide
with the explanation that Krenitsky might have had in mind.‘

(1) Krenitsky suggésted that even after gel filtration, trace
amounts of phosphate might still be associated with his enzyme pre-
parations. Then, if phosphate combined with one of thevenzymes first,
only trace amounts would be necessary for transfer to occur (discussed
in more detail under point 3). Thus, phosphate is the first”substrate
to bind to thymidine phosphofylase and the second substrate to bind to{
uridine”psosphorylase. An egperiment was not done tQ asgertsin whether
or not‘trace amounts of phosphate were actuallyvassqciated with the
enzyme, »After gel filtration_of a h;ghly pu?ified purine'nugleoside
phosphory}ase preparation with 32P—orthophosphats, howeye:,knq radio;
activity‘was foqnd to be associated with the enzyme. _Tpsrgfqre,“phis

raises the possibility that trace amounts of phosphatelwere not presgent
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in Krepitsky’s preparations. In addition, a slow ribosyl transfer
reaétion was observed after gei filtration, and phosphate was shown
to bind to the enzyme first in a predominantly ordered Bi Bi
mechanism (see section IV A 4b). This paper is describéd»in ﬁore de~
tail underpthe next heading. Also, point 1 alone does‘not appear to
establish the order in which the products are relegsed5

,(2) ‘The inhibition results appear to support the mechanisms as
given aBo&e. By mass action the high concentration oﬁ_phgsphaﬁe‘would
curtail nucleoside synthesis for both enzymes. But with thymidine
phosphorylase, direct transfer of deoxyribose would nqﬁ beuinhibited,
for as shown by the dotted 1ines? phosphate and dequyibosefl—phos-
phate were postulated not to compete for the free enzyme (dequribose~
1~phosphate does not bind to the free enzyme for the‘tranéfer mechanism).
In this way the availability of the EdR-1-P intermediate ;s assured and‘
it is not subject to the mass action'effects of phqsphate. Althqugh the
assumption symbolized by the dotted lines is an interest;ngvone it is
also highly speculative, Nevertheless, gvidence that appears partially
to favour it will be given with the discussion of point 3.

(3) The explanation of this result is probably related tq the
one givén>under point 1; that is, for a mechanism ip which phosphate
binds first (Tdrpase) only catalytic amounts of phosphate would be
necessary_to-produce‘the ternary complgx - the essential intermediate
fqr‘the transfer mechanism. With phosphate and riboseflfphosphate as
free intermediates, ribosyl exchange wogld not be‘possible until the
nucleosid¢ or base has»first combined with the enzyme, Thus,_one mol-
ecule qf phqsphate or ribose—lfphosphatekwould be‘n§e4¢q;£9r every'mol—

ecule of nucleoside or base, that is, stoichiometric amounts should be
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necessary. Since Krenitsky used the results of the phosphate titration
experiment for onerf the major points in support of his mechanism, it
is unfortunate that he only presented data on riboeyl transfer with

one concentration of uridine and uracil, and on‘deoxyribosyl transfer
with one oonoentration of thymine and thymidine., Since oeoxyribosyl
transfer by uridine phosphorylase was not studied, one wonders whether
any of the results discussed above indicate differences'between ribosyl
and deoxyribosyl transfer themselves, rather than.differences in the
mechanism of catalysis between Urpase and Tdrpase. The pH'of the in~
cubation media also might have influenced the results (ribosyl transfer:
PH 6.5; deoxyribosyl trensfen: PH 7.2). The reason for choosing thesge
PH values was not given. As mentioned’in eection 11 E‘6, the'pH optima
for phosphorylase and transferase activities are diffenent”for thymidine
phoephorylase. The pH-activity relationships for uridine phosphorylase
do not appear tovhave.been studied.

The effect of arsenate on ribosyl and deoxyribosyl transfer is
of interest, even though Krenitsky did not use the results to support
his mechanisms. There wae a marked stimulation of ribosyl and deoxy-
ribosyl transfer activities by Urpase end Tdrpase, respectively, at
high arsenete concentrations. In his paper on the mechanism of action
of purine nucleoside phosphorylese (deecribed under the next heading),
Krenitsky suggested that the leck of ribosyl transfep»in the preeence
of arsenate indicated a free ribose—l-phosphate intermediate (8), This
explanation does not appear to have been usged in‘a consistentrmennef
as can be seen by the neohanisms proposed for Urpase and Tdrpase (given
above), For the latter enzymes Krenitsky suggested that the pentose-1-

arsenate esters were sufficiently stable to serve as intermediates 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 Krenitsky is not clear, Since in the former case, Urpase

and Tdrpase‘were not separated from each other. 1In addition, de Verdier
and Potter introduced arsenate into an agsay tube'in_which phosphorolysgis
Wasbalready in progress, while Krenitsky used a phosphate free incubation
medium to study stimulation_of fransfer activity.

Gello and Breitman have proposed that thymidine phosphorylase has
one binding site for deoxyuridine and another for deoxyriboeefl—phosphate
(11). Experiments on the synthesis of thymidine from deoxyuridine or
deoXyr?bose—l—phosphate were performed on a partially‘purif;ed thymidine
phosphorylase preparation from human leukocytes (Table I1I1). Although
the amount of contamination of this preparation by uridine phosphorylase
activity was not given (10, 11), "deoxythymidine synthesis by uridine
phosphorylase is ineignificant“coﬁpared to the activity»ef‘deoxythymidine
phosphorylase” (10), The lack of competition between the above two
deoxyribosyl dohoré in the synthesis of thymidine indicated'that the
enzyme had either separate sites for deoxyuridine and deoxyriboee—l—
phosphate, ©r that two enzymes were involved (evidence}was presented
by the euthors that strongly suggested thet two ehzymes were not in-
Volved). Neither of these interpretations, howeve?{’eccqrding to the
authore,bare easily reconci}ed with the mechanism proposedvby Krenitsky
for thymidine phosphorylase. In addition, Gallo andereitman feund
that abeutISO% of the direet deoxyribosyl transfer ecfivity between
deoxyqrid;ne end thymine_probably took place through_e_free'deoxyxibose
—l—phqephate“;ntermediatei The remainder’eﬁ the ecﬁiv%?y»might‘have

been due to an intermediate in which deoxyribose-l-phosphate was tightly
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bound to the enzyme. This finding favours to some extent the assumption
that Krenitsky made in‘point 2, namely, that deoxyribose—l—phosphate
did net 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 biﬁding of substrates
and the‘release of products become more feasible. Nevertheless, another
study on the order of the mechanism of uridine phoephorylase_Wogld be
of value, especially if another approach were used, fervexample, that

approach using initial velocity and product inhibition studies.

¢) Mechanisms proposed for purine nucleoside phosphorylases

To complete this discussion on nucleoside thSthryleses, three
different ordered mechanisms fer purine nucleogide phosphqrylase will
be described below (2, 6, 157). The data will not be discussed, al-
though the mejor points that Were‘used to arrive at the mechanisms
will be given,

(1) From an initial velocity and a product inhibition study
(4 patterns) of a highly purified human erythrocyte purine nucleoside
phosphorylaée preparation, it was eoncluded that the predominant mechanism
was ordered Bi Bi with the nucleoside being‘the first substrate'to bind
ﬁo the enzyme and the purine basge the last product to’leave (4). Binding
studies (gel filtration) did not give any evidence for the ferﬁation of
a ribosyleted enzyme or“the formation of a tightly_bound cempleg Qf phos-
phate or_ribose—l—phosphate with the enzyme. The product iphibition
results will be discussed in more detail in seétien v DHSh(

(2) From the following results, evidence was qb£eipedVWhichH

favoured en erdered Bi Bi mechanism with phosphate the first substrate
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to bind to the enzyme and pentose-l-phosphate the last product to
leave. A crude preparation of purine nucleogide phosphorylage from
pathological human skin was used in this study (157);

- An initial velocity study suggested a éequéntial_mechanism.

- A comparison of several reaction parameters (mgximum velocity
and kinetic constants), obtained by substituting for_éachAsubstrate
an analogous one, suggested either an ordered mechanismvwith_a_single
ternary complex or a random mechanism with the formation of two ternary
complexes (rapid equilibrium random).

- The results on the effect 6f reaction prodqcts on the’initial
rates (this did not entail»product inhibition patterns asrdescribed by‘
Clelana (168)), favoured an ordered Bi Bi mechanismvas describedvabove.

3) Kfenitsky concluded that thé following results‘favogred an
isq ordéréd Bi Bi mechanism (an ordered mechanism that ipvolves the iso-
merization of the free enzymé and the initial gombination qf 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).

- Initiai Velocity studies and one conclusive product inhibition
pattern (fhree other patterns each had only a control»and one 1ine in
the presénqe of inhibitor) suggested»that either thg purine base ad@ed
second in an‘ordered meqhénism or'first in an iso ordered mechanisn,

- Inorganic phosphate was required in stgichiometrig ampunts for
optimal ribosyl exchange.k This suggested that phosphate should bind to
the enzyme second, as discuésed above,

v ~‘Arsenatevcould not_subsﬁitutg for phosphate_inﬂthe‘exchange
between hypoxanthine and inosine. Thig suggested that a free ribose-1-

phosphate intermediate was involved in ribosyl exchange (as discussed above),
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and that ribose—1~phoéphate would be the second substrate to bind to
the enzyme (in the direction of nucleoside synthesis).

- Se&eral points from earlier papers by two ofher authors were
used to support the mechanism in whiqh the bage addedvto the enzyme
first followed by ribose-l-phosphate, Itnwas not clearly indicated

whether the same enzyme sources were used.

2, Present Approach

Initial velocity and product inhibition studies were qsed in
the present investigation since they constitute one of the common ap-
proaches at this time for the determination of thevbindipgmqrder‘of
enzymes, Although Alberty was thé first omne to shqw”that prpduct in-
hibition studies could be used to distinguish between gertain”mechanisms
(158), for example, Theorell-Chance, ordered ternary comp}exvand rapid
équilibrium random méchanisms (discussed later), it was not until Cleland
_published a general approach to the subject in 1963 (159) that product
inhibition studies became an extensively used techniéue (4, 86, 158-167).
A review by Cleland on 'Enzyme Kinetics' gives the preseﬁt day approach‘

to its study (168),

3. Kinetic Notation

The Cleland method of kinetic notation is used in the present
work (159), Other common notations are those of Alberty, Dalziel, and

Bloomfield et al (168). The Cleland method has the advantage,
"...that all constants have the dimensions of concentrations.

It can be used to express distribution equations, rate equations Tor
initial velocity in the presence and absence of products and equations
for rates of isotopic exchange. As such it provides a universal method
of kinetic notation" (168, p. 81).
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4, Theory

a) Interpretation of Michaelis constants

For clarity, it would be appropriate to comment briefly on the
meaning of a Michaelis constant. One of the most explicit statements
on the interpretation of Km was given by Boyer:

"Perhaps this review is a pertinent place to make a plea that
the time-honoured practice of equating Michaelis constants with dis-
sociation constants be discontinued.,.most enzymologists use an opera-
tional concept of the Michaelis constant as an experimentally measurable
parameter for a system following 'Michaelis-Menten' kinetics' (156),

In two cases in the pregent study the calculated consfants are
equal to dissociation constants (Kia and Kiq)’ but the physical meaning
of the other constants is unknowh; Neverfheiess, the Michaelis constants
are useful in specifying the quantitative dependence of the rate of the
enzyme catalyzed reaction on the substrate concentration (64, Vol 1,

p. 21). Webb explored the meaning of Km in more detail and he degcribed
three'general situations that could exist for this constant (64, Vol I,

P. 20), This may be illustrated with the following reaction:

k k
2
E+ S gj*%? ES——> E + P
=1
where E, enzyme; S, substrate; P, product; k, rate constant.

Thus one may obtain a general Michaelis constant((k_1 + kz)/kl); a

dissociation constant (k l/kl); and a kinetic constant (kz/kl)'

b) Initial veloecity and product inhibition equations‘

It will be assumed here, but justified later, that the reaction

mechaniém may be of the ordered Bi Bi type (159) as represented below:
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=

w
la]
o

EA (EAB) CEQ
(EPQ)

A,B,P,Q,E, represent inorganic phosphate, uridine, uraeil, ribose-1-

phosphate, and enzyme, respectively. The complete rate equatiorn for

this reaction mechanism in terms of thé constants used by Cleland

(169) is:

v, (AB - PQ/Keq)
v o= ~

A .
1] KiaKb+Kb +KaB+AB+KiaKbQ/KiQ-i-KiaKquP/Kiqu+KiaKbPQ/KpKiq

4+

, S ‘ . "
KquAP/Kqup+Ka Q/Kiq—%ABP/Kiq+K:,La bBPQ/KpKi Kib

This equation may be modified to give all the rate equations for initial
velocity in the absence or presence of a product (by setting the ap-

propriate reactant equal to zero).

(1) in the absence of products

Vi

vV o=

[2] KiaKb/AB+Kb/B+Ka/A+1
in the reciprocal form with A as the variable substrate:
1/v = Ka/vl (1+Kia&b/KaB) 1/A+1_/V1 (1+Kb/B)

or B as the variable substrate:

1/v = K /V, (L+K /B 1/B+1/V, (14K /A)
[4] ' -
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(2) in the presence of products

P as inhibitor and A varied:

P
K K B
Kp iq/ q (1+Ka /KiaKb)

) 1/A +

1/v = Ka/V1 (1+KiaKb/KaB) (14

(5] o |
P . .

1/V1 (1+Kb/B) (l+ I—T-Kb_/_—ﬁ,/l/Kip—’-Kqu/KpKiqB)

P as inhibitor and B varied:

/v = KV, (14K /B) (L i-‘{-—Kf-—/—I-{-—) 1/B +
[6] _ . - p iq q.
R

1/V1 (1+Ka/A) (1+

)
K:,Lp (1+Ka/A)

Q as inhibitor and A varied:

1/v = Ka/V1 (1+KiaKb/KaB) (1+Q/Kiq) 1/A.+1/V1 (1+Kb/B)
[7] | o o
Q@ as inhibitor and B varied:
. . Q
1/v = Kb/V1 (1+Kia/A) (1+ K (i7A/E )) 1/B
[8] ) . . o 14 .oia’ | .
: - Q
+LNl(hK¥%)(h

)

1+A
Kiq ( +A/Ka)

V1 represents the maximum velocity in the forward direction, The maximum
velocity for the reverse reaction was eliminated from equation (1), K‘a
. . . 1

and Kiq répresent dissociation constants for the reactions of the-free

enzyme with A and Q respectively. The constants Ka, K K, K are

b” Tp’ Tq
Michaelis constants for A, B, P, and Q respectively: 'Kip‘and Kib are
inhibition constants,

The theoretical predictions, based on equations 3 to 8, which an

ordered Bi Bi mechanism must obey are given in section IV D 3c.
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¢) Inhibition types

Products which combine with only one enzyme form (with which
it would react with as a substrate in the reverse direction), always
give linear inhibitions which may be:

(1) competitive - the slopes of a family of reciprocal plots

vary, and'the lines intersect on the vertical axis,
[9] 1/v = K/V (1+‘I/Ki) (1/A) + 1/v

(2) uncompetitive - the intercepts vary and the family of re-

ciprocai ﬁlots form a2 series of parallel lines,

[10] 1/v = KV (L/8) + 1V (1+I/Ki)

(3) noncompetitive - both the slopes and intercepts vary with

the family of reciprocal plots crossing to the left of the vertical
axis with the intersection point being above, below, or on the hori-
zontal axis, depending on whether K's (slope) is smaller, greater or
. 1 &

equal to Kii (intercept), respectively,

[11] 1/v = KV (1+I/Kis) (1L/8) + 1/V (1+I/Kii)



B. METHODS

1, 1Initial Velocity Studies

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 procedure was described in section II C 1lb.

Typical incubation media are given below:

Ingredients Uridine Deoxyuridine Uridine
cleavage cleavage (pl) synthesis
(p1) _ (u1)

1 M G-G, pH 8.4 0 0 150

1 M G-G, pH 8.9 250 0 0

1 M Tris, pH 7.4 150 0 0

0.05 M P;, pH 7.0 50 0 0

0.05 M Py, pH 6.2 0 50 0

0.05 M Tris, pH 7.2 450 0 0

Water , 500 1400 1140

0.15 M 2-8SH 50 0 0

Enzyme (diluted 5 5 10

with 0.05 M Tris,

pH 7.2)

0.1 M Ur, pH 7.0 50 0 0

0.1 M Udr, pH 7.0 0 50 0

0.043 M R-1-P,

pH 7.0 0 0 100

0.01 M uracil 0 0 100
Final pH 37° 8.1-8.2 6.5-6.6 8.1-8.2

In the case of phosphate as the variable substrate, 0.05 M Pi and
0.05 M Tris were varied together to give a final volume of 500 pl; with
uridine as the variable substrate, water at pH 7.0 and uridine were
usually varied together to give a final volume of 30 pl. 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 550 pl, In nucleoside syn-

thesis, water, ribose-l-phosphate, and uracil were varied to give a final



- 150 -

volume of 134C¢ pl.

2., Product Inhibition Studies

The assay procedure was the same as in the above study. A
typical'incubation medium is illustrated below for the particular casge

of uracil (inhibitor) and phosphate (variable substrate).

Ingredients Volume (yl)
1 M G-G, pH 8.9 250
L M Tris, pH 7.4 150
0.05 M Tris, pH 7.2 480
0.05 M P,, pH 7.0 20
Water 1t ' 300
0.181 nM uracil, pH 5.7 200
0.15 M 2-SH i 50
Enzyme » ' 5
0.1 M uridine, pH 7.0 50
Final pH 37° 8.1-8.2

In the case of phosphate as the variable substrate, 0,05 M Tris and

0.05 M Pi were varied together to give a final volume of 500 pl. The
product inhibitor (uracil or ribose—l—phosphate)? uridine, and water were
varied together tolgive a final volume of 550 pl. The product was
preincubated with the enzyme in the incubation medium for about five
minutes at 250 before the reaction was started by the addition of

uridine,

3. Enzyme Fractions Used

The enzyme preparations have already been given in Table IV. The
amount of protein added to the assay tube depended upon the concéhtrations

of substrates and inhibitors;
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Study ( Protein used (pg)
Initial velocity
uridine cleavage 7 to 57
deoxyuridine cleavage 13
uridine synthesis 2.3
Product inhibition 20 to 40

4, Preparation of Solutions

The preparation of substrate sélutions was the same as described
in section II C 4. The pfeparation of solutions of products for uri-
dine cleavage is given below.

Uracil: 10.2 mg (0.181 mM) were dissolved in 10 ml of water
with no pH adjustment. The final'pH was about 5.7,

Ribose-l—phosphaté; 75,2 mga(l4.6 mM) were dissolved in 12 ml

of water with no pH adjustment. The final pH was about 5.7.

5. Data Processing

Reciprocal velocities were plotted graphically against the re-
ciprocals of substrate concentrations (170)., Points which were far off
this drawn line in relation to other péinté were not used for computer
analysis (169). The data were fitted to the equation, v = VS/(K + S),
where v ié initial velocity; V is maximum velocity; K, consﬁénf} S,
substrate concentration., The least squares method of Wilkinson was
used (171), All calculatiéns were done on an Olivetti-Underwood Pro-
grammé 101 computer. This provided values of K, V, and the standard
error of their estimatés. Slopes (K/V) and inferéepts (1/V) were then
plotted graphicalily against’the reéipidcal concentratioﬁs of the non-

variable substrate for the initial velocity experiments, and against
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inhibitor concentrations for product inhibition experiments. Constants

were obtained from these replots:
(a) X-axis intercept of i/V replot: Ka, K, K, K, K, intercept.
i
(b) X-axis intercept of slope replot: K, , K. K. slope.
14 1 ia
(¢) Y-axis intercept of 1/V replot: V. .

M

(d) Calculation from a comﬁlex intércept value: Kip’ Kiq'

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 replots), The points on the initial
velocity and producf inhibition graphs are'expérimentally determined,

but the lines drawn through these points were obtained from the K and V

values provided by the computer,



C. RESULTS

1. 1Introduction

A summary of constants calculated from initial velocity and
product inhibition studies is given in Tables XX and XXI, respectively,
with literature values for Km where availableo Each veiocity pattern
shown was determined from ohe experiment, If only one point appears
at a given concentration of substrate, it represents at least a mean
of duplicate determinations, however, if two or more points appear,

each point represents the result of a single determination.

2, Initial 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) Nucleoside cleavage at pH 8.1

Figure 22 shows phosphate as the variable substrate and uridine
as the nonvariable gubstrate (over a 20-fold concentration range).*
Figure 23 shows uridine as thé variable substrate and phosphate és the
nonvariable substrate ( over a 20-fold concentration range), In both
cases the replots of iﬁtercepts and slopes against the reciproéal of
the nonvariable substrate appeared to be linear (inserts). The Michaelis
constants for phosphate (Ka) and uridine (Kb) were found to be 0,34 mM
and 0.28 mM, respectively, The dissociatibnbconstant for phosphate
(Kia) was 3.3 mM as calculatéd from the X-axis intercept of the slope

replét of Figuré 23 (Kia = A) and 7.5 mM as calculated from the X-axis

* Although the sglope replotvappears to pass through the origin, the
calculated value of the vertical intercept is 1,3 (equation 3),
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intercept of the slope replot from Figure 22 (Kia = KaB/Kb)° If it

is assumed at this time that phosphéte is.theAfirst Subsfrate to bind
to the enzyme surface, then Kia is equal to the numerical value of the
substrate concentration at the point of intersection of the lines in
Figure 22 (where 1/v at [Bl] equals 1/v at [BZ], ete.) (158). Although
the lines did not interséét at one point, ié.still apbeérs reasonable
to estimate Kia as being between 2-4 mM,

The cbmplete initial velocity study at pH 8.1 with uridine ag
the nucleoside was done two other times, howevef, on these other oc~
casiong, the gstandard error of the constants was large, presumably be-—
cause of low absorbance readings (preparation B, Table IV). Still, at
saturating concentrations of phoséhate (0.1 M); the appéfént Kb (uridine)
was 0,18 mM, and at saturating levels of uridine (3.3 mM) thenapbarent
Ka for phosphate was 0.19 mM and 0.39 mM, The améunt of4protein ugsed

in these studies ranged from 9 to 13 pg/tubé (a figure is not given).

b) Nucleoside cleavage at pH 6.5

Figure 24 shows phosphate as the variable substrate and deoxy-
uridine as the nonvariable substrate (over a 10-fold concentration
range), The replots of the intercepté and slopes against phosphate
concentration appeared to be linear., Figure 25 shows deoxyuridine as
the variable substrate and phosphate aé the nonvariable substrate (over
a 140-fold concentration range). The replots against phosphate coﬁcen—
tration were linear., The Michéelié constants for phosphate (Ka) and
deoxyuridine (Kb) were calculated to be 0,64 mM and 0,36 mM, respec-
tively. The dissociation constant for phosphate (Kia) was calculated

to be 198AmM from the X-axis intercept of the slope replot from Figure 25,
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c) Nucleoside synthesis at pH 8.1

Figure 26 shows uracil'as the variable substrate and ribose-l—
phosphafe as the nonvariable substrate (over a 20-fold concentration
range). Figure 27 shows ribose—l—phospﬁate as the variable substrate
and ufacii as the nonvariable substrate (over a 7-fold concentration
range), Above approximately 0.7 mM uracil, substrate inhibition by
uracil would be evident (section II D 2g, Fig, 14). The replots of
slopes and intercepts wefe 1inear-(Fig. 28), althdughbthere is scatter
around the drawn lines, especially"for the-slope replot from Figure 26.

The Michaelis constants for ribose-l-phosphate (Kq) and uracil
(Kp) were found to be 0,07 mM and 0,31 mM, respectively. The dis-
sociation constant for ribose-1-phosphate (Kiq) was found to.be 0.070 mM
from the x-intercept of the slope replot ffém Figure 27, If it is assumed
that ribose-l-phosphate is the first substrate'to bind in the direction
of nucleoside gynthesis then K]_Lq may be estimated to be 0.08-0.10 mM

from the point at which the lines intersect in Figure 27,

3. Product Inhibition Patterns

All of the patterns showed linear lines that intersected either
to the left or on the vertical axis, but above the horizontal axis,

Slope and intercept replots were usually linear, as drawn by eye.

a) Inhibition by uracil

With phosphate as the variable substrate at a low concentration
of uridine, uracil appeared to give noncompetitive inhibition (Fig. 29).
The apparent VM (+ standard error) of the control line was (0,18+0.020)

- : -3
x 10 s whereas ‘that for 0.12 mM and 0,24 mM uracil were ©,11+0,017 x 10
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and 0,093+0.020 x 10—3, respectively, The same type of inhibition may
have been produced at a four-fold greatér concentration of uridine but
the lines appeared more parallel (Fig. 30). The change in slope was
still apparent in the slope replot‘shown in Figure 37 I1. The slope
of the control was 0.94+0.19 x 10™° while the slope of the most in-
hibited line was 1.2ip,063 X 10~3. Thus the slopes appear to be
identical, and this would suggest that uracil inhibited uncompetitively,
With uridine as the variable substrate at a low concentration of
phosphate, uracil appeared to give noncompetitive inhibition (Fig., 31);
the apparent VM value of the control was 0.15i0.0034 X 10—3 whereas the
value in the presence of 0.36 mM uracil was 0.091+0.0059 2 10—3. The
same type of inhibition was produced at a ten-fold greater concentration
of phosphate (Fig. 32); the apparent VM value of the control line was
0.11+0.0030 x 107> whereas the value in the presence of 0.36 mM uracil
was 0.085i9.0036 x 10—3. The slope and intercept replots against uracil
concentrations appeared to be linear (Fig. 37 I to IV) except for the
replots of Figure 31 (Fig. 37 III). This might be expected from the
irregﬁlar pattern obtéined in Figﬁre 31, and thus the replot need not

imply nonlinear inhibition.

b) Inhibition by ribose-l-phosphate

With phosphate as the variable substrate at a low concentration
of uridine, ribose-l-phosphate gave an inhibition pattern which could
not easily be labeled (Fig. 33), Nevertheless, the apparent VM value
of the control was O,I%iQ.OlS X 10—3 whereas the value in the”presence
of 0,83 mM inhibitor was 0.1440.024 x 10_3. Thus, the pattern might
indicate competitive inhibition., With a twel&e—fold greater concen-

tration of uridine the inhibition was competitive (Fig. 34); the
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apparent VM value of the control line was 0.15+0,0061 x 10"3 whereas
the value in the presence of 0.73 mM inhibitor was 0.16+0.033 x 10—3.
The replot of the intercepts against riboge-l-phosphate concentrations
from Figures 33 and 34 gave horizontal lines (Fig. 38 V and VI), as
expecfed for competitive inhibitions. The erférs involved in the
slope values were too great to establish whether the lines were linear
or nonlinear,

With uridine as the variable substrate at a low concentration of
phosphate, ribose-l-phosphate inhibited noncompetitively (Fig. 35); the
apparent VM value of the control line was 0.17+0.028 x 10_3 whereés the
value in the presence of 0.73 mM inhibitor was 0.12+0.0075 x 10~3. 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 (Fig, 38 VII). With a ten-fold greater concentration
of phosphate (Fig. 36), riboéé¥i—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 interpreted as indicating a éhange-over from noncompetitive
inhibition to no inhibition when approaching saturating amounts of

phosphate,

¢) Constants calculated from the product inhibition study

There are a number of ways of calculating the constants Kip and
Kiq as shown in Table XXI. In addition, Kiq may be compared toathe
éame constant obtained ffom initial velocity studies (Table XX). The
Kiq values calculated from ribose-l-phosphate inhibitién studies were

8, 10, and 18-fold greater than the value calculated from initial velocity

studies. Nevertheless, it should be noted that the two values calculated
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with phosphate ag the variable suﬁstrate are in harmony with each
other, as are the two values with uridine as the variable substrate.
The Kiq values calculated from uracil inhibition patterns were 0.4,
0.7,‘and 1.4 times the initial velocity value, Two out of the three
Kip values were in good agreement (1.8, 2,3 and 10.5 X 10-4 M). One

possible explanation for the variation of Kiq values is given in

section IV D 3g.




D, DISCUSSION

1, General Conclusions and Organization

The initial velocity and product inhibition data appear to be
consistent with at least three sequential mechanisms: érdered Bi Bi,
iso Theorell~Chance, and rapid equilibrium random (with four dead énd
compiexes). Although an absolute choice is not poésible from the
present study the reasons for favouring the ordered Bi Bi mechanism
will be discussed., The favoured mechanism is schemaficélly shown
below with the horizontal line indicating the point of contact between

enzyme and reactant,
P Ur U R-1-P

. | I 1 i .

EP EP_ ~R-1-P ER-1-P

o
e...
Ur . U

The complete rate equation corresponding to this mechanism has already
been given in the ‘Introduction' to section IV (equation 1).

The 'Discussion' from this point onwards will consist of three
main pafts: Ainitial velocity studieg, product inhibition studies, and

comparison with mechanisms on phosphorylases from the literature.

2, 1Initial Velocity Studies

a) Sequential mechanism

The consistent intersecting initial velocity patterns for the
forward‘and reverse reactions of uridine phosphorylase indicate a
sequential mechanism, that is, both substrates must bind to the enzyme

before a product is released (159). The lack of intersection of the
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lines at a common point is not an unusual feature of kinetic studies
in which sequential mechanisms are favoured (4, 164, 169), and this
finding will not be further mentioned, excepf to suggest'that experi-
mental error is presumably the best explanation for this occurrence.
The standard errors for apparent Km and VM values appeared to indicate
fhis, in most cases at least.

Parallel doukle reciprocal initial velocity patterns are nor=-
mally considered to indicate a ping pong mechanism in which the fivst
product is released kefore the second substrate combines with the
enzyme (159). Therefore, this type of mecharism need not be considered
further; Ih a recent kinetic study on hypoxanthine-guanine phosphori-
bosyltransferase (from dialyzed lysates of human erythrocytes) , however,
it has been shown'that a parallel pattern may still be associéted with
a sequential oxrdered Bi Bi mechanism, if the '"true dissociation constants
of both substrates with enzyme are less than 6ne—tenth of the subgtrate
concentrations which are used”" (165),

From the slopes of rate équafions (3) and (4), i.e,, Ka/vl (1 +
K, K /KB and B /¥, (1 + K _/A), respectively, it is apparent that the
élohesAchénge as a function of the nonvariable substrate; thus an inter-
secting initial velocity pattern is predicted for a sequential ordered
mechanism. Nevertheless, if Kia/B and Kia/A are very small, that is,
about 0.1, then as Henderson éE.El haveﬂsuggested (165), the initial
velocity lines may éppear parallel, A more recent study on the above
enzyme (purifiéd 50~fold from lysates of human erythrocytes) indicated
that thé predominant mechanism is ping pong at high magnesium ion con-

centrations, and ordered Bi Bi at low magnesium ion concentrationg (172).
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The intersection point bf the lines in the initial velocity

study should be above the horizontal axis if the ratio Kia/Ka is greater
than one. This is the case for uridine cleavage where fhe fatio is at
least eight‘(Figo 22), With uridine synthesis, however, the ratio is
one, and the-iines do appear to be close to intersection on the hori-~
zontal axis, as would be predicted (Fig. 27). In this connection, it

is interesting to note that in the kinetic étudy of pigeon liver malic
enzyme (ordered Bi Ter) the ratio and the intersection pattern did not

conform with the theoretical prediction (174).

b) Ordered versus random

Initial velocity studies do not always give a clear indication
of whether there is an obligatory order of addition or whether binding
occurs in a random order, especially if the latter is in a minor pathway
(173) . Until recently, initial veloecity equations (3) and (4) were be-
iievéd to be obeyed only by an ordered mechanism. Rahdom méchanisms
were thought to result in nonlinear double reciprocal plots (this would
not be true for the rapid equilibrium condition (173)). Unfoftunately,

", ..the unimolecular rate constants for release of substrates

from the enzyme must be considerably smaller than the turnover number in
order to see clearly the nonlinear (hyperbolic) reciprocal plots that
have been thought to characterize random mechanisms'” (173).

¢) Constants

i) Maximum velocity

Although the maximum velocity for the forward and reverse reactions

are included in Table XX, a comparison between them would not be reliable.

The values were corrected for protein concentration and incubation time

differences, but the enzyme concentration itself is not known, since
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the enzyme is not exceptionally stable; moreover the relevant experi-
ments were done at different times and with different preparations.

ii) Dissociation constants

APhésphate may have as much as a four-fold greater affinity for
the enzyme at pH 6.5 than at PH 8.1, or the difference may be as little
as two-fold (Table XX). Althoﬁgh different nucleosides were used for
these two stﬁdies, one would not expect them to have an effect oh the
affinity of the enzyme for phosphate, if the ordered Bi Bi mechanism is
the predominant one. The affinity of phosphate at pH 6.5 with uridine
as the nucleoside, or at pH 8.1 with deoxyuridine as.the nucleoside was
not determined due to technical difficulties (large quantities of enzyme
would have been necessary for such studies),

If future work also indicates the above increase in affinity,
this might be explained by different affinities of the enzyme for the
anionic forms of phosphate which one might expect to predominate at such
PH values (110), i.e, 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 eanviromment 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 bihding of the nucleoside to the binéry complex (EPi) or
on the rate of bond cleavage of the nucleosides, The low acti%itylwith
uridine at pH 6.5 compared to pH 8.1 does not appear to be explained by
a decreased affinity for uridiné at the lower pH, because uridine com-
petes strongly with deoxyufidine at pH 6.5 ags shown by the sulfhydryl
group modification study with the Ellman reagent (section III C 3),.
Actually the apparent K for uridine at PH 6.5 decfeased bylé'factor of

two over its K at pH 8,1; this is not necesgsarily related to an affinity
m
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effect (section IV A 4 a). Although it is not apparent from Table XX,
the app"VM of uridine at‘pH 6.5 was also about one-hélf that ét PH 8.1,
when one enzyme sample was‘used (Figure 11), This itself would eXplain
the decrease in apparent K, and if would sﬁggest that the affinity of
the binary complex for uridine may not be substantially different at
PH 6.5 and 8.1. In contrast to uridine, the affinity effect may ex-—
piain to some extént the decreased activity with deoxyuridine at pH
8.1 compared to pH 6.5,for again in the Ellman reagent study, deoxy—
uridine was a poor inhibitor of uridine cleavage at pH 8.1.

To summarize the above speculative remarks, thé low activity
with uridine at pH 6.5 may be due to a low rate of cleavage of this
nucleoside, Whereés the low activity with deoxyuridine at pH 8.1 may
be due to a low affinity of the enzyme for deoxyuridine.

In contragt to nucleoside cléavage, the dissociation constant
(Kiq) ahd the Michaelis constant are virtually identical for uridine
éynthesis. This is still in harmony with theory, for dissociation con—~
stants may be greater or less than Km (156), It may be of importance
to note that the affinity of riboseFI—bhosphaté for uridine phosphorylase
is at least 46 times greater than that of phosphate at pH 8.1, As ex-
plained in section I B 4, uridine phosphorylase is one of the enzymes
necessary for the cétébolism of nucleic acids, and it is also involved
in what may be an important 'salvage pathway' for nucleic acid anabolism.
These points, taken together with the fact that the equilibrium of the
feaction is in favour of nucleoside synthesis (about 4:1, (1, 13)),
suggest a possible means by which uridine phosbhorylasé may readiiy
function in an anabolic pathway, even though ribose~l-phosphate is pre—
sumably not present in as great a concentration as the ubiquous inorganic

phosphate,
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iii) Comparison with Michaelis constants from the literature

There is as much as a ten-fold difference in the constantsg of
the preéent study from the corresponding constants available from the
literature. One must consider that the literature values give apparent
X values only, and for these studies, preparations from different
éources and at different stages of purity (homogenate to 250-fold pure)
were used. Even the literature values show considerable variation,
for example, the apparent K for uridine at pH 7.4 varies from 0,76 mM
(13) to 0.13 mM (14) in highly purified Ehrlich ascites cell preparations
and-reaches 2.5 ﬁM at pH 8.0 in a crude preparation (58). The only
study in which constants were determined for phosphafe éhowéd that the
apparent K values were the same for the phosphorolysis of uridine (pH
8.0) or deoxyuridine (pH 6.5) (13). This is in fair agreement with the

preéent study.

3., Product Inhibition Studies

a) General conclusions

Product inhibition studies are able to distinguish between 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 phosphoryiase 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-Ll-

phosphate being released last, as well as with the two other mechanisms




- 165 -

mentioned previously (also to be discussed here). Even though each
product inhibition pa%tern is based on one detefmination, it would be
fortuitious indeed to find that the patterns happened by chance to obey

the theoretically predicted inhibitions.

b) Comparison of the present study with similar studies of other enzymes

To place the present kinetic study in the proper perspective in
relation to similar studies in the current literature, a number of im~
portant features concerning initial velocity and product inhibition
studies are listed below. The present study on uridine phosphorylase
is briefly contrasted to thése general findings.

(1) Number of product inhibition patterns. The experimental

determiﬁafion of all possible inhibition patterns is not generally
done (4, 6, 160, 162, 164, 165, 166, 169, 172-175); four and often
fewer‘patterns are ghown, In only one paper are five patterns given
for an ordered Bi Bi mechanism (165).

(2) Numﬁer'of lines permpatﬁern. It appears to be a common prac?

tice to‘show three or four lines per pattefn, although only three lines
are frequently shown. Occasionally more linesg are given (162, 164, 176,
177) .

(3) Data processing. Computer analysis is usually stated as

having Beén ﬁsed for assessing kinetic data, but a number of papers do

not state whether the data has been so analyzed (46, 160, 165, 172):
"Since the conclusions reached from kinetic studies depend on

telling one pattern from another...it is imperative that the kineticist

of today have an objective evaluation of the significance of his data"
(1687 po 96) °

(4) Reproducibility of the pattern. Few studies actually state

whether an eXperiment has been rereated two or more times to establish
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a consistent pattern (167, 174, 176).

(5) Purity of the enzyme, A high degree of purity does not

appear fo be an essential prerequisite in performing detailed kinetic
studies (4, 6, 35, 165, 178, 179), but in one of these cases the pos~
sibilityﬂof interfering enzymes ﬁas eliminated (178)., In some studies,
commercial crystalline enzymes were used withouf a éheck on their
purity (6, 64, 169),

in the presént study, a highly purified uridine phosphorylase
preparation was used; the maximum number of patterns were determined;
four lines were indicated with all patterns except one; each pattern
was usually based on one experiment; and the data was analyzed with a
computer. Thus, overall, the present kinetic study compares favourably
in its expefimental approach with similar studies of other enzymes from

the current literature.

c) Elimination of some possible mechanisms

Product inhibition patterns may be theoretically predicted from
rate equations derived for the postulated mechanism, i.e. equations 5 to
8 from equation 1 (15%), or by following three rules set up by Cleland
(159, p. 188) for écanﬁing a schematic repregentation of the mechanism
(Fig. 39). Neither of these approaches will be explained in detail
hére, but both will be used in this discussion.

Ideally the maximum number of inhibition patterns should be shown
to occuf experimentally before one of the simple sequential mechanisms
is asgsigned to the enzyme catalyzed reaction. 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 mechanisms
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(Figure 39) - four of the most frequently suggested sequential mechanisms
(159) - as the predominant mechanism, This approach has been taken with
6ther studies in discussing product inhibition results (169, 173). The
term 'simple' is applied to these mechanisms for other énzyme forms

(or low levels of certain forms) may occur, but the above names will
Still be used to describe the oVerall mechanism, Other enzyme forms

may be detectable on the initial velocity or product inhibition plot
itself (165-2167), on replots of slopes and intercepts (164, 167, 174),
or on ofher studies, for example, isotope exchange (16é, 173). The RER
mechanism is similar to the ordinary random mechaniém except‘thaf the
interconversion of the termnary complexes constitutes the rate deter-
mining step. A T-C mechanism is similar to an ordered Bi Bi mechanism
except for the absence of ternary complexes, with the iéo T—C involving,
in addition, a different stable enzyme form (Figure 39),

Pattern 1., With A as the variable subétrate at»high or low con-
centrations of B, competitive inhibition by Q is predicted for mechanisms
5 and 6, becausé both reactants compete for the enzyme form E (Figures
33, and 34), Pattern 2, With B as the variable substrate at iow con-
centrations of A, noncompétitivé inhibition byAQ (Fig. 35) is predicted
for mechanisms 5 and 6. These two patterns eliminate mechanism 7, be-
cause competitive inhibition should be observed with either substrate,
The random and iso ordered Bi Bi mechanisms are also eliminated for non-
competitive inhibition shuuld be observed with either substrate. The
difference in inhibition patterns between mechanisms is a direct con-
sequence 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 EBQ. Pattern 3, With P
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as the inhibitor and B as the variable substrate at high or low con-
centrations of A, nonéompetitive inhibition is predicted for mechanism

5, and competitive inhibition for mechanismé(Figs. 31 and 32)., The
Theorell~Chance mechanism does not have the éﬁzyme forms EABP and EBPQ.
The iso Theorell-Chance mechanism, however, is not eliminétéd since‘
honcompefitive inhibition is also predicted. Binding studies (159)

and‘an analysis of dead end inhibition patterns (180) are the bresént
methods available for distinguishing between ordéredkBi Bi and iso
Theorell-Chance mechanisms. Few papers have shown exﬁeriments to dis-
tinguish these mechanisms, Ofdered Bi Bi may be the more likely mechanism
for this type is frequently met in the iiterature (168), but to the best
of the author's knowledge only one case of an iso Theofell—Chance mechanism
has been postulated (18l), 1In addition, this mechanism is not favoured

because of the "

,..high imprbbability of (sequential) mechanisms without
central complexés" (169).

The third ﬁeéhanism which 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 6n the basis of the results frbm the
present study (unfortunately, the present data is not good enough to
rule out nonlihearity for at least two of the slope replots (Fig, 38
VI, ViI)). Equilibrium exchange experiments should be able‘£6 eliminate
fhe bbééibility of a predominant RER mechanism (as well as the random
mechanism) (168, 182).

Whét/purpose éould be served b§ 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 'sulfhydryl group and
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S-S bridges in the structure of enzymes'®, advanced an hypothesis that
is very appealing in light of the results presented in this thesis,
Actually this hypothesis carries a little further the speculation by
Sugino (109) already discussed in section II E 4b.

"S~8 bonds in enzymes may be in a dyhamic state in vivo, the
S-S bond being opened and reformed all the time. Instead of a fit
induced by the substrate there is a fluctuating enzyme molecule, one
particular form of which is able to bind the substrate. A variation
in the enviromment would cause a strain in the rigid structure of a
fluctuating molecule and result in a shift in the equilibrium to a
structure which is stable in the changed environment and yet able to
take up the conformation needed for its enzyme activity''.

Thus, phosphate, in binding to the reduced form of the free
enzyme, 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 (109, 183) were incorporated

into a model for uridine cleavage (sectién Vi B),

d) Degree of randomness

The product inhibition patterns and the fact that not all the
replots'appeared to be nonlinear, suggest that a predominant random
Bi Bi mechanism does not occur for uridine phosphorylase. After pro-
duct inhibition studies on aspartate transcarbamylase, the authors
stated that,

"competitive inhibition of carbamylphosphate(A) by phosphate (Q)
indicates that any contribution...of an alternate pathway in which B
[aspartate] binds first is very small compared to the major pathway'
(167) .,

Sincé the inhibition between the proposed A and Q components of the
present study was also competitive, one might conclude that at the

most 1-2% of the phosphorolytic mechanism goes by an alternate order

of addition (169) . It is not possible to eliminate completely a minor
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random pathway solely from initial velocity and product inhibition

studies for,

"...it seems quite probable that a minor random component is

associated with some if not all 'compulsory' pathways...it seems quite
probable that many compulsory pathways will eventually have to be re-—
classified as 'kinetically ordered' implying that an alternative order
of addition exists, but that is kinetically unimportant''(184).
Sensitive techniques such as isotope exchange studies (162, 169) and

difference spectroscopy (167) could be used to estimate the degree of

randomness,

e) Substrate protection and order of binding

Perhaps the finding that both uridine (or deoxyuridine)<and
phosphate protect uridine phosphorylase againét inhibition by most of
the sulfhydryl reagents used in this work, might indicate 'kinetically
unimportant randomness' in its mechanism. Indeed, since the substrates
protect equally as well in most cases, one might at first suspect a
significant degree of randomness, Nevertheless, from the list of
enzymes in Table XXIII there does not appear to‘be a clear relationship
between protection éhd order of binding, that is, an enzyme.catalyzing
an ordered mechanism may be protected by both substrates, whereas in a
random mechanism 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 protéction used as supporting evidence for the predominating Uni
Bi mechanism (162), Still, one might have expected some protection at
high concentrations of B, since an alternate mechanism of B binding

first, albeit small, océurred at high concentrations of B. But this
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was not observed with concentrations of B as high as twelve times its
Km value. Thus, a small degree of randomness, or complete randomness
does not aufomatically yield to protection by both substrates. One
might speculate that protection by substrates depends on the relation-
ship between the substrate and enzymic sulfhydryl groups. Even if B
combines with the enzyme first, it may not be in a position to protéct
a sulfhydryl group. This suggestion, however, would not explain the
protection findings fér a postulated ordered mechanism. For this case,
the following explanations are put forward:

(1) The degree of randomness that exists in a mechanism that is
predomihantly ordered Bi Bi is sufficient to account for protection by
both substrates (at leést.under saturating concentrations of substrate).

(2) The Binding order as determined from kinetic studies gives'
the ordérrofvaddition of substrates which results in the active inter-
mediates involved in enzyme catalysis (Fig. 39). Unreactive inter-
mediates may or may not be detected by‘kinetic’studies, depending on
the relationship between the rate constants, although they could be
present in appreciable quantities under the proper conditions; that is,
EB may be present to a significant extent at high concentrations of B
with A being absent, The presence of an EB complex has been observed
for aépartate transcarbamylase using the féchnique of difference spectro-
scopy (167). If the above proposal is accepted, at this time, for
uridine phbsphbrylase, at least two predictions seem possible:

(1) Uridine and phosphate may protect different sulfhydryl
groups 6r~the same sulfhydryl groups but in a different way (as has

been discussed in section III C 8e), that is, by conformation changes
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and/or by substrate binding. Titration studies may be able to detect
differences in protection, but the inhibition study with o-iodoso-
benzoate has already suggested differences in protection by uridine
and phosphate,

(2) 1If uridine has a lower affinity for the enzyme than phos-
phate hés; a'substrate concentration study might show that uridine
does not protect the enzyme as well as phosphate does, at low concen-
trations of each substrate. This would then explain why saturating
levels of uridine or phosphate gave equal protection in most cases.

In summary, the significance of protection by both substrates
with respect to the order of binding is a moot point. The small con-
tribution from a random pathway would be "of great theoretical interest
in connection with the arrangement of reactants at the active site"
(169), but its possible presence should not blur the significance 6f
the ﬁajor pathway. Although there may be a mechanism which has not
been considered, and which may still be consistent with the experimental
data, the common mechanisms have been discussed., The paper on a kinetic
study of inosine 5f-phosphate dehydrogenase illustrates a case where
this was not done (160). The authors concluded that contrary to other
dehydrogenases their ehzymé catalyzed an ordered Bi Bi mechanism with
the coenzyme adding second, Data processing was hot>used; reproducibility
was not indicated; four pattérns were shown, with three lines on two
of the patterns; the enzyme preparation had two major active bands
and, in addition, 20% inactive protein. As with other ordered Bi Bi
mechanisms, product inhibition data cannot exclude the possibilitonf
an iso Theorell-Chance mechanism (Table XX) with the coenzyme adding

first. ‘Isomerization of the free'énzyme‘has been postulated in the
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past (6, 166), and difficulty in the detection of a ternary complex

by product inhibition studies has also been reported (167, 169),

f) Anomalies in the product inhibition study

i) Irregular intersecting patterns

The two irregular intersecting patterns (Figures 31, 33) were
obtained at low concentrations of the nonvariabié substrate (uridine
and phosphate concentrations were approximately equal to their Km
values)., These patterns were classified with respect to inhibifion
after a consideration of the errors involved in the vertical intercept,
and they agreed with the prediction for an ordered Bi Bi mechanism (as
well as with the other two possibilities), Neverthéleés, it is impértant
to note that even if any assignment for fhese two patterns based on the
present data is considered dubious, it would not weaken the conclusion
that uridine phosphorylase can catalyze an ordered Bi Bi reaction, if
the study is considered as a whole, and in the light of kinetic studies
from the literature.

ii) Inhibition under 'saturating® conditions

‘Two product inhibition patterns only appear to be approaching
the predicted patterns (Figures 30 and 36), Nevertheless, the results
may simply reflect the iéck of high enough concentrations of the non-
variable substrate., Still, the fact that the predicted inhibitions were
being approached should be considered as a good indication for an ordered
Bi Bi mechanism (as well as for the other two possibilities).

iii) Nonlineér slope replots

The ireegular slope replot shown in Figure 37 III is presumably

due to fhe irregular product inhibition pattern obtained for Figure 31.




- 174 -

In the case of inhibition with ribose-l~phosphate, there are two non-
1inear, possibly parabolic, slope replots (Figs. 38 VI and VII). To
begin with, if one considers the errors of fhe slopeé'themséiVes (in—
dicated with each point), it is apparent that théy are large enough
to make the deviation from linearity of doubtful significance, If
these replots are found to be reproducible in future work, howevér,
they might be explained adequately by postulating a EQ2 complex, With
aspartate transcarbamylase this type of complex was suggested as being
"....the only species which can provide parabolic inhibition.,.without
disrupting the competitive pattern' (167), between A and Q. This pro-
posal appears even more reasonable.when 6ne considers that both ribose
~l-phosphate and phosphate (in the present study) are anions,

Nonlinearity would pfobably have been obsérved with uracil (P)
as the product, if sufficiently high concentrations were used (0,24
mM was the greatest amount used, Whereas about 0.70 mM is necessary for
substrate inhibitibn)° If nonlinearity were observed, one could postulate
a dead end combinatién of P with the free enzyme as has been proposed

for the ordered Bi Ter mechanism of malic enzyme (174).

g) Comparison of constants from initial velocity and product inhibition

studies
It is only possible to compare the Kiq values, Two out of the
three Vélues, calculated with uracil ag thé inhibitor are not too dif~
ferent from the initial velocity value; however, the four values cal-
culated from the inhibition study with ribose-l-phosphate are not as
close, Perhaps the following two points should be considered in any

explanation for the variation in the ribose-l-phosphate Kiq values with
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regpect to the uracil values:

(1) Uridine and phosphate were present_in the-pfoduct inhibition
studiesﬁaiong with one product, whereas only ribosé—l—phosphate and
uracil were present in the initial'velocity study in the direction of
nucleoside synthesis,

(2) ©Possible nonlinear slope replots were only evident with
ribose—i—phosphate as the inhibitor.

Since the explanation for the nonlinear slope replot of ribose
-l-phosphate entailed competition between ribose-l-phosphate for the
phosphate site, thus forming an EQ2complex, one can further say that
by inhibiting the combination of riboge-l-phosphate with the free enzyme,
phosphate increased the dissociation constant of ribose-l-phosphate cal~-
culated from product inhibition studies.

With uridine, presumably, there is no direct competition with
ribose~l-phosphate for a similar site on the free enzyme, but there
might be competition for the free enzyme itself, since uridine may be
able to form a EB complex. Thus, the formation of a complex between
ribose—l—phosphafe and the free enzyme is again inhibited and its dis-—
gsociation constant will appear to increase, The variation in Kip
values cannot be explained in the above mannef for Kip does nof have an

obvious physical significance,

h) Other mechanisms for phosphorolysis (from the literature)

In the two other studies on uridihe phosphorylase, thé authors
postulafed ordered mechanisms with nucleoside binding first (25, 35).
These studies were discussed in detail in section IV A 1b. The dis-
érepancies with the present mechanism may have been due to different

methods of study, or perhaps to the different enzyme sources (35)., For
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purine nucleoside phosphorylase, three different types of ordered
mechanisms have been postulated (4, 6, 157), but in each study a dif-
ferent enzyme source was used as”well as a different experimental ap-
proach (section IV A 1lc)., A recent paper summarized a number of kinetic
differehces between purine nucleoside phosphorylases from bovine spleen
and human erythrocytes (5), Perhaps, at first, one might think that

as a class nucleoside pﬁoéphorylases should have a similar order of
binding. This is not necessarily true, since kinases may have RER or
ping pong mechanisms (168), while dehydrogenases may have ordered

(169, 176), ordered with énzyme isomerization (166), iso ping pong

Bi Bi (188), RER (185), or random (179) mechanisms.

.Sinée initial Velocity and brodﬁct 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). The enzyme was highly purified;
data processing was not used; féuf patterns were shown with three lines
in each one; replots of slopes and intercepts were always linear. For
clarity the inhibition patterns are tabulated below. The alternate pro—

duct, guanine, was used instead of hypoxanthine,

Variable Guanine Ribose-1-phosphate
substrate Q) P)

Inosine (A) competitive noncompetitive
Phosphate (B noncompetitive noncompetitive

nonvariable substrate: inosine - 9 times its Km value; phosphate - 150
times its Km value,
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If one concludes that the inhibition patterns were obtained at
Sufficiéntly low 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 so that at
ieast 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 will fhe inhibition be the same under low and high con~-
centrations of the nonvariable substrate (Table XXII)., The random Bi
Bi mechanism appears to be most consistent with théAbriméry plots, Al-
though the replots in this study were linear, only three points were
given for each replot,

In considering other phosphorylases, it is interesting to note
that aspartate transcarbamylase (1, 167) has an ordered Bi Bi mechanism
with phosphate binding first; giyceraldehyde 3~phOSphaté déhydrogenase
(1, 185) and maltodextrin phosphorylase have RER mechanisms (189). With
fhe latter enzyme there is no inversion of configuration of fhe glycosyl
moiety upon cleavage, whereas there is such an inversion with uridine
phosphorylase (1),

i) Possible-future work

Further kinetic studies are necessary to verify and to investigate
the ordéred Bi Bi mechanism proposed for uridine phosphorylase, The
present contfovérsy in the mechanism of yeast hexdkinase should be noted
even though many detailed studies have been domne (190).

(1) Product inhibition studies, In addition to a study of nucleo-

side syﬁtﬁesis, further work in the direcfion of nucleoside cleavage
would also be useful: (a) to confirm some of the patterns already

done; (b) to study the effect of pH on some patterns; (c) to obtain
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other patterns, such as one at different levels of B with Q as in~-
hibitor, and A as the variable substrate (159), An‘ordered Bi Bi
mechanism will have a constant Kis whereaé a RER mechanisnm willlhave
a variable XK, ,

is

(2) Alternate substrate studies, These studies may not just

clarify)whether uridine and deoxyuridine oécupy a common binding site
(4, 165) or interacting sites, but they may also allow a choice to be
made befween random and ordered pathways (190).

(3) Analysis of dead end inhibition patterns. If the nonlinear

replots‘are confirmed, it may be possible to exploit their presence in
order to differentiate between an ordered Bi Bi and an iso Theorell-
Chance mechanism (180).

(4) Isotobe eXchange studies, This technique supplements the

informafién 6btained from initial velocity and product inhibition
studies (168), It can indicate the degree of randomness in a pre-

dominantiy ordered mechanism (162, 169).




SECTION V

SUMMARY AND CONCLUSIONS

Welcome, stranger, to this place,
Where joy doth sit on every bough,
Paleness flies from every face;
We reap not what we do not sow, -

William Blake (poems written in a
copy of Poetical Sketches)




A, DPURIFICATION AND PROPERTIES

1, Five purified preparations of uridine phosphorylase were obtained
with a 300 to 1900-fold increase in specific activity relative to the
homogenrate. There was no indication of a separation of uridine and
deoxyuridine éleaving activities during purification. About 75% of
both activities were generally recovered in the soluble fraction of
the cytoplasm, Disc gel electrophoresig élways showed two major bands

in the purified preparations (sections ITI D 1, II D 2¢).

2. The best purification scheme at this time utilized heat treatment;
and DEAE-Sephadex (pH 8.0), DEAE-Sephadex (pH 7.2), Sephadex G-200
(pH 8.0), and hydroxylapatite (pH 7.2) chromatography (Tables V, VI,

VII).

3. Uridine phosphorylase has a pH optimum of 8.1 for uridine cleavage,
8.5 for uridine synthegis, and 6.5'for deoxyuridine cleavage. The enzyme
catalyzed the cleavage of Ur > Udr >> Tdr at pH 7.4, but Udr > Ur (> Tdr)
at pH 6.5. At about pH 7.2 the cleavage of uridine and decxyuridine

occurred at the same réte (section II D 24d),

4, Most purified uridine phosphorylase preparations were fairly stable,
with aliquots frozen at -400 retaining about 80% of their activity after

60 days (section II D 2b).

5. Purified preparations, inactivated at room temperature for four
days, could not be reactivated under the conditions used; purified
preparations aged at —400, however, could be substantially reactivated

(section ITI D 2 biii).
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6. Uridine phosphorylase and thymidine phosphorylase both have
molecular weights of about 110,000 by a gel 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 uridine s&nfhesis (pH S.i),
were inhibited by deox&giucosylthyminé. The 150 values for deéxy-
uridine cleavage were about one-fifth that'of fhe other two reactions.

The phosphorolysis of decxyuridine and thymidine by thymidine phosphory-

lage was not inhibited by deoxyglucosylthymine (section II D 2f).

8. Uridine and deoxyuridine synthesis by uridine phosphorylase were

inhibited by uracil with 50% inhibition at about 1 mM (section II D 2g).

B. SULFHYDRYL GROUP MODIFICATION STUDIES

1. Time, concentration, pH, substrate protection, and reversal ex-
periménts with 2~mercaptoethanol were done with seven sulfhydryl reagents,
Based on the results, only a generalization is appropriate at this time:
ﬁridine phosphorylase may contain sulfhydryl group(s) which may be es-
sential for binding of substrates and/or for the cétélytic step itself
and/or for the maintenance of the conformation of the active site

(section III D).

2. Uridine protected uridine phosphorylase to a greater degree than
phosphate did against inhibition with o-iodosobenzoate (section III C 4).

Differential protection was not evident with the other inhibitors.
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C. INITIAL VELOCITY AND PRODUCT INHIBITION STUDIES

1. Initial velocity patterns of uridine cleavage, deoxyuridine cleavage,
and uridine synthesis, and eight product inhibition patterns in the direc-

tion of uridine cleavage - with slope and intercept replots - were shown.

2. Initial velocity and product inhibition results were consistent
with ofdered Bi Bi, iso Theorell-Chance and rapid equilibrium randcm
mechanisms (with'four dead end complexes) (section IV D 3)., The reasons

for favouring an ordered Bi Bi mechanismAwere discuééed (section IV D 3¢).




SECTION VI

SPECULATIONS

Things not yet known are coveted by men,
~ Qur desires give them fashion, and so
As they wax lesgser, fall, ag they size, grow.

John Donne (Farewell to Love).




A, SUMMARY OF SPECULATIONS MADE IN THIS THESIS

1, Uridine phosphorylase may not be a soluble or a cytoplasmic

enzyme (section II E 1),

2. The different pH optima for uridine and deoxyuridine may be ex-
plainéd by different>reactivities of sulfhydryl groups and the existence
of overlapping sites for uridine and deoxyuridine; a positively charged
group may be near an essential sulfhydryl group in the deoquridine

site (sections II D 2g, III D 5b, III D 8c).

3. Some type of modification of sulfhydryl groups produced on aging

of purified preparations may cause differential loss of uridine cleaving
activity (section II D 2h), Uridine, if stored with the purified pre-
paration,.may prevéhtrrapid aging of uridine phosphorylase (section II

E 4a),

4, An equilibrium may exist between reduced sulfhydryl groups and
oxidized sulfhydryl groups as postulated by Sugino et il (109) and

Bruno (183) (section II E 4b).

5. Uridine phosphorylase may have three essential sulfhydryl groups

in the active site, along with many more in the molecule as a whole

(sections 1II A 1, III D 6a).

6. Uridine phosphorylase may have direct transferase activity under

special conditions (section II E 6),

7. Uracil may be able to produce an essentially unidirectional reaction

in the direction of nucleoside synthesis (sections I B 4, II E 7c¢).




- 185 -~

8. The low dissociation constant for ribose-l-phosphate may be of
importance for the role of uridine phosphorylase in the salvage path~

way (section IV D 2cii).

9. Dead end complexes EQ2 and ER may be present in the simple ordered

Bi Bi mechanism (sections IV D 3 fiii, IV D 3e).

B. MOBEL FOR THE PHOSPHOROLYSIS OF URIDINE

At the present time the most detailed model on the mechanisnm
of action of uridine phosphorylase revolves about an explanation for
the inversion of configuration of C'-1 after cleavage of the C'-N
linkage (191):

"The sféreochemical logic, moreover leads to the conclusion that
enzymes that catalyze reactions leading to inversion must involve an
odd number of displacements., Since the gmallest odd number is 1, it
was postulated that those enzymes acting to give inversion proceeded
by one direct displacement of the acceptor Y, on the original substrate
BX 1t
With uridine phosphorylase, Y is phosphate, and BX is the nucleoside,

A model allowing for a full explanation of both uridine and
deoxyuridine cleavage would require an intimate knowledge of the con-
formational properties of ribo- and deoxyribonucleosides in solution
(assuming one enzyme is involved for both nucleosides). Jardetzky felt
fhat the furanose conformation might be implicated in the specificity
of enzymes (192). In a more recent article, the authors suggested that
"tc.knowledée of thé conformation of nucleosides and nucleotides about
the glycosidic bond may be important in the consideration of reactions

of the species" (193)., It may be that purine nucleosides (192), pyri-

midine ribo- and.deoiyribonucleosides (194, 195) have different conformations
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in solution. 1In this regard it is interesting to speculate on whether
uridine phosphérylase induces different changes in the conformation of
uridiné and deoxyuridine 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 modificatioﬁ studies are essential if an un-
necessarily speculative model is not to be proposed. But one mitigating
factor in favour of presenting some kind of model here; is that no de-
tailed model hag as yet been found in the literature for the action»of
uridine phosphorylage, Thus, it might 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 mbdel incorporates the sulfhydryl equilibrium features of
the models of Sugino et al (109) and Brﬁno (183) (Figure 40). Inorganic
phosphate is postulated to bind only to‘the reduced form of.the.free
enzyme (form B). This may produce a shift of the equilibrium towards
the redﬁced form (és well as conformational changes in the position of
the reduced sulfh&dryl groups)., Although uridine may also bind to this
reduced form first, it would produce an inactive enzyme conformation, as
discussed in section IV D 3e, 1In 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
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the protection given by uridine against inhibition by sulfhydryl reagents.

This model also emphasizes the importance of facilitated proton
transfef in enzyme catalysis as postulated by Wang (196):

"...facilitated proton transfer along rigidl& and.accurately
held hydrogen bonds in enzyme-substrate complexes.,.may play a cruecial
role in enzyme catalysis,"
Thus, in the catalytic stép, the present model shows that hydrogen
bonding occurs between P = O and an enzyme sulfhydryl group as well as
between P ~ OH and N - 3, The bond breaking step (that is, C'-1/N-3)
involves the formation of 'new' P = O and 'new’ P—éH groups during the
transfer of electrons in the transition state, and fhe transfer of a
hydrogen ion to N-3 (form D), The traﬁsition state involves a six-mem-
bered ring which could serve to stabilize the complex,

The HPO; species is shown, since it should predominate at pH 8
(110). .Onerimmediate problem with this proposal may be the reluctance
6f this species to give up a hydrogen ion, for the pK of this third
ionizable hydrogen is normally about 12 (1l10), Perhéps the rigid binding
of the hydrogen reduces the pK, but also.it éhouid be noted that another
P - OH group is formed in the.transition state, possibly simultaneous
with fhe transfer of the hydrogen ion from HPo; to N-3 (form D). The
action of the phosphate anion implicates thé P - OH‘groﬁp as an acid,
and the P - O group as a base, although one ﬁsualiy would think of
groups in the enzyme acting as an acid-base unit. In any case, an
acid-base unit involving rigidly held hydrogen bonds"...capable of such
synchronous action may well be the reason for the efficiency of enzyme
catalysis' (197). The uncatalyzed hydrolysis of pyrimidine nucleosides

. . . o '
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 reactions that are shown for binding of substrates are com-
mon reactions for sulfhydryl groups (1), that is, the attack on a
double bond and hydrogen bonding. Tﬁe binding of the sulfhydryl
groups to C-2 and the 'O' of C-4 of the uracil moiety would allow the
electron withdrawing sulfhydryl groups to be ortho to N-3, If in the
transition state N-3 acquires a partial negative charge, i.e; the for-—
mation of a carbanion, an ortho effect (br para) by an electron-with~-
drawing group would stabilize this incibient chérge best (199). 1In
passing, it is interesting to note that a model for the hydrolysis of
pyrimidire nucleosides, which is not catalyzed by an enzyme, has been
proposed (198)., It is a general acid catalyzed reaction, possibly
SNI (subséituﬁion'nucleophilic unimolecular).

It should be made clear that the modél 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 transcarbamylase (167).

C. VARIATIONS

1. Phosphate may form a covalent linkage with the sulfhydryl group,

i.e. S—Pog. This intermediate has been proposed to be part of the
mechanism forbglutamine synthetase (200). If this is the case for uridine
phosphorylase, another source for tﬁe h&drogen which is acquired by N-3

must be proposed; perhaps one could come from a water molecule or it

could come in the manner described in point 2.
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2. An enzymic sulfhydryl group may take part directly in the catalytic
step by a frontal attack on the glycosidic bond. It may be that in the
process the hydrogen of the sulfhydryl group is trénsferred to N-3.
Subsequently the R-S group would be replaced by a backside attack by
the phosphate anion in order for ribose~l-phogphate to show complete
inversion of configuration about C'-1. These methods of attack are il-

lustrated by Koshland (201) and in a review by Cohen (1).

3. A concerted mechanism for the reversible formation of EP:,L from
phosphate and succinyl coenzyme A by succinyl CoA synthetase (E. coli)
hag a striking similarity to variation 1 and to parts of the model in

Figure 40 (202), It is reproduced below,

enzyme
o o
1! A
Bl o NS~ — N A (histidyl residue)
; ) OH v
CoA ’

succinyl coenzyme A

v

M

Thus, higstidine is implicated fof binding phosphate instead of a sulf-
hydryl group as in variation 1. The attack on the carbonyl group by
phosphate is similar to the attack shown on C'-1 in Figure 40. Although
a phosphate dianion is shown by the authors, one would expect & sub-

stantial concentration of the monoanion at pH 7.4 (110).

4, The attack by a sulfhydryl group as described in point 2 may in-
volve the opening and closing of the furanose ring as has been pro-
posed for the uncatalyzed hydrolysis of pyrimidine nucleosides (198),

Although ring opening is not involved, the formation of an enzyme-S-C=0
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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
complex with the phosphate anionﬁwas>not explicitly shown. It is in-
tereéting to note that the interconversion of the diol to thé free
aldehyde of glyceraldehyde-3-phosphate was suggested to be the rate—
limiting step in the enzyme catalyzed reaction under certain concen-
tration ranges of substrate and enzyme (203). TFor aldolase, it was
suggested that the ",..comparatively low rate of aldol cleavage of
fructose-l-phosphaté may be due to the rate-limiting conversion of the
pyranose or furanose, to the open-chain form" (204).

It is possible that ring opening could invoive a polarization of
charge ébout C'-1 and the ring oxygen, and, in effect, produce a carbonium
ion on C'-1 (in addition to the carbanion on N-3). In nucleophilic
reactions, ohe generally associates a carbonium ion With at least
partial racemization of the product (199, p. 378). This point was
briefly discussed by Bender and Bresiow (205) :

"It is entirely possible that a carbonium ion process on an enzyme
surface could result in complete inversion or retention of configuration
if stereospecific solvation (ion pair formation) could be performed by

a nucleophilic group of the enzyme or a water molecule suitably placed
on the enzyme surface,
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TABLE I

TISSUE DISTRIBUTION OF URIDINE PHOSPHORYLASES

Source

Rat (liver, kidney, spleen, heart,
brain, thymus)

Author

De Verdier and
Potter, 1960 (25),

Mouse (heart, brain, liver, kidney,
spleen, intestine, Ehrlich
ascites cellg)

Rat (bone marrow, liver)

Rabbit (bone marrow)

Skold, 1960 (22).

Rabbit (bone marrow, liver, intestine)

Yamada, 1961 (63),

Rat (liver)

Yamdda, 1964-8
(16-19),

A. Mouse (intestinal epithelium,
liver, ascites cells)

Rat (intestinal epithelium,
liver)

Dog (intestinal epithelium,
liver, kidney)

B. Chick, guinea pig, frog
(intestinal epithelium)

Human (liver, fibrosarcoma)

Escherichia coli

Krenitsky, 1965
(15)

Calf (thymus)

Rat (thyroid, liver)

Lindsay (21), 1968,

Fish (muscle)

Tarr (7), 1967
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TABLE I1I

SPECIFIC ACTIVITY VALUES OF SOME URIDINE PHOSPHORYLASES

Animal Tissue Fraction Specific Definition
~ used activity . of specific activity

Rat Liver Extracts of 0.50x  mymoles uracil/mg
(22)* Bone marrow acetone powder 0.22 acetore powder/15 min.
Rat Liver 114,000 g 4 to 10 umoles thymine—2—14c
(25) Kidney supernatant 7.3 incorporated into

Brain 4.8 thymine riboside/gram

Heart 4,5 fresh weight/hour

Spleen 3.5 '

Thymus 2.4

Dunning 47,0

hepatoma

Novikoff 9.0

hepatoma
Rat Thyroid Partially 0.83 umoles uracil/100mg
(21) Liver purified 0,67 wet weight of tissue

per Lour

Rat Regenerating 151,000 g 0.23 umoles uracil/hour/
(19) Liver supernatant mg protein,
Mouse Intestine Extracts of 34,6 mpmoles uracil/mg
(22) Kidney acetone powder 17.1 acetone powder/15 min.

Liver 12.8

Heart muscle 10.3

Spleen 5.9

Brain 5.0
Rabbit Liver 105,000 ¢ 0.08 umoles uracil/hour/
(63) Intestinal supernatant 1.3 mg protein

mucosa

Bone marrow 1.4

* Reference.

* % Enzyme activity was assayed in the direction of nucleoside cleavage with
uridine as the nucleoside except in reference 25 where a transferase
assay was used,



PURIFICATION OF NUCLEOSIDE CLEAVING ENZYMES

TABLE IIX

- 4U4 -

Converted to pmole/hour/mg protein from authors' unitss

Reference.

Assay in the direction of nucleoside synthesis.

Not givena

"Enzyme Source pH Optimum Purif- Final %
Ur Udr Tdr ication specific Yield
activity

Tdrpase®  Human 6 6.0 3700 1100 21
(8)P spleen
Tdrpasea Human - ~ 140 20 3
(1) leukocytes
Tdrpase®  Rabbit - 5.5 490 5 35
€°)) liver
PNP ) Human - - 5560 3660d 35
(3,4,5) erythrocytes
PNP Hunan - - 510 1260d 30
(69) erythrocytes
PNP Rabbit bone - - 270 292 3
(63) marrow
Urpase Rat liver 8.0 - 10 4d 81
(26)
Urpase Ehrlich 8.2 6.5 - 300 604 41
(13) ascites

cells
Urpase Ehrlich 8,2 6.4 6.8 260 106 3
(1) ascites

cells

d

Urpase E. coli 7.6 - 15 342 36
(28)
Urpase E. coli 7.2 - several 130-240 5
(27) hundredfold
Uridine Mung bean 7.4 - 132 0.7d 24
hydrolase
(50)
Urpasge Rat liver 8.1 6.5 - 300~ - 19- 6~
(present 1900 144 20
work)
d
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TABLE IV

STUDIES DONE ON URIDINE PHOSPHORYILIASE

PURIFIED IN THE PRESENT WORK

Prep~ Purity Total
aration (~-fold) units Major studies
A 300 88 Time, pr, enzyme concentration,
...... p—mercuribenzoateb,
b
B 500 265 Initial velocity (uridine —uracil, pH 8.1)
C 900 1409 Product inhibition (uridine —uracil, pH 8.1)
D 1900 578 Disc gel electrophoresis (elution), initial
velocity® (uracil — uridine, pH 8.0)
d
Ea 200 390 Reactivation, deactivation, pHc (Ur -ruracil,
Udr — uracil, uracil —Ur), time study (uracil —Ur),
DGT study® (uracil —Ur)
d
E_ 1100 1531  Initial velocity (Ur —>uracil, pH 8.1; Udr —uracil®,
pPH 6.5; Ur —>uracil®, pH 6.5), reactivation
Sulfhydryl group modification studies (Ur —>uracil);
DGT study (Ur —uracil; Udr ->uracil)
a
Uridine cleaving activity.
b These studies, for the most part, are not reported in this thesis.
¢ These studies were done using reactivated enzyme preparations.
d

Uridine phosphorylase activity in the final step of the purification procedure

was collected in two fractions.




- 206

*OT g II WOT109S 288 b
{s113Tp 3uedTITUSIS OM3I O3 JJIO POpPUNOY 5 {(te) sanpevoxd £q pofesse sesm LA1TATIOE owAzUy a {£31AaT20% OTIFTOoodg e
0z8 1 3'¢ g€l 9 gv 6901 6T 9¢  60¥I 63 9  e1r3redeldxoapiy 0T
\ L Hd
00%g g ¥'1T 002 L 6'6 28ET of4 ‘¥T 8681 6€1 ST ‘00%-D xepeydes 6
2 Hd
10T 4 09°'0 €18 8 'y T9C1 ge 0°L 96732 6G¢e 9 ‘xopeydsS-TvyIq 8
0S°0 24 2°% L89% 13 £'e €307 1 0€0°0 iy SI2T Sy g uotioeajg qz
1e e 61°'0 81¢ g1 ST 10¢¢ <574 1°% LBEE €791 (0184 T uoTlde'ay Vi
8 ud
0L 44 €6°0 1993 z¢ 2T 9619 s34 89°0 $8€¢8 P86%F ov1 ‘xepeydeg-gvaqg 9
b3 74 09 €5°'0 P0LS G9 0°'1 67<21 (5374 620 @mwwm TLEST 91g P om< G
v'g - SS°0 9919 - 0'T . Zpp3l ~ 830 pl6ge 18221 vel %%y 0w
(g95¢) (L901T) @@«03
- 8¢ - €169 29 - LE9TT 79 -~ SOLY LEOEST YA %08~0¢ xomd gy
ov'0 T ¥3°0 ¥PGI 1T 6e°0 0661 G Gg0°'0 6¢T ¥60¢ £6 %08~0 “Hmd 'h%
2°¢ SL 82°'0 gesL GL 87°'0 mmNMH. 8L 120 918¢ 9€LLE 0¥zg g jueleugadng €
9°'1 6L $1°0 .888 68 8¢°0 £6691 g6 11°0 91¢9 L2g09 §08¢ 1 juejeugadng 144
UOT1DBIT
0€°0 L LT0°0 L3L 8 €E0°0 8¥¥1 TT 610°0 €8 £e0ey 6GET JLESTONN V¢
1 (o01) 5010 63311 (00T1) oLT°0 L3061  (00T) 529070 qBEVL SHZOTT Hoe a1eus Somoy 1
nﬁnbv PIOI~) *A002Y *30®  s3TUn  *A0D9Y *30® s3Tun °*AoosY g I0B  SI3TUN (Bu) (Tw)
£31ang % ‘dg  f®B30L % 'dg 12307 % ‘dg _Teijor TUTI930J4d  SUNICA  UOTIOBIT SERESE
SUTP TWAYL BUTPTINAXOS( SUTPTIN .

O NOILVUVdIYd ¥0d FWIHDS NOLLVDIJIund

A HIVL




*s1T8Tp JUEDTITUSTS OM] O3 FJO Popunoy

p
coanpocoad uotrzeoTyTand styz utr sdezs
8Y3} JO JO9pIO 8yl sjusssadad SUOTIOBJIT SYl JO Jopao oyl ‘O uotresedsad 03 9ATIBISI JOPJIO oYl 03 JoJod SJIoquNU oYL 5
*sonTeA £31TAT3O® O1rIoads IO SOTABY q
‘popnIOUT jou oJae F Jo sigaed pue ‘g ‘g sdezs ‘AL3TavIo JO oyes 8yl J04 o
00g 1T 9°'1 9 61 88 g g o1T13ededxoapiy 0T
‘ L HA
18 01 71 8T 1°¢ 1.3 gL 1T ‘xepeydes-TVHd 8
1
= L Hd ,
N 47 1°6 g1 8% 9°% 2¢ev L02 T ‘00z-p xepeydes 6
1
4 . 6E€0°0 . €20°0 T 660°0 -~ ¥I1 SP1 8 g# uotridoevag =9
. 1# uoIloeay
(44 €°L T ag 71 s 06¢g 0T xopeydog-gvIQ VL
. on . pog
9 g°1 89°0 0L 62°0 63801 - 1I8.L%2 09 . SY S
: 14
] v6°0 S¥°0 S 20 e€ITT 114N 2s (%08-0¢) “sv gy
1 HVmb.o @mv.o (oo1T) vmmo.o 8€CT 016%2 2Ss.L 93 8US30UOY 5T
(1) p1oI-) IpL apn *AODDY ‘0% s1TUun (Bw) (Tw)
L£ytang an qin 9, ‘podg Te310] ureload QUMTOA uoT1oeIg daas
, o SUTpTa - N cec T e

V NOILVEVJIZYd Y04 HWIHDS NOILVOIJIUNd HHIL 40 AYVANNS JZIdd

IA HIdVL




*S1T3TP JUBDTFTUSTS OM3 O3 JIO papunoy 5

*senTea A31TAT30® oT3Toads Jo oTary

q
‘pPoOpNIOUT 30U s8I ¢ pur F Jo syaed ‘g ‘g sdegs ‘L3TIRIO JO oyesS oyl IO o
0061 0T Al 8 PPT 84S P i o113edeT4x0apiH 0T
8 HdA
0} 01 7T 11 (4 2e8 °14 E ‘00g-D xopeydes 6
, i
2 L Bd
N L8 1T 7T LT €°9 9231 €6T 9 ‘xepeydes-gyIQ 8
I
1# w0I3oBIy
LS 11 e'1 8¢ 1’y 8103 88% €% xopeydes-avaa Vi
82 v°9 S'1 747 0°¢ 6v1¢ 89CS1 6% xopeydeg-gyIq 9
deas
g 69°0 €v°0 1is P70 069¢ 2928 0LT jusurlesdl 31BOH BJIIXO
. o
] 9L°0 6£°0 €9 LE'O . LYY 886TT SLT Nm< )7
1 uw.o oow.o (00T) 9L0°0 6ETL L6TV6 €L9¢ 93 BUS S0UOH . 1
((an) p1oI~) IpL apn *A0D0Yy "30e s3tun (Suw) (Tw)
£31ang In, In A *dg Tea1071, uiojoxd 2UMTOA uoT1oeIl deas
q . .. STToran : e DT S S e

Q@ NOILVYVAHEYd 04 HEWHHOS NOILVOIAINAd HHIL JO0 AYVINNAS AFI¥d

ITA TIdVL




~ 209

‘g uotrjeardsad yo 0T dols WOJXI PojlOoTI00 oJoM SUOTIDBRIL OMT, sk

*ay3tom o3vJaoAy «

00TT

1861 €1 - - - L6-1.80°0 K% () uoI3ldoBLY

06¢g € 003 - - - 02-480°0 *x (B) UOTIOBRIL

- - ~ L°VT A2 91 (2) - 89°8'6T-89°G LT

- - - o 16% 9 (1) - tq cdeag

89°S°SZ-89°2°0%

8LG 8 0061 L°S1 70¢ 4% PPT1-9L0°0 q “deag

89°¢°22-29"31°11

607 T 61 006 €°G61 LZE LS 9G6~€90°0 0 cdeag

po11tds . L9°11°22-29°6° 1T

G93g serdues 00¢ 7'ET o9%% 67 S€-0L0°0 ‘g °deag

L9°% 81~29°¢"8

88 9 00¢ *G V1 *g0¢ €1 61-320°0 'y cdeag
(e3eavoT0 agf) ((xn) pr1O3z-) (u3d) AEMV (Bw/ ay/oTourl) uotareaedsad

S3TUn Teiol, PISTA % A3Tang 1M JDATT M Apoq  Jsqumu o3ueax °3o® JO 93rB(Qg

3eyd oTzTo0dg

(3-V) SNOILVYVJIZYd QA IAIYNd HAII YO SUAIANVEVA NIVINED 40 XUVIHNS

IITA TIIVL




- 210 -

TABLE IX

SPECIFIC ACTIVITY RATIOS FOR PREPARATION C

Step Fraction Ur /Udr Ur/Tdr Udr /Tdr
*
1 Homogenate 0. 39%x% 0.67 1.7
2A Nuclear 0.58 1.2 1.9
fraction
2B Supernatant 1 0.41 0.74 1.8
3 Supernatant 2 0.44 0.75 1.7
4A ASl 0,064 0.11 1.6
4B ASz o 0,37 0.72 1.9
4ac AS 0.28 0.51 1.8
2¢c :
5 . . .
ASch 0.29 0.55 1.9
6 A-50 0.57 1.3 2.3
7A A-50, #1 1.4 11 7.8
7B A-50, #2 0.010 0.014 1.5
8 A-50 1.6 12 7.5
1% G~200 1.4 10 7.1
10 Hydroxyl - 1.3 11 8.1
apatite

* A purification scheme for preparation C is given in Table V,

*% The specific activity ratios are rounded off to two significant
digits,
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TABLE XIII

ANOMALOUS RESULTS OF AGED REACTIVATED FRACTION Eb

Protein Absorbance Time of Substrates pH
conc, reading incubation of incubation
(mg /ml1) (units) (minutes) medium
a b c
@) 8.4 0.297b 10 Udr + Py 6.5
(2) 8.4 0.266 30 Ur + Pi 6.5
(3) 1.3 0.056 65 : Ur + Py 7.3
(4 0.072 : 7.7
(5) 0.236 7.2 (G-G)
(6) 0.309 8.1 (G-®)
(7N 0.241 8.8 (G-@)
'
(8) 0.025 Udr + P, 7.3
(9) 0.284 * 6.4
(10) 0.307 5.8
an v 0.306 6.0
) \
(12) 1.4 0.161 Uracil + dR-1-P 6.5
(13) 1.4 0.391 v Uracil + R-1-P 8.2 (G-@)
a .
Experiment number,
b These assays were done 27 days before the others and they are intended to
serve as controls,
. .

Nucleoside cleavage was assayed by procedure (bi) and nucleoside synthesgis
was assayed by procedure (bii). Concentration of substrates: nucleoside
(3.3 mM), phosphate (100 mM), uracil (0.6 mM), pentose-l-phosphate (about
.2 mM). To obtain the final pH values the following buffers were used,

(the numbers correspond to the experiment number): (1) 10C mM P ,6.0;
(3) 100 mM Pl 7.1;  (4) 100 mM Pl 7.8; (5) 100 mM P, ,6.0 and 100 mM G- G
8.4; (6) 100 mM P , 7.7 and 100 mM G G 8.4; (7N lOO mM P;,7.7 and 100 mM
G-G,pH 9,3; (10) lOO mM P.,5.5; (11) 100 mM P , 6. 0 and 100 mM Ac, 5,5;
(12) 100 mM Tris, 6. 5; (13% ‘100 mM G-G, 8.4.

G-G: glchlglycine was‘the buffer or part of the buffer system.
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TABLE XIV

INHIBITION STUDIES ON NUCLEOSIDE CLEAVING ENZYMES

Enzyme - Inhibitor Concen- Time of % Reversal
tration preincub, Inhibition
(mM) (min)
PNP (3)7 DTNB 2.0 30 © 92 partial®
PMB 2.0 30 83 -
Tdrpase PMB 0.001 15 20
(8) pMB 0.01 15 58
PMB 0.1 15 78
IA 10.0 - 0
PNP (69) pMB 0.0001 10 100 partial
10B 0.1 - 90-100 -
IA 0.1 0
INH, 0.1 0
Hg++ 0.01 100
Hg*t 0.001 ' 85
PNP (63) PMB 0.2 100
PNP (114) PMB 0.1 100
IA 1.0 : 100
A
Uridine pMB 0.1 5 50 100%°
hydrolase Hgtt 0.1 5 100 =
(50) NEM 10.0 5 100
. NEM 0.1 5 80 v
a Reference.
b

Reversal time of 120 minutes with 7 mM dithiothreitol.
Reversal with 10 mM 2—mercaptoethanol}

- Information was not given,
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TAELE XVII

NUCLEOSIDE PROTECTION AGAINST INHIBITION WITH ELLMAN'S REAGENT (DTNB)

Protecting pH Inhibitor Substrates added Absorbance
substrate conc (mM) after 30 min reading
“inhibition (290 my)
1H? None 8.1 0 Ur + P, 5 0.215
2) - 0 Udr + Ur + Py 0,196
3) - 0 Udr + Py 0.022
4) - 0.001 Ur + Udr + P; 0.066
5) Udr 0.001 Ur + Py 0.134
6) Ur 0.001 Udr + P; 0.159
7) Ur 0.001 Pi 0.187
8) None 6.3 0 Udr + Pi 0.100
9) Udr (5 min 0,038
preincub.)
+ Ur + Pi
10) 6.3 0 Ur (5 min 0.015
preincub,)
+ Udr + P,
i
11) 6.5 0 © Ur + Py 0,051
12) 0.017 Udr + Py 0.025
13) - Ur + Py ' 0.004
14) Udr Pi 0.064
15) Udr Ur + Pi 0.029
16) Ur Py 0.051
17 Ur Udr + Py 0.045
a

Experiment number; experimental procedure with fraction E  is des-
cribed in section III B.” Nucleoside concentration was 3.3 mM and
phosphate concentration was 10 mM,

A preincubation period of 5 minutes of either nuclecside with enzyme
before the addition of the other nucleogide did not affect the absor-
bance reading.




INHIBITION OF ACTIVITY BY IODOACETAMIDE
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TABLE XVIII

Time a INH2 Absorbance Inhibition pH
(min ) (mM) (%
Uridine
b.
1 5 0 0.189 0 8,1
2) 20 6.5 0.090 53
3) 20 13.0 0.018 92,
4) 20 0 0.142 G 7.3
5) 20 6,5 0.131 8
6) 60 6.5 0.057 60
7) 20 13,0 0,111 22
8) 60 13,0 0.048 66
9) 20 0 0.059 0 6.6
10) 20 6.5 0.068 - 15€
11) 60 6,5 0.060 - 1
Deoxyuridine
12) 20 0 0.085 0 7.3
13) 20 6.5 0.084 1
14) 60 6.5 0.057 33
15) 20 13.0 0.079 7
16) 60 13.0 0.060 29
17) 20 0 0.115 0 6,6
18) 60 0 0.114 0
19) 20 6.5 0.107 7
20) 60 6.5 0.101 11
21) 20 13.0 0.083 28
22) 60 13.0 26

0,084

Preincubation period of inhibitor and enzyme.

Experiment number;
in section III B.

experimental procedure is described

Possible stimulation,
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TAELE XIX

SENSITIVITY OF ENZYMES TO.SULFHYDRYL REAGENTS

Inhibitor Cone. % Enzyme™ Source
() Inhibition : -
pMB 0.,000025 50 Isocitrate dehydro- Pig heart
""" genase (0,99 pg pro-
tein)
0.000015 50 Myokinase (0.5 pg) Rabbit muscle
0.00004 50 Oxalosuccinate de- Pig heart
— hydrogerase (0.99
pe) .
0.0001 56 Orpithine carbamyl Rat liver
transferase
0,0001 29 Creatine kinase Sheep muscle
(5 pg nitrogen)
0.0002 50 Glyceraldehyde'S— Rabbit muscle
phosphate dehydro-
genase
0.0003 69 UDP-glucose dehydro- Calf liver
' genase (25 pg)
0.00065 41 Succinaﬁe deh&dro~ Beef heart
genaze (90 ug)
0.0005 50 Aminopeptidase Beef liver
(5-10 pg)
0.0006 50 Arylestefase Human serum
-------- 0.0006 50 Uridine phosphory~ Rat liver
lase (7 pg)
IOB 0.00013 100 Xapthine oxidase Milk
0.0025 100 Creatine kinase Sheep muscle
(5 pg nitrogen)
0.0035 50 Uridine phosphory- Rat liver

;ase
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lase

TABLE XIX
(continued)
Inhibitor Conc, B Enzyme™ Source
(mp1) Inhibition
NEM 0.001 38 Creatine kinase Shieep muscle

0.010 86 A-glycerophosphate Rabbit muscle
dehydrogenase

0.010 50 Succinate dehydro- Monkey brain
genase

0.036 50 Fructokinase Beef liver

0.033 48 NAD (H) diaphorase Beef brain

0.130 50 Glyceraldehyde Rabbit muscle
3~phosphate dehydro-
genase

about 0.04 50 Uridine phosphory- Rat liver
lage -

IA 0.0012 50 Cathepsin Liver

0.10 60 Glyceraldehyde Rabbit muscle
3-phosphate dehydro-
genase

0.10 100 Creatine kinage Sheep muscle

0.10 45 Proteinase Rat liver

0.23 Alcohol dehydro- Rat liver
genase

1.0 52 Succinate dehydro- Rat liver
genase

1.5 3 Xanthine oxidase Milk

5.6 50 Uridine phosphory- Rat liver

The enzymes shown are the most sensitive ones found for pMB, I0B, and NEM

in mammalian systems as listed by Webb (64).

For IA, the most sensitive

ones are listed here, but only a few of the enzymes inhibited in the 1 mM

range are included.
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TABLE XX

CONSTANTS FOR URIDINE PHOSPHORYLASE FROM INITIAL VELOCITY STUDIES

Substrate pH Constant Value Reference
(i)
Uridine 8.1 Michaelis 0.28 Figure 22
K
( b)
Uridine 6.5 Apparent Kb 0,12 Section IV A 2cii
Udr - 6.5 K, ‘ .0.36 Figure 26
P, ‘ 8.1 K 0.34 Figure 23
1 a
P 6.5 X 0.64 Figure 25
1 a
gracil 8.1 K, 0.31 Figure 28
R-1-P 8.1 kq 0.070 Figure 28
P 6.5 X 1.8 Figure 25
i ia
R-1-P 8.1 Kiq 0.071 Figure 26
" Kiq 0.080-0.10 Figure 27
P 8.1 X, 3.3  Figure 23
1 1a
" K : 7.5 Figure 22
ia
Uridine 8.1 VMa 0.21 Figures 22, 23
Udr 6.5 VM 0.10 Figures 24, 25
Uracil 8.1 v ©0.13 Figure 28
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TABLE XX (continued)

Substrate - pH Constant Value Reference
(md1)
Uridine 8.0 Apparent K 0.12 (21)b
Uracil 8.0 Apparent k 0.26 i215
Uridine 7.4 Apparent K 0.76 (13)
P, 7.4 Apparent K 3.9 (13)
Pi 6.5 Apparent K 3.9 (13)
Udr 6.5 Apparent K 0.71 (13)
Uridine 8.1 Apparent K 0.069 : (14)
Uridine 7.4 Apparent K 0.13 (14)
Uridine 6.7 Apparent X 0.11 (14)
vdr 8.1 Apparent K 0.40 (14)
vdr 7.4 Apparent K 0.59 (14)
Udr 6.7 Apparent K 0.60 (14)
Uridine 7.4 Apparent K 1.0 - (16)
Udr 7.4 Apparent K 0.30 (165
Uridine 8.0 Apparent K 2.5 ' (58)
a

All Vy values were normalized to the same protein concentration and
incubation times.

Enzyme sources were given in Tables I and III. Ehrlich ascites cells
were used in references 13, 14, and 58,




TAHLE XX

CONSTANTS FROM PROLUCT I

Inhibitor Variable Nonvariable Apparent Definition of Calculated Appi
substrate substrate K, X 10~%m apparent K, Constant K. X
= : is is -4 i
(md1) X 107™*M
Uracil Phosphate (0.133) 3.3 N@Nwa 1+ K,B an = 0.52 2
- Ky KiaKb :
Uracil Phosphate (0.533) 7.8 Nﬁmw@ w + wa v an = 1,1 2
Xq K a%p .
Uracil Uridine (0.667) - Nﬁﬁw@ - -
. ) 3
q
. . e K. = 0.26 - )
uwmoHH Uridine ﬂmomqV 1.6 Nwmpn an 0.26 10,
T ;
q
R-1-P Phosphate (0.266) 13.0 K, - Compe
g | o inhibs
R~1-P Phosphate (3.33) 13.0 K - compet
iq .1
: . - . . : inhibj]
1 N : K = 7. . 14
R-1-p Uridine (0.667) 8.0 Nu& 1+ m> iq 0 1
’ ia -
R-1-P Uridine (6.67) - bﬁvwomowwmm no - -

MerUHwMOb




UCT INHIBITION STUDIES

Apparent Definition of Calculated Comments
K.. X 10™%u apparent K . | Constant
t , X 10~
2.5 B + K K, = 1,8 Figure 37 I; equation 5, Values of Nv, K, K, and X, are
B+ Kgkp . T from the initial velocity study. a P 14
Kip Kig%p !
2.5 B + K K, =2,3 Figure 37 II; equation 5.
D ip
B + Nmmv
Eip Kig%p
- Nwﬁ AH + mmv - Figure 37 III; equation 6. Poor product inhibition pattern.
y .
10.5 K, X, = 10.5 Figure 37 IV; equation 6.
W ip ip _
Competitive - - .wwmcwo 38 ¥; equation 7. Poor product inhibition pattern.
inhibition
competitive - - Figure 38 VI; equation 7. Nonlinear slope.
iphibition :
-14.8 an 1+ A NHQ = 5,7 Figure 38 VII; equation 8. Nonlinear slope.
Nm
- Approaching no - Figure 36; equation 8.

inhibition

r.rorr .
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Nucleoside phosphorylases

Purine specific Pyrimidine specific (14, 19, 28)
Isozymes Guanosine
7 specific (63)
Broad

specificity (4)

Uridine Thymidine
phosphorylase phosphorylase

(14)
Soluble extract (114,000 g)

PH optimum 6.6 pH optimum 8,1

(Ur) (Ur)
(19) (19)
Nuclear Cytoplasmic
enzyme enzyme
pH optimum 8.1 (Ur) pH optimum 8,1 (Ur)

* The soluble extract contains uridine phosphorylase activity with one of
the listed pH optima,

FIGURE 1A

A schematic classification of nucleoside phosphorylases,
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STEP RELATIVE
RAT LIVER . PURITY *
(-fold)
HOMOGENATE 1 1
pellet « L
SUPERNTTANT 1 2 1.6
pellet = $
SUPERNATANT 2 3 3.2
0-30% AS. < ,
e % S, ¢
30-50% |AS, 4,5 4.3
DEAE-SEPHADEX 6 10
pH 8.0
DFEAE-SEPHADEX 7 31
pH 8.0
thymidine B |
phosphorylase vV
URIDINE PHOSPHORYLASE
DEAE~-SEPHADEX 8 101
pH 7.1
SEPHADEX G-200 9 200
pH 7.3
HYDROXYLAPATITE 10 820
pH 7.3 '

* with respect to uridine cleavage relative to the homogenate,

FIGURE 1B

A schematic outline of the purificatioh scheme for preparation C,
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Figure 6, Hydroxylapatite chromatography at pH 7.2 of fraction 9

from preparation D,

Column parameters:

column size ' : 0.9 cm by 60 cm

bed volume : 20 ml
flow rate : 4 ml/hour
aliquot ' : 2.5 ml
volume of sample . 2,5 ml

The sample contained 26 mg of protein, 832 units of uridine
cleaving activity, and 571 units of deéxyuridine cleaving activity of
which 58%, 92%, and 92%, respectively, were recovered, The vertical
arrow indicates the point at which elution was started with a linear
gradient of 0.02-0.25 M phosphate. Uridine cleaving activity (B—8 )
and deoxyuridine cleaving acti%ity ( O—0) were assayed by pfocedure
(ai), The specific activity values'(EJ) wifh uridine as the nucleo-

Side are shown. Fractions 34-42 ( ~%»<%-) were combined and concentrated

with Carbowax for 4 hours., Protein (@ @ ) was estimated spectro-

photometrically.
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Figure 7. Time course of uridine cleavage and uridine synthesis by
ﬁridine phosphorylase,

For uridine cleavgge ( O—0) at pH 8.2, the incubation medium
containéd 0.1 M Pi’ pH 7.4;“0.1 M giycylglycine, PH 8.7; 5 mM 2~
mercaptoethanol; 3.3 mM uridine, pH 7.0; 9.8 pg of ﬁreparatioﬁ Af diluted
to 0.5 ml with 0.05 M Pi’ pH 7.0, .Activity was assayed by procedure
(ai). For uridine synthesié (@®—e) at pH 8,14, the incubation medium
éontained 0.1 M glycylglycine; pH 8.4; 0.67.mM uracil; 2,9 mM riboge-1-
phosphate, pH 7.0; 6 pg of fraction E . Activity was assayed by pro-
cedure (bii). Enzyme activity is given as the change in absorbance at
290 my, If>on1y one experimental point is shown, it represents an
average of at least two determinations; if, however, the duplicates did

not agree, both readings are given.
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Figure 9, Reactivation of uridine cleaving activity by 2-mercaptoethanol
and dithiothreitol,

A-1, Effect of the time of preincubation on reactivation of uridine

phosphorylase with 2-mercaptoethanol

Fraction Ea (aged for three months at -400) was preincubated at
“room tehperature‘wifh 50 mM Z-mercaptoethanol, fof the times indicated,
before either substrate was added to the reaction tube, Percent re-
activation of uridine cleaving activity ( @&——& ) was calculated from
control readings in which 2—mercaptoethaﬁol was 6mitted. The complete
incubation medium contained 0.1 M Tris, pH 7.4; 0.16 mM giycylglycine,
PH 8.9; 10 mM Pi’ pH 7.0; 3.3 mM uridine, pH 7.0; 50 mM Z-mercaptoethanol;
35 ug of protein were diluted to 0.5 ml with .05 M Tris, pH 7.1, The
final pH of the incubation mixture was 8,2, Activity was aésayed by
procedufe (bi). |

A-2, Effectvof Z2-mercaptoethanol concentration on reactivation of aged

fraction E ,
a

The enzyme fraction and 2-mercaptoethanol were preincubated for 120
minutes; Other conditions were the same as described in A-1.

B. Effect of dithiothreitol on uridine and deoxyuridine cleaving

activities of fractions En and Eb

Activity is shown as an increase in absorbance at 290 mp. Fraction
Eb (11 pg of protein) was preincubated at the times indicated with.lO mM
ditﬁiothreito]. and then assayed for uridine cleaving activity ( @&—@ )
or deoxyuridine cleaving activity ( O—0). Fraction Ea (35 pg of prétein)
was preincubated with 10 mM dithiofhreitol and>then asséyed for uridine
cleaving activity ( O—-0 ) or decxyuridine cleaving activity ( B—m ).
After 180 minutes, dithiothretiol was added ( } ) to give a final

concentration of about 20 mM, These fractiohs were éged for three months
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Figure 9, (continued)

at -40° with intermittent freezing and thawing, and then dialyzed against
0.05 M Tris, pH 7.2-1 mM EDTA, pH 7.0 for 90 minutes. The incubation
medium contained 0.1 M Trié, pH 7.4; 10 mM Pi’ pH 7.0; 3.3 mM uridine or
deoxyuridine, pH 7.0; ehzyme diluted as in Figuré 9 A-1, The final pH

of the incubation mixture was 7.35. Activity was assayed by proceduré

(bi).
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Figure 12, Molecular weight estimation of uridine phosphorylase and
thymidine phosphorylase by Sephadex G-200.

Uridine and thymidiné phosphofylase fractions from DEAE-Sephadex
chromatography (Figure 1B) were used., Experimental conditiéns are des-
cribed in section II C 6. Marker proteins were apoferritin (O), ¥ -
globulin (4), albumin (O), ovalbumin (A) and chymotrypsinégen (8);

X , uridine or thymidiné phosphorylase.‘ The profile of Blue dextfan-
( @&—e ) was determined by monitoring thé effluents speétrophotometrically
at 290 mp. With reference to the standard line, the horizontal axis
indicates the fraction number in which meximum absorbance of protein

occurred,
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A B P Q
(5) ORDERED Bi Bi
E E
EA EAB € EPQ EQ
(FQ) 62)]
(iso ordered Bi Bi if EQ and E are changed to FQ and F,
as shown).
A B, P Q
(6) THEORELL-
CHANCE
B EA EQ .
(FQ)

(iso Theorell-Chance mechanism if EQ and E are changed to
EQ and F, as shown).

(7) RAPID ;
EQUILIBRIUM
RANDOM Bi Bi

%
(rate-limiting)

(Random Bi Bi if EAB == EPQ is not rate limiting).

Figure 39.

Possible sequential mechanisms for uridine phosphorylase.
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