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THE RFFECTS OF NUCLEOSIDES ON NUCLRIC ACID SYNTHESIS IN

NORMAL AND CHRONIC LYMPHOCYTIC LEUKEMIC LYMPHOCYTES

CHAPTER I

INTRODUCTION

Chronic Lymphocytic Leukemia

Leukemia was first recognized over a century ago, when
Rennett (1) and Virchow {2) reported two individual cases independently.
The complexity of this disease became increasingly evident over the
years that followed, as more cases of leukemia were identified.
Research revealed that several types of white cells played a role in
the disease process, each having a different site of formation.
Leukemia may be defined briefly as "a generalized, abnormal,
neoplastic, self~perpetuating proliferation (slow or rapid) of one of
the leukocytic tissues, often associated with abnormal white blood cell
counts and eventually leading to anemia, thrombocytopenia, and death"
(3).

Clinically, leukemia is classified according to (a) the white
blood ceil type, (b) the pattern of leukocytic proliferation, and (c)
the leukocyte counts and differential counts. Leukocytes include
lymphocytes, granulocytes, monocytes, and plasma cellis. Thus at least

four basic types of leukemia exist: lymphocytic, granulocytic, mono-~



cytic and plasmocytic. Leukemia may progress slowly, as in the chronic
form, or rapidly, as in the acute form.

While leukemia has a world-wide incidence, its epidemiology
seems to vary considerably in different geographic areas {(4) as well as
among different races (4-8). For example, chronic lymphocytic leukemia
(CLL) is virtually absent among non-Caucasians, i.e., the Japaneée (6),
Chinese (7), and New Zealand Maoris (8). This apparent racial
resistance may be congenitally counferred, or it may relate to the lack
of environmental factors capable of inducing the leukemic process, or
both influences may act in concert. Genetie involvement as a possible
etiologic factor has been explored and reviewed extensively (3,9,10).
The low incidence of CLL in some Oriental groups and the tendency of
CLL to occur repeatedly in the same family (11-13) suggest that a
genetic factor may, indeed, be important.

Viruses have been implicated as the specific etiologic agents
in certain animal leukemias (14-17). The recent discovery of an RNA-
dependent DNA polymerase strongly supports the hypothesis that leukemia
is virally transmitted (18,19). This RNA-dependent DNA polymerase can
use RNA as a template to tramscribe a complementary copy of DNA, which
is then converted to double-stranded DNA, cleaved, and integrated into
the host DNA during replication of the host gencme. Spiegelman et al,
(20) were able to demonstrate a homology between the RNA from
leukocvies of leukemic patients and the RNA from the murine Rauscher
levkemia virus, but not the RNA of an unrelated mouse mammary tumor
virus. Using the molecular hybridizstion techmique, with radiolabeled

DNA complementary to the RNA of the murine leukemia virus, they
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demonstrated this homology in 89% of the leukocytes from patients with
CLL, acute lymphocytic leukemia, acute myelocytilc leukemia, and mono-
cytic leukemia. Other recent work suggests, however, that the RNA-
dependent DNA polymerase is associated, not only with oncegenic
viruses (21), but with non-oncogenic viruses (22) and a wide range of
host cells, including lymphocytes from normal donors (23).

There is no definite indication that CLL can be induced by a
single etiologic agent, however. ¥ndogenous factors, such as genetic
makeup, hormenal influences, and aging, are known to be important
(24,25). FExogenous factors, such as viruses (26), chemical exposure

(27), and irradiation (28), may also play major roles in producing CLL.

Non-stimulated Normal and

CLL Lymphocytes

Numerous studies, devoted to comparing lymphocytes from
healthy subjects with those from leukemic patients, have established
that the small circulating peripheral lymphocytes, without exogenously
supplied mitogens, do not normally undergo cell division in culture.
These investigations have centered on the metabolism of garbohydrates
for energy production, the giycolyuic pathway of gluccse degradation,
and the biosynthesis of polysaccharides. The blochemical aspects of
the resting normal and leukemic lymphocytes have been reviewed
extensively by Elves {29} and Beck (30).

Cocper and Pitzgerald (31), studying a pure lymphocyte
population, found that glycolytic oxidation predominated more under
anaerobic conditions than under aerobic conditions. Frei and his

coworkers (32) further concluded that the metabolic status of



lymphocytes resembles that of most other normal tissﬁes in that they can
use the oxidative pathway, and are also capable of small amounts of
glycolysis under aeroblc or ameroblc counditions.

The independent investigations of glycolysis by Stjernholm (33)
and Beck (34) revealed that leukemic lymphocytes produce lactic acid at
a substantial lower rate than normal cells. This observation supports
the previous findings that CLL lymphocytes posséss little or no glycolysis
under aerobic conditions and low to high glycolysis under anaerobic
conditions (35-37).

Excess glycogen has been reported in CLL lymphocytes (38).
Studies of enzymes, such as UDPG glucosyltransferase (39), a-D-
glucosidase (40), and phosphorylase (41), which are involved either in
the synthesis or catabolism of glycogen, failed to demonstrate that
leukemic lymphocyte glycogen storage is related to abnormalities of
these enzymes.

Brody et al. (42) took a different approach by studying the
hexose monophosphate shunt pathway, which may lead to an accumulation
of glycolytic Intermediates; these then enter the glycogen synthesis
cycle. The study of this pathway for glycogen synthesis in human
lymphocytes has produced controvérsial results. Brody et al. (42)
demonstrated that CLL lymphocytes produce significantly less radioactive
carbon dioxide from glucose-l-14c than normal lymphocytes, suggesting
that the hexose monophosphate shunt is reduced in CLL lymphocytes.
However, this finding was inconsistent with Beck's report (43) that a
higher percentage of utilized radioactive glucose traverses the hexose

monophosphate shunt in leukemic cells than in normal cells.



PHA-stimulated Normal and

CLL Lymphocytes

One of the most promising advances in lymphocyte research was
the discovery of Hungerford et al. (44) in 1959, that phytohemagglutinin
(PHA) could induce the transformation of small lymphocytes in cell

Phaseolus vulgaris, was added to the leukocyte culture, some of the

cultured cells underwent marked morphologic changes. Hungerford's
observation was followed up by Nowell (45), who first described the
mitogenic factor clearly in 1960,

In dividing cell populations, the sequence of metabolic events
from one mitosis to the midpoint of a succeeding mitosis may be
expressed in the "cell cycle'" concept. A cell cycle comprises four
main stages: Gl, S, G2, and M, The resting or non-stimulated cell
resides in the Gl phase, the interval between mitosis and the onset of
DNA synthesis. When a mitogen such as PHA is added, sequential changes
occur as cells go through the S phase (the DNA synthesis period), the
G2 phase (the interval between complete DNA replication and mitosis),
and finally the mitotlc phase M, in which the cells divide.

The following account of the lymphocyte "cell cycle” has been
reviewed by Abell (46). The cell membranes of lymphocytes change
within minutes after PHA is added. Smith et al. (47) observed a
significant elevation of adenyl cyclase, a membrane-bound enzyme, as
well as a 25-3007% increase in cyclic AMP levels in homogenates of
human peripheral blood lymphocytes within 1-2 minutes after PHA

stimulation. After 6 hours, however, the cyclic AMP level in these



cells usually fell to the level of the non-stimulated control cells,
After 24 hours, the level dropped below that of the controls. In
contrast, Novogrodsky and Kutchalski (48) repor;;é.that PHA had no
detectable effect on either adenyl cyclase activity or cyclic AMP level
in rat lymph node lymphocytes. Further study on the effects of extra-
cellular cyclic-nucleotides failed to support the hypothesis that cyclic
AMP alone can initiate the complex series of metabolic alterations
which culminate in lymphocyte transformation (49). On the other hand,
Cross and Ord (50) found that, in the lymphocytes of pig peripheral
blood, dibutyryl cyclic AMP elicited an immediate burst of RNA
synthesis, followed by DNA synthesis and eventual transformation. This
was indistinguishsble in timing and magnitude from that produced by PHA.
Therefore, tha hypothesis that cyclic AMP may be an important intra-
cellular messenger in PHA-stimulated lymphocytes is plausible. The
regulatory role of cyciic AMP on lymphocyte metabolism will be
discussed in greater detaill later in this chapter.

Also, within minutes after PHA addition, Fischer and Mueller
(51) observed (a) accelerated incorporation of 32POZ3 into phosphatidyl
inositol, followed by (b) rapid interconversion of a compartmental
phosphatidyl inositol and phosphatidic acid, and (c¢) increased
secretion of gammz-immunoglobulin from the cells. The authors
postulated that PHA-induced activation of phosphatidyl inositol
metabolism leads to the removal of gamma-immunoglobulin from the cell
via a protein tramsport mechanism. This weculd then allow the
expression of cellular genetic information. Recently, the

distribution of the stimulated phospholipid synthesis was also



studied (52). When lymphocytes were exposed to PHA for as little as 3
23 . s .
minutes, 32P04 incorporation into phesphatidic acid was stimulated

more significantly than incorporation into phosphatidyl inositol.

3254~3
P04

incorporation into phosphatidyl inositol to a much greater extent than

Furthermore, the fact that PHA accelerated myoincsitol—Z—SH and

glycerol—2—3H or oleic—l«lac incorporation is consistent with the
mechanism of interconversion between phosphatidyl inositol and
phosphatidic acid, in which the diglyceride portion is conserved.
Evidence was also presented to support PHA stimulation of phosphatidic

acid synthesis by diglyceride kinase.

o

Pogo et al. (53) observed a marked uptake of radioactive

acetate into nuclear histone 15 minutes after PHA addition. The
acetylation was more pronounced in the arginine-rich fraction than in
the lysine-rich histone fraction. Pulse labeling experiments with
Voc uridine and l4C-acetate showed that histone acetylation preceded
RNA synthesis, This was interpreted to mean that a change in the
chemistyy of the basic proteins of the chromousomes, brought about by
acetylation of the histone, signaled a later increase in the RNA
syuthetic activity of the chromatin., MacGillivray (54) also found that
PHA increased the labeling of histones of lymphocytes incubated with
1Z*Cwmethy1—meti‘n‘.onine. or sodium 14C—acetate, a finding in general
agreement with the data of Pogo et al. It has also been reported that
the phosphorylation of serine and threonine residues associated with
nuclear histones was increased twofold within 1 hour after PHA
addition (55).

These modifications —-- i.e., acetvlation, methylation, and

phosphorylation of histones, and histone-DNA interactions suggested



that an alteration of condensed chromatin to a diffused state probably
activated the chromatin for RNA synthesis. This possibility has been
supported by ewxperiments using labeled uridine or cytidine as precursors
to study lymphocyte RNA metabolism. Many workers {56-58) have observed
marked incorporation of these isotopes within 30 to 60 minutes after the
addition of PHA.

Lucas {59,60) observed that addition of PHA to human
lymphocyte cultures produced a 20~fold increase in the rate of 38~
uridine Incorpovation into RNA, as well as the actilvity of uridine
kinase after 24 hours, Uridine kinase is the enzyme catalyzing the
phospherylation of pyrimidine nucleosides into pyrimidine nucleotides.
Lucas also observed the inbibitory effect of cytidine on uridine
incorporation and explained it as an end-product feedback inhibition,
i.e,, uridine kinase inhibition by pyrimidine triphosphate., Other
workers (61,62) showed a close correlation between the rate of uridine
phosphorylarion in lymphocyte extracts and the rate of uridine
incovporation by the 3intact cells., All agreed that uridine
incorporation into BNA is limited by the rate of uridine phosphorylation
rather than the rate of RNA polymerization.

Conflicting reports have appeared in the literature, however,
concerning the rate-limiting step in the uridine incorporation process.
Peter and Hausen (63), investigating the kineties of membrane transport,
concluded that the transport of uridine through the cell membrane is
the rate-limiting step in uridine uptake in PHA-stimulated bovine
Iymph node lymphocytes., These authors pestulated that PHA induced an

increase in the number of functional carrier sites of the membrane




transport system., This hypothesis was further supported by the finding
that rhe transport of the non-metabolizable glucose analogue 3-0-
methyl-glucose through the lymphocyte membrane was stimulated
immediately uporn addition of PHA (64).

Cooper (£5,66) reported that accelerated uridine incorporation
by PHA-stimulated lymphocytes is accompanied by increased uridine
incerporation into ribosomal and transfer RNA as well as polydisperse
RNA, which constitutes nearly all the newly made RNA in resting
Iymphocytes, Thus the rate of RNA syuthesis can be determined
accurately by using sedimentation studies to estimate the percentage of
RNA synthesis atuributed to ribosomal RNA (67). By this method, total
RHA synthesls increased two to fourfeld im 24 hours. Recently, it was
reported that the estimation of RNA polymerase activity in nuclei also
provides an accurate, simple, and rapid means for determining
alterations in RNA synthesis in growing and nongrowing cells (68).

Cooper {69) used methionine~methy1~3ﬂ to label newly
synthesized ribosomal RNA and made the followiung observations. First,
about one half of the newly synthesized 185 rRNA in resting lymphocytes
wase immediately degraded. Second, the least newly synthesized rRNA was
wasted when cells were in a rapid growth phase after 6-7 hours of
incubation with PHA. Finally, after 20 hours of stimulation, rRNA
wastage was still low, but rose to a level significantly above that
found at 6-7 hours. After 40 hours, at the time of maximal cell
grovih, vRMA wastage was almost as high as that in resting cells.
Cocper suggested that rRWA wastage, in both resting and growing cells,

nay be 2 manifestation of a growth-regulating mechanism. In a general
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way, reduced wastage might occur only during unstable periods of
transitlon from one stable state (resting) to another (maximal growth).
The normal wasteful mode of rRNA synthesis would be re-established on
reaching a stable state. The degradation mechanisms of the newly
synthesized vRNA were also proposed.

More recently, the rRNA processing in CLL lymphocytes during
rhe first 48 hours of the delayed response to PHA was studied by
Rubin {70). He found that CLL lymphocytes failed to couserve 185 rRNA
persigtently. Subsequently, the over-zll rate of RNA synthesis lagged
far behind the level attained by normal cultures incubated with PHA.

Swell lymphocytes have besn shown to incorporate labeled
phenyialanine, leucine, lsoleucine, and methionine into protein (71).
Several authors (72-74) have reported that the PHA-stimulated cultured
lymphocytes contzin immunoglobulilns and even specific antibody.

Kay's (75) study indicated that protein synthesis was stimulated after
the initiation of RNA synthesis. However, early protein synthesis
appeared to occuy on pre-existing ribosomes.

Hayden et al. (76) have shown that glucosamine is incorporated
into membrane glycoprotein of PHA-stimulzated lymphocytes slowly but
progressively. By proteolytic digestion, using gel filtration on a
Sephadex $~150 column, these authors demonstrated the release of three
different glycoproteins containing glucosamine from a purified
lywphocyte membrane fraction,

Using labeled thymidine, which is vapidly and specifically
incorporated into DNA, Bender and Prescott (77) first elucldated DNA

synthesis and mitosls in stimulated human lymphocytes, and thus
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introduced the concept of the human lymphocyte cell cycle. Their study
revealed that (a) every mitosis is preceded by an in vitro DNA
duplication, (b) the duration of the orderly Gl, S, and G2 is
approximately 24, 12, and 6 hours, respectively, and (¢) an individual
lymphocyte can divide approximately four times, i.e., the culture life
span is limited.

In stimulated normal lymphocytes, Loeb 2t al. (78) found that
(a) the induction of DNA polymerase is parallel in time and magnitude
to the abillty of the cells to synthesize DNA, (b} the Increase in DNase
activity alsc parallels DNA synthesis and the rise in polymerase, (c)
the activities of thymldine kinase and thymidylate kinase increase about
two to tenfold, and (d) guanylate kinase and deoxyguanylate kinase
activities fail to rise significantly.

Abell et al. (79) estimated the rate of DNA synthesis in
lymphoeyte culture by measuring the rate of incorporation of labeled
thymidine into DNA over a period of 8 days. Their study demonstrated
that normal lymphocytes reach a maximum DNA synthesis at 3 to 4 days
after PHA stimulation, whereas CLL lymphocytes show various delayed
responses, depending upon the white blood call count of the patient.
Thus, their CLL cases were arbitrarily divided into three groups.
Lymphocytes from patients with low, medium, and high white blood cell
counts exhibited maximal DNA synthesis on days 5, 6, and 7, respectively.
The observed delay in maximal DNA synthesis in CLL lymphocytes is

congistent with the data of Havemann and Rubin (80).
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Nucleotide Metabolism in Resting and PHA-stimulated

Normal and CLIL Lymphocytes

Tt is well established that nucleotides can be derived either
from preformed purine or pyrimidine bases or nucleosides (salvage
pathway), or from purines and pyrimidines synthesized by the cells from
simple precurscrs such as ammonia, formate, and co, (de novo pathhay).
Several comprehensive reviews deal with some of the enzymic reactions
of nucleotide biosynthesis and enzyme regulations (81-84).

Indirect evidence that carbamyl phosphate is a precursor of
orotate in animal tissues is provided by incorporation of labeled CO2
into uracil and uridine nucleotides in Ehrlich ascites (85) and
Novikcoff ascites tumors (86). Carbamyl phosphate synthesis has been
directly demonstrated in cell-free extracts of Ehrlich ascites cells,
fetal rat liver (87), and mouse spleen (88). 7Tto and Uchino (89) showed
that the Initial steps in de novo pyrimidine biosynthesis are present
in PHA-stimulated lymphocytes, since increased incorporation of 14C02
into uridine nucleotides and elevated carbamyl phosphate synthetase
activity were found in these cells.

Conflicting reports have been published concerning the
capacity of lymphocytes to utilize the de novo pyrimidine synthetic
route with aspartic acid or orotic acid as precursors. Lucas (59,60)
observed substantial incorporation of both labeled aspartic acid and
orotic acld into lymphocyte RNA, implying that the pyrimidine de novo
pathway is a major synthetic route. On the other hand, Kay and
Handmaker (62) did not observe this phenomenon. Enzymes of the de novo

pyrimidine pathway, such as aspartate tramscarbamylase, dihydrcorotase,
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dihydroorotic denydrogenase, and orotidylic decarboxylase, have been

demonstrated in leukocytes (90,91).

In Escherichia coli (81) and yeast mutants (83), aspartate

transcarbamylase (the enzyme catalyzing the formation of carbamyl
aspartate from carbamyl phosphate and aspartic acid) appe:rs to be a
regulatory enzyme of de novo pyrimidine synthesis. However, in mouse
spleen cells, aspartate transcarbamylase seems relatively insensitive
to feedback inhibition (88, 92), whereas carbamyl phosphate synthetase
is inhibited by uridine triphosphate (88). Thus a possible alternative
means of rvegulating de novo pyrimidine synthesis may be provided by
carbamyl phosphate synthetase.

The control of de movo purine biosynthesis by feedback
inhibition of phosphoribesylpyrophosphate amidotransferase, the first
enzyme of this pathway, has been demonstrated in pigeon liver (93).
However, evidence has been presented that non~-stimulated human
leukocytes cannot utilize the de novo pathway of purine ribonucleotide
synthesis, or can do so only poorly (84). Labeled glycine is not
incorporated, and labeled formate 1s incorporated into purines in
normal leukocytes only when intermediates such as aminoimidazole
carboxamide or 1its ribomucleotide are present. This indicates that the
deficiency exists in the early steps of the purine pathway. The
limitations in de novo synthesis of purine ribonucleotides in leukocytes
implies that synthesis occurs via the salvage pathway. No clear
indication of this, however, has been observed in stimulated lymphocytes.

In the de nove pathway, the deoxynucleotides are formed in

vitre by the direct reduction of nucleotides. The responsible enzyme,
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ribonucleotide reductase, was found to be present in both non-stimulated
normal and CLL lymphocytes, with a slightly higher level in the latter
cells (95). Little information 1s available on regulation of nucleotide
reductase synthesis in animal cells, although it is known to occur. In
kidney cells cultured directly from the rabbit, cytidine incorporation
into deoxycytidine nucleotides begins tc increase approximately when
DNA formation is initiated (96). This may, represent increased ribo-
nucleotide reductase activity, since it 1s reversibly inhibited by
hydroxyurea, an inhibitor of the reductase in Ehrlich ascites cells

and L cells (97).

Despite their capacity for de novo nucleotide synthesis, cells
of most organisms also synthesize nucleotides from purine and pyrimidine
bases and nucleosides. Fnzymes of this salvage pathway, including
nucleoside kinase, purine phosphoribosyltransferase, and nucleoside
phosphorylase, are essential.

Many investigators believe that thymidine kinase is important
in the control of DNA synthesis in various cells, because increased
activity of this enzyme is associated with rapid growth and accelerated
DNA synthesis. That the maximum kinase level is reached at the end of
mitosis, coinciding with the onset of DNA replication, was demonstrated
in mouse fibroblasts (98). Although the control of thymidine kinase is

~little understood, studies of liver culture cells have suggested that a
phosph;rylated derivative of deoxythymidine may be involved (99). In
both non-stimulated normal and CLL lymphocytes, thymidine kinase
activity was found to be low (100). Othef nucleoside kinases, such as

uridine kinase and cytidine kinase, rose to 20 times their control

levels after PHA treatment (59,60).
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In mammalian tissues, formation of purine mononucleotides from
the appropriate purine and phosphoribosyl pyrophosphate (PRPP) appears
to be a function of at least two enzymes, hypoxanthine—guanine phos~
phoribosyltransferase and adenine phosphoribosyltransferase (91).

These enzymes are specific for guanine, hypoxenthine, inosine, and
adenine. When they were studied in both normal and leukemic leukocytes
(91,101,102), there appeared to be no significant reduction in
hypoxanthine~guanine phosphoribosyltransferase. However, adenine
phosphoribosyltransferase increased two to threefold in CLL cells.

In the Lesch~Nyhan syndrome, hypoxanthine-~guanine
phosphoribosyltransferase is absent and adenine phosphoribosyltransferase
is elevated in the patientd erythrocytes and fibroblasts (103). This
syndrome is characterized by neurologic dysfunction, destructive
behavior, and overproduction of urate.

The deoxycytidine pathway has also been studied extensively.
Rabinowitz et al. (104) found that normal and CLL cells incubated with
labeled deoxycytidine or deoxycytidine moncphosphate yielded the
greatest breakdown to uracil. Myeloblasts and monoblasts, however,
showed the greatest recovery of deoxycytidine triphosphate (dCTP),
deoxyuridine monophosphate (dUMP) and thymidine triphosphate (TTP).
Uracil may be derived from either deoxyuridine or deoxyuridine momo-
phosphate, which, in turn, are formed from deoxycytidine or deoxy-
cytidine monophosphate, respectively. DCTP, dUMP and TTIP are products
of deoxycytidylate kinase, deoxycytidine deaminase, and thymidylate
synthetase, plus thymidylate kinase. Rabinowitz and co~workers also

observed that CLL lymphocytes produced appreciable amounts of dCTP,
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dUMP, and Th compounds, but did not regularly produce blast cells in
culture in response to PHA. On the other hand, cellular extracts of
normal lymphocytes, or CLL lymphocytes ﬁith a PHA response resembling
that of normal cells, did accumulate significant amounts of these
compounds compared with initial low values during culture.

The thymidylate synthetase level has been observed to be
elevated in chick embryo (105), hepatectomized rat liver (106), and
heptomas (107,108). Nothing is known of the role played by metabolites
in the regulation of this enzyme synthesis. During rapid growth,
thymidylate kinase activity correlates with the rate of DNA synthesis,
suggesting that the enzyme lgvel is regulated by repression or
induction,

Inhibition of deoxycytidylate deaminase by dTTP has been
observed in extracts of rat embryos (109) and of Ehrlich ascites cells
(110) ; in the latter case, dCTP revarses the inhibition. The partially
purified enzyme from leukocytes exhibits linear double-reciprocal plots
both in the absence of modifiers and in the presence of the activator,
dTTP (111).

In conclusion, a precise balance between the de novo and
salvage synthesis pathway for purine and pyrimidine is critical to
cell function. The intricate relationship between the two pathways
may have implications for potential chemotherapeutic application in

the treatment of leukemia.
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Role of Cyclic AMP in Neoplastic Cell Growth

and Lymphocyte Proliferation in Vitro

Cyclic AMP was discovered as the mediator of the hepatic
glycogenolytic effect of epinephrine and glucagon by Sutherland and
Rall (112). The actions of a wide variety of hormones are now known to
be mediated by alterations in the intracellular levels of cyclic AMP in
the target tissue responding to the hormomes (113). The second
messenger function of cyeclic AMP has been discussed in detail by
Sutherland et al. (114~1186).

Evidence exists that cyclic AMP may regulate cell division in
at least some mammalian tissues. DNA synthesis increases and cellular
proliferation occurs in rat salivary gland in response to isoproterenol
(IPT) (117), a derivative of norepinephrine. Thymocytes showed
activated DNA synthesis and mitotic activity in response to exogenous
cyclic AMP (118). These observations suggest that excessively high
levels of cyclic AMP could be a factor leading to malignant cell growth.

In contrast, Ryan and Heildrick (119) found that exogenous
cyclic AMP inhibited the growth of HelLa cells and L cells where
equimolar concentrations of 5'~AMP and adenosine (metabolites of cyclic
AMP) were inactive., Heidrick and Ryan later extended their tissue
culture studies to other tumorigenic cell lines and other cyclic
nucleotides. Cyclic AMP was found to inhibit the malignant cells
markedly, but had only a slight effect on the growth of a nonmalignant
diploid cell line (120). Cyclic GMP's (3',5°-GMP and 2',3'-GMP) were
less specific, producing similar inhibition in all cell lines. The

pyrimidines, cyclic (MP and cyclic UMP, failed to affect the growth of
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any of the cells. Gericke and Chandra (121) found that the injection of
cyclic AM? inhibited the growth of a subcutaneously transplanted
lymphosarcoma in mice. Cyclic UMP and cyclic IMP were also tested; they
were less effective than cyclic AMP.

These findings have prompted extensive study of the regulatory‘
role of cyclic AMP in lymphoceyte transformation, discussed below. The
contradictory results on the cyclic AMP level in PHA-stimulated
lynphocytes were described earlier in this chapter.

Using cultured peripheral blood lymphocytes, Hirschhorn et al.
(122) observed stimulation of RNA and DNA synthesis in response to
cyclic AMP. Other nucleotides and adenosine had no effect or were
inhibitory. 1In suspensions of lymphocytes taken from rat lymph nodes,
low concentrations of the dibutyryl cyclic AMP stimulated RNA but not
DNA synthesis {(48). MacManus and Whitfield (118) demonstrated that
additions of cyclic AMP influenced DNA synthesis in thymic lymphocytes;
high concentrations inhibited whereas low concentrations stimulated
replication.

abell et al. (79) demonstrated that IPT inhibited DNA
synthesis in CLL lymphocytes but not in normal lymphocytes.
Furthermore, Johnson and Abell (123) investigated the possibility that
IPT might act through the intracellular mediator cyclic AMP. Although
cyclic AMP exhibited a moderate inhibitory effect, dibutyryl eyclic
AMP and IPT inhibited DNA synthesis to an essentially identical extent
over a 100-~fold concentration range. These observations strongly
suggested that cyclic AMP is involved. Additional support for this
concept was provided by Smith et al. (47), who demonstrated marked

elevation of cyclic AMP in normal lymphocytes after PHA additionm.
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General Consideration of Cyclic Phosphodiesterase

The level of cyclic AMP is determined by the activities of two
opposing enzymes. One enzyme, adenyl cyclase, catalyzes the formation
of ¢yclic AMP from ATP, whereas the second, cyclic phosphodiesterase,
catalyzes its hydrolysis to 5'-AMP. Indirect evidence that adenyl
cyclase is present in human leukccytes was provided by Lichtenstein and
Margelis (124). They observed that antigen-mediated release of
histamine from sensitized human leukccyvtes was inhibited by aminophylline,
IPT, and dibutyryl cyclic AMP. Smith et al. (47) obtained direct
evidence for the presence of adenyl cyclase in lymphocytes by measuring
early increase in adenyl cyclase activity in lymphocytes exposed to PHA.
The enzyme respornded conventionally to fluoride, prostaglandin E, and IPT.
Although cyclic phosphodiesterase has been identified in many tissues,
to date only a few studies have described the physical and chemical
properties of the enzyme in any detall (114-116).

Various compounds alter the activity of phosphodiesterase in
vitro. Methylxanthines, such as theophylline (125) and caffeine (126,
127), were found to inhibit phosphodiesterase, decrease cyclic AMP
degradation, and ultimately raise the level of cyclic AMP in tissues.

At the same time, these compounds potentiate the response to the
hormone under investigation. Thus, tissue response to methylxanthines
in these studies has been generally taken as positive evidence that
cyclic AMP is a mediator of hormone action. Other compounds reported

to inhibit phosphodiesterase activity included ATP (128), puromycin
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(129), and papaverine (130). Other substrates for cyclic phospho-
diesterase are cyclic GMP and cyclic IMP. These nucleotides appear to
compete with cyclic AMP for the substrate site on the enzyme. The
substrate nature of the enzyme will be discussed later.

Kinetic studies have revealed two apparent Michaelis constants
for cyclic AMP hydrolysis, ranging from 1070 to 107%M. This
pirenomenon was initially reported by Brooker and Appleman (131) and is
consistent with literature on phosphodiesterase activity in muscle
{129) and fat cells (132). The implication of the two K, values is
elither that these tissues contain two or more forms of cyclic
phosphodiesterase or that one form exists with multiple binding sites
of different affinities for cyeclic AMP. The first of these
interpretations was supported by the separation of at least two enzyme
forms from brain tissue (133). More recently, separation of multiple
forms has been achieved in skeletal muscle, heart muscle, kidney and
fat tissues by the use of agarose gel filtration (115,134). Purified
phosphodiesterase appeared to be specific for purine 3',5'-mono-
nucleotides. A high-molecular-weight fraction (approximately 400,000)
purified from brain, kidney, and fat pads demonstrated a higher
affinity for cyclic GMP than cyclic AMP. The Km for cyclic AMP was
10™%1 and that for cyclic GMP was 1075M. A low-molecular-weight fraction
(approximately 200,000) catalyzed no cyclic GMP hydrolysis under normal
assay conditions and had a K, for cyclic AMP of 5 x 1078 or lower.

Irn conclusion, kinetic and physical data concerning cyclic
phosphodiesterase have revealed a complicated picture of isoenzymes.

Kinetic analysis clearly indicates that the rate of hydrolysis of
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cyclic AMP can be directly altered by cyclic GMP and vice versa.
However, recent reports suggest that this effect of one cyclic
nucleotide on the hydrolysis of the cother may not always be inhibitory
(135). At the present time, no data were avallable on phosphodiesterase

in human lymphocytes.

Specific Aims

This research was designed to ascertain selected biochemical
differences between normal and CLL lymphocytes. We examined (a) the
mechanism of the nonspecific inhibitory effect exerted by cytidine on
uridine~4 incorporation in both normal and CLL lymphocytes, (b) the
effects of purines, purine ribonuclecsides, and cyclic purine ribo-
nucleotides on thymidine~3H and uridine—3H incorporation in normal and
CLL lymphocytes and the possible mechanisms for their actions and (c)
the nature of cyclic phosphodiesterase in both normal and CLL
lymphocytes.

Our aim was to elucidate the basic alterations underlying the
levkemic process and to broaden our knowledge of the metabolic effects

of purine and purine ribonucleosides in human lymphocytes.



CHAPTER II

MATERIALS AND METHODS

Matexrials
Human Lymphocytes

For the studies on normal lymphocytes, 450 ml samples of
peripheral blocd were collected from normal female volunteers who had
fasted overnight. FEach sample was treated with sodium heparin at the
time of collection.

For the studies on CLL lymphocytes, 50 ml blood samples were
collected from patients with chronic iymphocytic leukemia and were
heparinized. These patients had white blood cell counts varying from
15,000 tc 400,000 per cubic millimeter. The patients were either
untreated for their disease or had received no therapy within 3 months

prior to the study.

Cell Culture
Sodium heparin was purchased from the Upjohn Co. (Kalamazoo,
Michigan). A column packed with glass woocl (Owens Corning, Corning,
New York) was used to resolve lymphocytes from other white cells.
During the lymphocyte isolation step, cells were suspended in Eagle's
minimal essential medium (MEM). TFor cell culture, McCoy's modified 5AB

medium without streptomycin, penicillin, glutamine, and serum was used.

22
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At the time of incubation, the medium was supplemented with glutamine
and either autologous serum or fetal calf serum. Eagle’s minimal
essential medium, modified McCoy's 5AB medium, media supplements, and
trypsin solution (0.25%) were all purchased from Grand Island
Biological Co. (Grand Island, New York). During the cell-culture
manipulations, a laminar-flow hood {(Pure Aire Corp., Van Nuys,
California) was used to reduce contamination by air-borne organisms. A
water—jacketed 002 incubator (National Appliances Co., Cherry Hill,
New Jersey) was used to incubate the cell cultures. Bone-dry grade CO2
(Matheson Co., Last Rutherford, New Jersey) was used to regulate the

incubator at 5% €0, in balanced air. Phytohemagglutinin-P was purchased

from Difco Laboratories {Detroit, Michigan).

Purine and Pyrimidine Bases, Ribonucleosides and Ribonucleotides
Cytidine, guanine, guanosine, adenine, adenosine, and inosine

were purchased from Calbiochem (Los Angeles, California), cyelic AMP
from Schwarz Bioresearch (Orangeburg, New Jersey), and cyclic GMP and
dibutyryl cyclic AMP from Boehringer Mannheim Corp. (Mannheim, Germany).
Thymidinewmethy1—3H, uridine-6-3H and cyelic AMP—3H(G) were purchased
England Nuclear Cerp. (Boston, Massachusetts)., Tritiem-5-
cytidine was manufactured by Amersham Searle (Arlington Heights,
Illinois). Tritiated cyclic GMP was purchased from Mann Research

Laboratory (New York, New York).

Other Experimental Materials
All common chemical reagents were purchased from Baker

Chemical Co. (Phillipsburg, New Jersey). Quantitative studies on DNA,
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RNA, and protein were performed with a Gilford spectrophotometer
(Gilford Instrument Laboratories, Oberlin, Ohio). Paper chromatography
was performed on Whatman paper No. 1 (Curtin Scientific Co., Houston,
Texas). Ultraviolet-absorbing material on the paper chromatograms was
located with a Mineralight UV lamp (Ultra-Violet Products, Inc., San
Gabriel, California). Radioactivities were determined either on a
Vanguard strip counter (Vanguard Instruments, North Haven, Connecticut)
or with a liquid scintillation counter (Nuclear Chicago, Chicago,

Illinois).

Methods
Cell Culture

Lymphocyte isolation and culture procedure with or without

chemical treatment. Peripheral blood lymphocytes from normal female

doners and paiients with untreated CLL were prepared for cultures
according to the procedure of Abell et al. (123), which is a modified
method of Cooper and Rubin (56). One unit (450 ml) of heparinized
blood (10,000 units heparin/unit blood) drawn from a fasting female
donor was transferred into sterile plastic 50 ml centrifuge tubes with
twist caps. The blood was alliowed to settle for 1 hour in an incubator
at 379C. The leukocyte-rich plasma layer was separated and mixed with
an equal volume of Eagle's minimal essential medium prewarmed to 37°C,
A purified lymphocyte population was obtained by passing the cell
suspension through a glass wool column. Lymphocytes were separated
from other leukocytes due to the selective binding of polymorphonuclear
cells to glass woocl. Wright stain smears indicated that the effluent

contained 97-997 lymphocytes. Since the differential counts of the
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leukocytes from patients with CLL showed lymphocyte counts of 737 to
99%, additional resclution was considered unnecessary.

Lymphocyte pellets were obtained by centrifugation at 280 x g
for 30 minutes. Isolated lymphocytes were resuspended at a
concentration of 2 x 106 cells per milliliter of modified McCoy's 5AB
medium, which was supplemented with 107 serum and 1% L-glutamine. For
normal lymphocyte cultures, autologous serum was used. It was obtained
by centrifuging the erythrocyte plasma component remaining in the tubes
after removal of the leukocyte-rich plasma supernatant. The serum was
aseptically withdrawn after centrifugation at 450 x g for 30 minutes.
For CLL lymphocvte cultures, fetal calf serum was added because not
enough autologous serum could be obtazined. A previous study showed
that either fetal calf serum or autologous serum could be used without
altering the DNA synthetic pattern or extent (136).

Immediately before use, PHA (40 ug) was added toc a 2-ounce
prescription bottle containing 5 ml of the lymphocyte suspension,
prepared as described above. PHA was added to each culture bottle at
zero time to stimulate cell division. The chemical under study was
added to the cell culture immediately thereafter. The caps were left
on the bottles loosely to allow gas exchange, The lymphocyte cultures
were incubated at 37°C for the desired length of time in a humid

atmosphere of 5% CO, in balanced air.

2
Assessment of PNA and DNA synthesis, RNA and DNA synthesis

were estimated by the uptakes of tritiated uridine (Ur~6-3H, 10.4 Ci/
mrole, 2 pCi/ml) and thymidine Th-Me-3H, 2.0 Ci/mmole, 2 uCi/ml),

which were added to the cultures 2 to 6 hours, respectively, before
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termination of the reaction. The incorporation rate of the radioactive
precursors into nucleic acid was determined by liquid scintillation
spectrometry, as described in the next section.

Isolation and measurement of DNA. At the end of the 2- and 6-

hour incubation period, the cells and media were poured into chilled
centrifuge tubes. The CLL lymphocytes, in contrast to normal lymphocytes,
adhered somewhat to the glass bottles after PHA addition and, therefore,
had to be removed with a 0.25% trypsin solution (1 ml). This was added
after the cells had been poured out and incubated at 37°C for 5 minutes.
At this time, the l-ml trypsin solution was transferred to the proper
centrifuge tubes and combined with the original cell suspension
solution. The chilled cells and media were centrifuged at 0°C at
1,000 » g for 10 minutes. The supernatant was then decanted. To the
cell pellet, I ml of hypotonic phosphate buffer solution (0.4 mM
potassium phosphate, pH 6.7, and 2 mM magnesium chloride) was added.
The pellet was resuspended on a Vortex mixer and fast-frozen in acetone
and dry ice. Subsequent procedures to remove unwanted cellular
constituents and unincorporated radiocactive material were performed at
49c¢,

Briefly, the procedure was as follows. The cells were broken
by freezing and thawing seven times In an acetone-dry ice solution.
The nucleic acids were precipitated with 1.6 N cold perchloric acid.
The tubes were then chilled for 15 minutes. The standard centrifugation
betweer cach addition of solution was 10 minutes at 1,000 x g, after
each centrifugation, the supernatant was decanted, the next solution

added, and the resuspended pellets were dispersed with glass stirring
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rods. The solutions, added sequentilally in 3-ml aliquots, were 0.5 N
PCA (3 times), 95% ethanol, chloroform:ethanol:ether (2:2:1,V/V), and
acetone, The pellet obtained after acetoné treatment was dried at 60°C
for 30 minutes. Afterwards, the pellet was hydrolyzed in 0.5 ml of 0.5
N PCA at 50°C for 30 minutes.

After hydreclysis, 0.2 ml of the hydrolysate was added to 15 ml
of Bray's solution (137) for counting the radioactivity incorporated
into the nucleic acid in lymphocytes. Another 0.2 ml of the hydrolysate
was used to assay total DNA content by Burton's diphenylamine method
(138). Precursor incorporation of each sample was expressed in
disintegrations per minute (DPMs). DPMs were calculated by dividing
the counts per minute (CPMs) by the efficiency of the counting system.
By adding tritiated water of known radioactivity to several samples
after the initial counting, the counting efficiency was determined.

DNA content was based upon a standard calf thymus preparation. The
results were expressed in specific activities, i.e., labeled precursor
incorporated per microgram of DNA. Therefore, the measurements of the
incorporation rates of the precursors reflected the proliferative or
nucleic acid synthetic phase of the cell cycle after PHA stimulation.
Data obtained from the same experiment were also used to quantitate
differences due to various treatments, such as different chemical
additions. All data represented the average of duplicate cultures;

each experiment was performed at least twice.
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Cytidine Deaminase Study in Lymphocytes in Culture

The procedure for culturing lymphocytes has been described
extensively in the previous section. Briefly, lymphocytes (107 cells)
were incubated at 37°C in 5 ml McCoyfs 54B medium which was supplemented
with either 10% autologous serum or fetal calf serum and 1% L-glutamine.
PHA (40 nug), cytidine (10"4M), uridine (1 nM) and 10 pCi cytidine~5—3H
{26.8 Ci/mmole) were added to the lymphocyte culture at zero time.
Incubation was carried out for various times. To terminate the
incubation, the cells were pelleted by centrifugation at 1,000 x g for
10 minutes. Both the medium and cell pellet were saved for paper
chromatography. The cell pellets were suspended in 0.5 ml of
homogenizing phosphate buffer solution (0.4 mM potassium phosphate, pH
6.7, and 2 mM magnesium chloride) and heated for 3 minutes at 95°C to
denature the enzyme., The denatured protein was sedimented by
centrifugation at 1,000 x g for 10 minutes.

Descending paper chromatography was used to separate cytidine
from its metabolites. Authentic unlabeled cytidine (0.2 mM) and
uridine (0.2 mM) were added to each 0.25 ml of the culture medium and
the aliquots of the heated preparations. The mixtures were applied to
Whatman No. 1 paper strips, which were developed in either of two
solvent systems., The first consisted of isobutyric acid, concentrated
NHAOH, water, and 0.1 M EDTA-Na, (100:13.3:46.7:1.6, V/V). The second
consisted of equal volumes of isocamyl alcohol, tetrahydrofurfural
alechal, and 0.08 M potassium citrate (pH 2.02). The R. values for the

f

first solvent were cytidine = 0.8l and uridine

L}

0.60; for the second

solvent, they were cytidine = 0.52 and uridine

0.65. After



development of the paper chromatograms in either solvent for 16 hours,
the paper strips were dried and the ultraviolet-absorbing material was
located with an UV lamp equipped with a short wavelength filterx.
Radioactivity was determined on a Vanguard strip counter. The area
under each peak on the radiochromatogram was quantitated by carefully
weighing the tracing paper replica of that peak. Data obtained from

both solvent systems were essentially comparable.

Cytidine Deaminase Study in Lymphocytes in Vitro

Lymphocytes (107 cells) were incubated with or without PHA
(40 ng) for 4 hours under the same conditions describedlabove. The cells
were then harvested and homogeniééd in a Dounce homogenizer (0.1 ml of
homogenizing phosphate buffer solution per 107 cells) with 40 strokes.
The cell homogenate was centrifuged at 7,000 x g for 10 minutes, and
the supernatant and particulate fractions were separated. The assay
mixture consisted of 10'4M cytidine, 1.0 uCi cytidine—S—3H (26.8 ci/
mmeole), 1 nM of uridine, and either the éupernatant or the particulate
fraction of 107 cells in a final volume of 0.5 ml. The reaction
mixture was kept at 37°C for various incubation periods. To stop the
reacilon, the mixture was heated at 20°C for 3 minutes, The methods
for separating cytidine from its metabolites and determining the
radioactivities in each component were the same as described in the
previous section. The enzyme activity was expressed as the amount of
enzyme required to form 1 nmolé of uridine from cytidine in the

standard assay solution at 37°C,
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Cyclic Phosphodiesterase Study in Lymphocytes in Culture

The effects of guanine, guanosine, and cyclic GMP on cyeclic
phosphodiesterase activity in both normal and CLL lymphocytes were
investigated. The procedures used to isolate the lymphocytes from
whole peripheral blood samples were the same as described in the
previous secticn. For the study of lympheeytes in culture, either
guanine, guanosine, or cyclic GMP at concentrations of 10~4M was added
to the cell culture simultaneously with the PHA. At the end point of
incubation, the cells were pelleted by centrifugation at 1,000 x g for
10 minutes at 4°C., 1In the normal lymphocyte preparation, a substantial
amount of erythrcevtes often appeared to be present in the cell pellet.
Hypotonic lysis (139) was necessary to remove the contaminating
erythrocytes. In the CLL lymphocytes preparation, this treatment was
generally omitted. The cell pellet was then suspended in 20 mM
phesphate buffer solution (50 ul buffer solution/lO7 cells), pH 7.5, and
homogenized in a Dounce homogenizer with 40 strokes at 4°C. In some
experiments {as indicated in Resuits), the whole homogenate was used
directly for enzyme assay and Lowry protein content determination (140).
In other experiments, a subcellular fraction (1,000 x g for 10 minutes)
was used instead. Protein concentration varied from 2 to 4 mg/ml.

Cyclic phosphodiesterase has been reported to be a stable
enzyme, with no appreciable change in activity after storage at -20°C
for months (141). However, our study indicates that it is best to use
a fresh preparation, since storage at -4°C for 2 days did result in

substantial loss of enzyme activity in our crude preparation.
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Cyclic Phosphodiesterase Study in Lymphocytes in Vitro

The kinetics of cyclic phosphodiesterase in both nonstimulated
normal and CLL lymphocytes were studied, and the effects of guanine,
guanosine, and cyclic GMP on the cyclic phosphodiesterase of CLL lympho-
cytes were investigated. As described before, pure lymphocyte popula-
tions could be prepared elther from normal blood samples or from blood
obtained from CLL patients. The lymphocytes were suspended in a 20 mM
phosphate buffer solution, pE 7.5 (50 ul bﬁffer solution per 107 cells)
and homogenized in a Dounce homogenizer with 40 strokes. Either the
whole homogenate or a subcellular fraction was used for the enzyme

assay and Lowry test.

Cyclic Phosphodiesterase Assay

Phosphodiesterase was assayed by measuring the disappearance
of cyclic AMP which was converted to 5'-AMP. Krishna et al. (142)
described a simple, sensitive method to separate cyclic AMP from 5'-AMP
and other nucleotides; i.e., all nucleotides are precipitated with zinc
sulfate and barium hydroxide treatment. The principle of this method
is that ATP, adenosine diphosphate (ADP), 5'-AMP, adenine, and inorganic
phosphate are auantitively precipitated by the addition of zinc sulfate
and barium hydroxide solutions, whereas over 99.97 of the cyclic AMP
remains in the supernatant fluid. On the other hand, adenosine, which
may be derived from 5'-AMP by the action of nucleotidase, is not precipi-
tated by this treatment.

To prove the validity of this assay of cyclic phospho-
diesterase, 1t was essential that all radiocactivity found in the

supernatant fluid of mixed zinc sulfate and barium hydroxide solution
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be associated with cyclic AMP, Thus, the material was applied to
Whatman No. 1 filter paper and suvbjected to descending paper
chromatography.in two solvent systems. The first consisted of
isobutyric acid, concentrated NH,OH, water, and 0.1 M EDTA-Na, (100:13.3:
46.7:1.6, V/V). The second was 95% EtOH and 1 M ammonium acetate, pH
7.4 (70:30, V/V). Only one spot corresponding to cyclic AMP was found
on the paper chromatograms. Radioactivity on the paper chromatograms
was determined by a Vanguard strip counter. This experiment revealed
that all of the radioactivity on the paper chromatograms was associated
with cyclie AMP and that the formation of adenosine from 5'-AMP by
nucleotidase was negligible in the lymphocyte homogenates.

Three slightly different assay mixtures were used depending
upon the nature of the studies. For in culture studies, the incubation
mixture consisted of cyclic AMP, 5 x 10-4M, containing about 500,000
DPM of tritiated cyclic nucleotide, 0.05 M Tris-HCl buffer, pH 8.1,
magnesium chloride (5 mM), bovine plasma albumin (0.015%), and 100 ul
of the cell homogenate (200-400 ug protein) prepared as described
earlier in a final volume of 0.25 ml., The incubation mixture for in
vitro kinetic studies contained various concentrations of cyclic AMP
supplemented with 500,000 DPM of tritiated cyclic nucleotide, bovine
plasma albumin (0.015%), and 100 ul of a phosphodiesterase preparation
in a solution of 0.05 M Tris-~HCl buffer, pH 8.1, and magnesium chloride
(5 mM) in a final volume of 0.25 ml. The third mixture, used to study
the effects of guanine, guanosine, cyclic @17, and theophylline on
cyclic phosphodiesterase actlvity in vitro, contained 25 uM of cyclic

AMP with about 100,000 DPM of tritiated cyclic nucleotide, various



concentrations of the compound tested, bovine plasma albumin (0.015%),
100 pl of a phosphodiesterase preparation in a solution of 0.05 M Tris-
HC1l buffer, pH 8.1, and magnesium chloride (5 mM) in a final volume of
0.25 ml,

Reactions were carried out at 379C for 30 minutes. A
preliminary experiment established this to be the optimal conditien,
To stop the reaction, the assay mixntures weres heated in a water bath at
95-98°C for 60-%0 seconds. Control (blank) values were obtained by
replacing the enzyme with water. The heated reaction mixtures were
centrifuged at 1,000 x g for 10 minutes at 4°C to precipitate the
denatured protein. 5'-AMP in the supernatant fluid was precipitated by
adding 0.1 ml of 8% zinc sulfate and 0.1 ml of saturated barium
hydroxide. The barium sulfate sediment was pelleted by centrifugation
at 1,000 x g for 15 minutes. These two steps were repeated twice;
0.2 ml each of 8% zinc sulfate and saturated barium hydroxide were used
at the second time. After the last contrifugation, 0.25 ml of the
clear supernatant was added te 15 ml of Bray's solution for counting
the radioactivity attributed to the iritiated cyclic AMP, Disappearance
of tritiated cyclic AMP from the'supernatant fluid was thus a measure of

phosphodiesterase activity in the homogenate.



CHAPTER III

RESULTS

Effects of Purine and Pyrimidine Bases, Ribonucleosides,

and Ribonucleotides on Nucleic Acid Synthesis in

Both Normal and CLL Lymphccyte Cultures

The studies reported in this section were designed (a) to
confirm Lucas's observation (59,60) of the inhibitory effect of cytidine
on uridine-H incorporation into RNA in normal lymphocytes, (b) to
examine the effects of cytidine on nucleoside-3H incorporation into
nucleic acid in CLL lymphocytes, and (¢) to imvestigate further other
bases, ribonucleosides, and ribtonucleotides which specifically inhibit
nucleic acid synthesis in CLL lymphocytes.

Cells were maintained under culture conditions in the presence
or absence of cytidine or other chemicals as described in Methods.

Triviated uridine (Ur-3H} or thymidine {Th"3H) was incubated with

ymidin these

cells for 2 or 6 hours, respectively, to assess the proliferative
capability of the lymphocytes in culture. TFigure 1 shows the rate of
Ur~3H incorporation into RNA in PHA-stimulated normal and CLL
lymphocytes with or without the addition of cytidine or guanosine. The
presence of 10-%u cytidine depressed the uptake of Ur-3H in both normal
and CLL lymphocytes to less than 177 of the control levels. In

contrast to cytidine, the addition of 10™4y guanosine failed to affect
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the uptake of Ur-3H into RNA in normal lymphocytes, but it did reduce
the Ur—H incorporation to less than 3% of the control level in CLL
lymphocytes.

The inhibition by cytidine and guanosine was further examined
by studying their effects on the rate of Th-3H incorporation into DNA in
normal and CLL lymphocytes (Figure 2). Cytidine (10'4M) had no effect
on Th-1H incorporation into DNA in normal lymphocytes. 1In CLL
1ymphogytes, cytidine (10-4M) did inhibit Th-H incorporation into DNA
to a small or moderate extent. Figure 2 also illustrates that guanosine
(10‘4M) had no effect on Th->H incorporation into DNA in normal
lymphocytes, but in CLL lymphocytes it reduced DNA synthesis almost
completely. Figures 1 and 2 illustrate the similar effects of cytidine
on nucleic acid synthesis in both normal and CLL lymphocytes. However,
while guanosine exerted a distinct inhibitory effect on both RNA and
DNA synthesis in CLL lymphocytes, it had essentially no effect in
normal lymphocytes.

The effects of various physiologic concentrations of cytidine
and guanosine on tritiated nucleoside incorporation were studied with
CLL lymphocytes. Cytidine, at concentrations ranging from 10=5M to
10"3M, reduced Th-3H incorporation much less than Ur-3H incorporation
{(Figure 3). Moreover, cytidine at various concentrations exhibited a
hyperbolic pattern of its inhibitory effect on both Ur—3H and Th-3H
incorporation into RNA and DNA in CLL lymphocytes, indicating that a
simple first-order mechanism was involved.

The extent to which guanosine inhibited both Ur-3H and Th-3H

incorporation was comparable (Figure 4). However, the non-hyperbolic
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pattern of inhibition suggests higher order effects father than simple
competitive inhibition.

Since guanosine was found to inhibit Ur-3H and Th-3H uptake
specifically in CLL lymphocytes, further experiments were undertaken to
examine some of the closely related compounds (e.g., guanine, adenine,
adenosine, inosine, cyclic GMP, and dibutyryl cyclic AMP). The culture
conditions and the experimental scheme were the same as described in
Methods. The results are summarized in Table 1, At the same
concentration (10'4M), adenosine failed to inhibit nucleoside uptake in
either normal or CLL lymphocytes. Both adenine and inosine had no effect
on normal cells and only a moderate inhibitory effect on CLL cells.
However, guanine, cyclic GMP and dibutyryl cyclic AMP exhibited
essentially the same effect as guanosine, i.,e., they reduced the Ur-3u
and Th-3H incorporation almost completely in CLL lymphocytes without
affecting nucleoside incorporation in normal lymphocytes.

The observation that dibutyryl cyclic AMP inhibited CLL
lymphocyte proliferation was consistent with Ryan and Heidrick's reports
(119,120) on_inhibition of cell growth by cyclic AMP and its dibutyryl
derivative. A previous study (123) indicated that dibutyryl cyclic AMP
inhibited DNA synthesis in CLL cells two to four times more than cyclic
AMP, This result agreed well with other observations on blood glucose
level (143), stimulation of lipolysis (144), and amylase secretion in
rat parotid cells (145), This greater activity of the dibutyryl
derivative is generally ascribed to its resistance to hydrolysis by
phosphodiesterase and to increased penetration of the cell. Therefore,
the sensitivi;y of the CLL lymphocytes to dibutyryl cyclic AMP was

interpreted as a result of increased intracellular cyclic AMP,
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TABLE 1

EFFECTS OF BASES, RIBONUCLEQOSIDES, AND CYCLIC RIBONUCLEOSIDE
MONOPHOSPHATES ON NUCLELC ACID SYNTHESIS IN
NORMAL AND CLL LYMPHOCYTES

¥-L
Ur-3H Incorp. Th-3H Incorp.

Compound DPM/ug DNA % DPM/ug DNA %

None 46,500 100 39,000 100
Cytidine (1074M) 7,700 17 36,000 92
Guanosine (10-4M) 47,600 102 38,000 97
None , 17,123 100 20,819 100
Adenosine (107%M) 16,993 99 46,602 224
Guanine (10~%M) 24,860 145 32,009 154
Inosine (10~%M) 16,059 94 31,611 152
None 20,318 100 50,250 100
Adenine (10~%4M) 21,700 107 52,400 104
Cyclic GMP (10™4M) 24,000 118 58,108 116
None 46,500 100 39,000 100
Dibutvryl Cyclic 30,000 64 28,500 73

AMP (10~%M)
IPT (107%1) 40,000 - 86 36,000 92




TABLE 1

EFFECTS OF BASES, RIBONUCLEOSIDES, AND CYCLIC RIBONUCLEOSIDE
MONCOPHOSPHATES ON NUCLEIC ACID SYNTHESIS IN
NORMAL AND CLL LYMPHOCYTES - CONT'D

CLL-L
Ur-—3H Incorp. Th-3H Incorp.

Compound DPM/ug DNA A DPM/ug DNA %

None 23,400 100 74,400 100
Cytidine (10-4M) 1,100 5 39,500 53
Guanosine (10~4M) 150 0.5 2,680 3
None 13, 300 100 69,600 100
Adenosine (10~%M) 15,428 116 90, 480 130
Guanine (10~%4M) 240 2 2,500 4
Inosine (10-%4M) 2,300 70 60,000 86
None 12,000 100 30,000 100
Adenine (1074M) 6,800 57 12,000 40
Cyclic CMP (10™4M) 1,250 10 5,200 17
None 40,600 100 65,000 166
Dibutyryl Cyclic 00 0.8 1,400 2

AMP (10™%4M)
IPT (10~4M) 3,600 9 40,000 61
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Cytidine Deaminase Activity in Both

Normal and CLL Lymphocytes

Previous studies (59,60,62) have shown that uridine
incorporation into RNA is limited by the rate cf phosphorylation of
uridine by uridine kinase. Therefore, the reduced uridine incorporation
into RNA by cytidine was explalned as end-product inhibition or
repression of uridine kinase by cytidine or its phosphorylated
derivatives (5%). Studies by Kay et al. (146) demonstrated that RNA
synthesis in PHA-stimulated normal lymphocytes is obligatory for the
onset of DNA synthesis. Since cytidine markedly depressed Ur-3u
incorporation, HNA must be synthesized by an alternate method, possibly
by the de novo pathway. Unfortunately, studies using aspartic acid
demonstrated limited uptake of this precursor (Table 2). Consequently,
it did not verify the increased utilization of the de novo synthetic
pathway for the pyrimidine nucleotides. However, a potentially
competitive reaction, namely the deamination of cytidine to uridine,
was not measured. The conversion of cytidine to uridine is catalyzed
by cytidine deaminase, an enzyme which is ubiquitous in bacterial cells
(147,148), avian cells (149), mammalian cells (148,150), and virus—
induced tissue culture lines (151). In this study, we demonstrated
thie presence of cytidine deaminase in human lymphocytes. We presented
evidence suggesting that at least part of the inhibitory effect of
cytidine on uridine incorporation results from dilution of the radio-
active uridine pool by cold uridine derived from enzymatic deamination
of cytidine,

The presence of cytidine deaminase in normal lymphocytes in

culture is illustrated in Figure 5. The appearance of uridine was
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TABLE 2

INCORPORATION OF PYRIMIDINE NUCLEOTIDE PRECURSORS
INTO RNA OF CLL LYMPHOCYTES

Condition ¢ aspartic Acid 3H-Uridine
(DPM/ug DNA) (DPM/yg DNA)

PHA (Day 3) 13 1,102

PHA (Day 6) 35 10, 800

PHA + Cytidine (10~%) 15 164

(Day 3)

PHA + Cytidine (10~%M) 37 325

(Day 6) -
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assessed in both cell fractlons and medium fractions of the lymphocyte
cultures. Approximately 90% of the cytidine was converted into
uridine within 4 hours. Complete deamination wae observed within 24
hours. At the end of 24 hours of incubation, 42% of the radiocactivity
was recovered in nuclectides and polynuclectides. The rate of uridine
production in the media, however, was slightly slower than that in the
cells. This phenomenon could possinly be due to a "membrane barrier",
preventing free exchange of cytidine and uridine through the cell
membrane.

Figuire 6 shows the formation of uridine from cytidine in both
the cell fracticns and medium fractions of CLL lymphocyte cultures.
During a 2-hour incubation period, 90% of the cytidine was deaminated
into uridine; complete conversion was reached within 4 hours. The
deamination of cytidine occurred much faster in CLL lymphocytes than in
normal lymphocytes (Table 3). This observation suggests that CLL
lymphocytes possess either more of the same cytidine deaminase or a
different cytidine deaminase with higher activity. The rate of uridine
production observed in the media of the CLL cell cultures, however, was
much slower than that in the media of the normal cell cultures. This
phenomenon cculd be explained by differences in membrane permeability
between normal and CLL lymphocytes.

Cyfidine deaminase was further studied in vitro in both normal
and CLL lymphocytes. Cytidine deaminase was found in both the
supernatant and particulate fractioms (7,000 x g for 10 minutes) of the
cell homogenates from both normal and CLL lymphocytes preincubated with

or without PHA. Figure 7A shows that in the supérnatant fractions of
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TABLE 3

CLL LYMPHOCYTE

2

CULTURES

N-1L
Substance Incubation % Cytidine % Uridine
Assayed Time Remaining Formed
Cells 0 time 96 4
10 min. 73 27
1 hr. 39 61
2 hr. 23 77
4 hr. 3 97
7 hr. 0 >99
1 day 0 *58
Media 0 time 96 4
10 min, 69 3]
1 hr, 67 33
2 hr. 59 41
4 hr. 48 52
7 hr. G >S5
1 day 0 >99

*Approximately 427 of the radioactivity was found in nucleotides and

polynucleotides



CONVERSION OF CYTIDINE INTO URIDINE IN NORMAL
CLL LYMPHOCYTL CULTURES - CONT'D

CLL-L

Substance Incubation % Cytidine Z Uridine
Assayed Time Remaining Formed
Cells 0 time 100 0

10 min. - -

1 hr. 92 8

2 hr. 0 >99

4 hr. 0 >99

7 hr. 0 >99

1 day 0 >99
Media O time 96 4

10 min. - -

! hr. 94 6

2 hr. 92 8

4 hr, 9C 10

7 hr. 92 8

1 day 12 88
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either PHA-stimulated or nonstimulated normal lymphocytes (Curve a and
b, respectively), 100%Z of the original cytidine was converted into
uridine within a l-hour incubation period. In the particulate
fractions of the same cultures (Curve c¢ and d referring to PHA-
stimulated and nonstimulated normal lymphocytes), approximately 207 and
40% of cytidine was deaminated within 1 and 2 hours of incubationm,
respectively., Figure 7B illustrates that in CLL lymphocyte cultures,
the supernatant fractions of either the PHA-stimulated or nomstimulated
lymphocyte homogenates (expressed in Curve a and b, respectively)
demonstrated that at least 90% of the original cytidine was converted
into uridine within 3 hours of incubation, whereas in the particulate
fractions of the stimulated (Curve c¢) and nonstimulated (Curve d) cell
homogenates, 10% and 25% of the original cytidine were deaminated,
respectively, within the same incubation period.

In summary then: (a) deaminase activity predominated in the
supernatant fraction; the small amount of activity observed in the
particulate fraction was probably due to contamination from the
supernatant, (b) PHA had little or no effect on either the rate or the
extent of cytidine deaminase activity, and (c¢) the activity of cytidine
deaminase in CLL lymphocytes was essentially comparable to that in the
normal lymphocytes; in contrast to the previous observation of cytidine
deaminase in culture, however, the deamination in vitro occurred

slightly faster in novmal lymphocytes than in CLL lymphocytes.
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Cyclic AMP Phosphodiesterase Activity in Both Normal and

CLL Lymphocytes Preincubated with Guanine,

Guanosine and Cyclic GMP

Many reports in the literature have indicated that high
concentrations of cyclic GMP consistently inhibit cyclic AMP
phosphodiesterase (152-156) and thus increase the cellular content of
cyclic AMP (154). Johuson and Abell's (123) investigation on the
inhibitory effect of IPT and dibutyryl cyclic AMP on lymphocyte DNA
synthesis strongly suggests that cyclic AMP is involved in lymphocyte
proliferation. Furthermore, Ramsden's (157) report that guanosine and
guanine partially inhibit the enzymic hydrolysis of cyclic AMP led us
to explore the possibility that in CLL lymphocytes, guanine, guanosine,
and cyclic GMP may act through the cyclic phosphodiesterase and alter
intracellular cyclic AMP level, ultimately resulting in the inhibition
of aucleic aclid synthesis,

Cyclic AMP phosphodiesterase was assayed in different
preparations cobtained from either normal or CLL lymphocyte cultures.
Figures 8 and 9 show the rate of cyclic AMP hydrolysis in lymphocyte
homogenates as a function of incubation time and protein concentration.
These results indicate that the rate of degradation of cyclic AMP is
linear with respect to both time and enzyme concentration.

An experiment was carried out in which the cyclic AMP
phosphodiesterase was prepared from normal lymphocyte cultures treated
with guanine (1074M), guanosine (10’4M), or cyclic GMP (10~4M) over a
period of 2 to 3 days. Data illustrated in Table 4 demonstrate that

preincubation of the normal lymphocytes with guanine moderately reduced
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the activity of cyclic phosphodiesterase initially. However, the enzyme
exhibited the same level as the control after a longer incubation with
guanine. Normal lymphocytes preincubated with guanosine contained twice
as much activity as the control cells on Day 2, although the activity
decreased and was about 1.5 times above that of the control cells on
Day 3. Cyclic GMP had a very slight stimulatory effect on the
phosphodiesterase activity in normal cells. Increases of 237 and 20%

in enzyme activity were obtained by normal cell culture with cyclic GMP
treatment for 2 and 3 days, respectively,

The effects of guanine, guanosine, and cyclic GMP were also
studied in CLL lymphocytes. In the first case, lymphocytes were
obtained from a patient with a white blood cell (WBC) count of 48 x 103/
mm3, Results shown in Table 5 illustrate that CLL lymphocytes in
culture treated with 10~%M guanine for 3 and 5 days contained 87% and
77% of the cyclic phosphodiesterase activity, respectively. CLL
lymphocytes treated with 10~%y guanosine for 3 and 5 days contained 917%
and 88% of the enzyme activity, respectively., Treatment of CLL
iymphocytes with 10~% cyclic GMP, however, produced a slight
stimulatory effect on cyclic phosphodiesterase. Increases of 50% and
257 in enzyme activity were observed in these cultures on Days 3 and 5,
respectively.

A second case of CLL with a WBC count of 280 x 103/mm3 was
also investigated. As showm in Table 6, marked inhibition was
observed in all cultures treated with guanine (10‘4M), guanosine (10-4M),
or cyclic GMP (107%M). Lymphocytes cultured for 3 days showed 237,

5%, and 137 of cyclic AMP phosphodiesterase activity corresponding to
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TAB LY ll

CYCLIC AMP PHOSPHODIESTERASE ACTIVITY IN NORMAL
LYMPHOCYTES CULTURED WITH GUANINE (10-4M),
GUANOSINE AND CYCLIC GMP (10-4M)

Pre-treatment
of Cell Culture

Cyclic AMP-3H Hydrolyzed
nmoles/mg protein/30 minutes

% of % of

Day 2 Activity Day 3 Activity
PHA (control) 14.8 100 16.8 100
PHA + Guanine (10~4M) 3.0 20.3 16.6 98.8
PHA + Guanosine {(10™4M) 33.2 224.3 27.4 163.1
PHA + Cyclic GMP (10-4M) 18.2 122.9 20.2 120.2
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TABLE 5

CYCLIC AMP PHOSPHODIESTERASE ACTIVITY IN LYMPHOCYTES FROM
A CLL PATIENT WITE A MEDIUM PERIPHERAL LEUKOCYTE
COUNT (48 x 103/mm3) CULLURED WITH GUANINE
(10~4M), GUANOSINE (10~4M) OR
CYCLIC GMP (10-4M)

Pre-treatment Cyclic AMP-3H Hydrolyzed
of Cell Culture nmoles/mg protein/30 minutes
% of % of
Day 3 Activity Day 5 Activity
PHA (control) 20.8 100 23.9 100
PHA + Cuanine (107%M) 18.1 87.0 18.5 77.4
PHA + Guanosine (1074M) 19.0 91.3 21.1 88.3

PHA + Cyclic GMP (107%M) 32.0 153.8 30.0 125.5




TABLE 6

CYCLIC AMP PHOSPHODIESTERASE ACTIVITY IN LYMPHOCYTES FROM
A CLL PATIENT WITH A HIGH PERIPHERAL LEUKOCYTE
COUNT (280 x 103/mm®) CULTURED WITH

GUANINE (10-4M), GUANOSINE
(10-4M) OR CYCLIC

oMP (10~4M)

Pre--treatment
of Cell Culture

Cyclic AMP-3H Hydrolyzed
nmoles/mg protein/30 minutes

% of % of

Day 3 Activity Day 5 Activity
PHA (countrol) 22.3 100 28,5 100
PHA + Guanine (10-4M) 5,2 23.3 1.7 5.9
PHA + Guanosine (10™%M) 1.1 4.9 5.2 18.2
PHA + Cyclic QP (10~%M) 3.0 13.4 2.3 8.1
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guanine, guanosine and cyclic GMP treatment. Lymphocytes obtained from
similar cultures with guanine, guanosine or cyclic GMP added for 5 days
contained 6%, 18%, and 8% of the control level, respectively.

To summarize these three tables, the cyclic AMP phospho-
diesterase level in cell homogenates of normal lymphocytes or CLL
lymphocytes of a medium WBC count was generally affected to only a
small extent by guanine, guanosine or cyclic GMP. However, in CLL
lymphocytes obtained from a donor with a high WBC count, these
compounds reduced the enzyme activity to at least 207 of the control
lavel. In addition, the cyclic AMP phosphodiesterase levels of the un-
treated control cells could be arranged in a decreasing order of CLL
lymphocytes (high WBC count) > CLL lymphocytes (medium WBC count) >

normal lymphoecytes (low WBC count).

Kinetic Studies of Cyclic AMP Hydrolysis

by Lymphocyte Preparations

To evaluate the possibility that the phosphodiesterase
activities in normal and CLL lymphocytes differed functionally, some
of the kiretic parameters of cyclic AMP hydrolysis were measured in
enzyme preparacions of both lymphocytes. The rate of cyciic AMP
hydrolysis by phosphodiesterase from a normal lymphocyte preparation is
shown in Figure 10 as a function of substrate concentration ranging
from 0.5 to 400 yM. The Eadie-Hofstee plet of the data was found to be
nonlinear (Figure 11). This observation suggested that the cyclic AMP
phosphodiesterase exists in more than one form. Furthermore, this plot
gave an approximate estimation of the values of twe apparent maximal

velocity (Vn X) values of 0.75 and 1.32 nmoles of cyclic AMP hydrolyzed

[
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per milligram of protein per minutes, as well as two Michaelis-Menten
constants (Km), one at 1.8 x 10™M and the other at 7.1 x 10-5M. A
different treatment of the data expressed as S/V vs. S (Figure 12)
revealed two apparent Vnax values of 0.8 and 1.38 and two apparent Ko
values of 1.8 x 1074 and 7.7 x 10~5M. 1In an Eadie-Hofstee plot, V.. is
obtained as the intercept of the straight line on the vertical axis and
K., is determined by the slope of the straight line, whereas in the

Dixon plot Vp,. is the reciprocal of the slope and K is the product

of V. and the intercept of the vertical axis.

Cyclic AMP phosphodiesterase obtained from CLL lymphocytes
was assayed cver a wide range of substrate concentrations between 1 puM
and 500 yM. Both the Fadie-Hofstee (Figure 13) and the Dixon plot
(Figure 14) indicated that CLL lymphocytes possessed two cyclic AMP
phosphodiesterase activities, one with a low Km of 1.3 x 10™5M and one
with a high K of 2.9 x 107M. The corresponding Vpax values are 0.31
and 2.20 nmcles of cyclic AMP hydrolysis per milligram of protein per
minute.

The above kinetic data indicate the existence in either normal
or CLL lymphocytes of more than one cyclic AMP phosphodiesterase
activity. 1t seemed likely that at least one of the enzyme activities
was affected by the addition of guanine, guanosine, or cyclic GMP. 1In
order to test this possibility, the hydrolysis of cyclic AMP-3H in the
presence of varying amounts of one of the nonlabeled inhibitors was
measured. The substrate concentration was 20 uM based on the low K

value of the enzyme. As shown in Table 7, over a wide range of

concentrations (5 uM to 100 uM), guanine or guanosine had little or no
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TABLE 7

EFFECT OF GUANINE, GUANOSINE, CYCLIC GMP AND
THEOPHYLLINE ON THE ACIIVITY OF CYCLIC
PHOSPHODIESTERASE (Kpp = 1.3 x 1072M)
FROM CLL LYMPHOCYTES

Inhibitor Concentrations Activity
(u™M) (nmole Cyclic AMP Hydrolyzed/
mg protein/minute)

None 0 0.38
Guanine 5 0.37
25 0.34

50 0.33

100 0.38

Guanosine 5 0.37
25 0.49

50 0.35

100 0.34

Cyclic GMP 5 0.25
25 0.32

50 0.34

100 0.24

Theophylline 5 mM 0.31
10 mM 0.25
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effect on the enzyme activity. However, an appreciable amount of
reduction on the enzyme activity was observed in the presence of 5 or
100 uM cyclic GMP, and slight inhibition was attained with 25‘or 50 uM
cyclic GMP. Therefore, cyclic GMP did inhibit cyclic AMP hydrolysis
moderately, but the degree of inhibition was inconsistent with the
concentration of the inhibitor. In addition, theophylline also
inhibited cyclic AMP phosphodiesterase appreciably, supporting the

validity of the assay.



CHAPTER IV
DISCUSSION

The effects of several purines, pyrimidines and their
nucleosides on nucleic acid synthesis in both normal and CLL lymphocytes
were measured in order to elucidate differences in the synthesis and
regulation of nucleic acid between these two cells. The actions of
purine and pyrimidine containing derivatives were characterized by (a)
either the reduction of Ur—3H incorporation into RNA or Th-3H
incorporation into DNA, or both, (b) the specific sensitivity of CLL
lymphocytes toward the chemicals or the nonspecific sensitivity dis-
played by both normal and CLL lymphocytes, and (c) the pattern of
inhibition on Ur-3H and Th-3H incorporations by various concentrations
of the agents employed. On the basis of the above characteristics,
results of this study indicated that purine and pyrimidine exert their
inhibitory effect on nucleic acid synthesis in human lymphocytes via

different mechanisms.

Cytidine (10-4M;107 cells) was found to inhibit markedly the
rate of Ur-3H incorporation into RNA without apparent effect on Th-3H
incorporation into DNA in both normal and CLL lymphocytes. Cytidine
was also found to display a hyperbolic inhibition pattern at various
concentrations. These observations were interpreted by Lucas (59) as
results of end-product inhibition or repression of uridine kinase.
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According to studies by Kay et al. (146), RNA synthesis in the Gl phase
is obligatory for subsequent DNA synthesis. Therefore, during cytidine
inhibition RNA must be synthesized by an alternate mechanism, most
likely the de novo pathway.

It is well established in bacterial systems, that de novo
pyrimidine ribonucleotide synthesis is subject to feedback regulation
(82,83). FEucarvotic cells in general have mot displayed this stringent
feedback regulatory mechanism. Yip and Knox (158) have recently
observed that the modulation of carbamyl phosphate synthetase activity
by nucleotides is less prominent in mammalian cells than in bacteria.
In vivo investigation of aspartate transcarbamylase from various
eucarvotic sources (159,160) indicated that the activity of this
enzyme is not regulated by nucleotides in the same manner as it is in
bacteria (161). 1In the presence of cytidine, Lucas (59) observed that
the activity of the pyrimidine salvage enzyme (uridine kinase) was
reduced in the fast proliferating lymphocyte culture. At the same
time, an increase in de novo synthesis of pyrimidine might be expected
to occur. However, our attempt to detect a significant amount of
incorporation of aspartic acid failled to verify the increased
utilization of the de novo synthetic pathway of the pyrimidine
nucleotides.

It is possible that the conversion of cytidine into uridine
resulting in the dilution of the radioactive uridine pool may account
for the inhibitory effect of ¢ytidine, We decided to pursue this
possibility. The formation of uridine from cytidine is catalyzed by
cytidine deaminase, which is generally present in bacterial cells (147,

148}, avian cells (149), mammalian cells (140,150), and virus induced
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tissue culture lines (151). It is also known that cytidine is
deaminated during the hydrolysis of nucleic acid under strongly acidic
conditions (162). Shapiro and Klein (163) reported that cytidine and
cytosine can be hydrolytically deaminated at 95°C by a variety of
aqueous buffer solutions of pHS5. The equilibrium between cytidine and
its deamination products (uridine plus ammonia) was further investigated
in the presence of bacterial cytidine deaminase by Cohen and Wolfender
(164). Their study revealed that deamination is strongly favored by
the extensive protonation cf ammonia at pH=7. The best opportunities
for observing the reverse reaction occur at pH=9. Thus, the conditions
used to carry cut the cytidine deamination reaction in the present
study seemed to be optimal; no spontaneous hydrolytic deamination
occurred as solutions of low pH were avoided.

It is known that in man, both liver and serum contain cytidine
deaminase (165). This study provided evidence that cytidine deaminase
is present also in human lymphocytes. The ratesof cytidine deamination
in both normal and CLL 1ymph§cyte cultures were measured in the cell
fractions as well as in the medium fractions. Our results revealed
that deamination takes place in both lymphocytes, and the reaction is
faster in CLL cells than in normal cells. However, in normal cell
culture media, uridine appears earlier than in CLL cell culture media.
This phenomenon suggests that there are differences in membrane
structure and permeabllity between normal and CLL lymphocytes. In fact,
Kornfeld (166) did demonstrate that CLL lymphocytes have less surface
sialic acid than normal lymphocytes, although the effect of slalic acid

concentration on membrane permeability of nucleosides is not clear.
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Studies in vitro demonstrated the presence of cytidine deaminase
in homogenates obtained from either normal cells or CLL cells, The
enzyme activity is mainly distributed in the supernatant fraction, and
only a small amount of activity is detected in the particulate fraction.
In contrast to the in culture investigation, it was found that the
deamination is carried out at a slightly higher rate in normal cells
than in CLL cells.

The effectiveness .of arabinosyl cytosine (ara-C, one of the
common drugs for treatment of leukemia) in the treatment of leukemia
can be correlated with the rate of uptake of the molecule in vitro and
its subsequent phosphorylation (167). In man, this nucleoside is also
rapidly deaminated to produce arabinosyl uridine which has no
therapeutic activity (168). These characteristics suggest that the
susceptibility of the leukemic cell to ara-C is related to the activity
of cytidine deaminase. This possible relationship between lymphoblastic
leukemic bone marrow cell cytidine deaminase concentrations and
therapeutlc response were eveluated by Steuart and Burke (169). It was
found that leukemic bone marrow cells in "responders" contained six
times less cytidine deaminase than the cells of '"mon-responders'. Thus,
cytidine deaminase activity in CLL lymphocytes could be used as an
indicator for the effectiveness of ara-C treatment.

The inhibitory effects exhibited by guanine, guanosine and
cyclic GMP are quite different from that of cytidine. These compounds,
at IO“AM, have no discernible effect on either RNA or DNA synthesis
in normal lymphocytes. In CLL lymphocytes, however, they demonstrated

marked inhibition on both Ur-3H and Th-3H incorporation into
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RNA and DNA, respectively. Also, the non-hyperbolic inhibition pattern
of various concentrations of guanosine indicated a situation more
complicated than simple competitive innibition,

Several mechanisms, summarized in Figure 15, may be proposed
to account for their effects. First, the permeability of the lymphocyte
membrane may be reduced in the presence of exogenous nucleosides.

Steck et al. (170) demonstrated that the transport of radiocactive
nucleosides into mammalian cells can be blocked by high levels (10"3M)
of heterologous nuclecsides. Przsumably, the excessive amounts of
unlabeled nucleosides compete with the trace amounts of the radioactive
nucleoside at a specific permeation site. The plausibility of this
mechanism is further supported by Peter and Hausen's (63) report that
the transport of uridine through the cell membrane is the rate-limiting
step in uvidine uptake in PHA~stimulated bovine lymph node lymphocytes.
If this mechanism applies to lymphocytes, the preferential inhibitory
effects of guanine, guanosine and cyclic GMP on CLL lymphocytes

suggest that the surface of leukemic lymphocytes is different from that
of the normal cells. As mentioned before, evidence for membrane
difference was given by the observation that less sialic was found on
CLL lymphocyte surface than on normal lymphocyte surface (166). Again,
the significance of this finding with respect to the permeation sites
for exogenous compounds is still unkacwn. Furthermore, our studies
show that the rate of uridine incorporation into RNA is not directly
proportional to the guanosine concentration in the medium. Thus, the
different responses of CLL lymphocytes ana normal lymphecytes toward
guanine, guanosine and cyclic GMP may nct all be entirely attributed to

the transport of radioactive nucleoside into cells.
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Figure 15 - Possible Mechanisms of Guanine,

Membrane Permeability to Exogenous Nucleosides
ATP Levels in Normal and Chronic Leukemic Lymphocytes
Salvage vs. de novo Pathway in RNA Metabolism

UTP Utilization for Glycogenesis and RNA Synthesis
Cyclic AMP Levels in Normal and Chronic Leukemic Lymphocytes

Guanosine or Cyclic GMP Action
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An alternative hypothesils suggests that guanine, guanosine or
cyclic OMP exert their inhibitory effect by competing with other
nucleosides for ATP (mechanism 2). As shown in the purine nucleotide
salvage synthetic pathway (Figure 16), the combined action of purine
nucleoside phosphorylase and hypoxanthine/guanine phosphoribosyl-
transferase converts guanine and guanosine intc GMP. Cleavage of cyclic
GMP by phosphodiesterzse also results in the formation of GMP. Thus,
ATP is required in the phosphoryiation of GMP by guanylate kinase to
form GDP and GTP. Rabinowitz and Wilhite (100) studied the levels of
thymidine kinase activity in both normal and CLL iymphocytes. Their
results clearlv demonstrated that the amount of thymidine triphosphate
formed from thymidine depended upon the ATP concentration. This finding
suggests that the changes in the ATP levels inm cells may function in
regulating thymidine metabolism, Since ATP is also required in the
phosphorylation of uridine by uridine kinase, ATP availability could
regulate uridine metabolism as well. Thus, if the ATP concentration is
limited in CLL lymphocytes, guanine, guanosine and cyclic GMP may exert
their inhibitory effect by this mechanism.

A third possible mechanism involves the control of alternate
pathways (mechanism 3), namely, the salvage pathway vs. the de novo
pathway for purine nucleotide synthesis (Figure 16). It is most likely
that direct control of de novo purine synthesis is exerted at the first
obligatory step. This First step 1s catalyzed by phosphoribosyl
pyrophosphate (PRPP) amidotransferase. It seems reasonably well
established that PRPP amidotransferase is inhibited by monophosphates,

particularly AMP and GMP. Thus, the addition of guanine, guanosine or
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FiGURE 16-Purine biosynthesis, interconversion, and degradation in animal tissues.
The numbers refer to the following enzymes or sequences of enzymes. 1: PRPP
synthetase; 2: PRPP amidotransferase; 3: the enzymes of de novo purine bio-
synthesis ; 4: IMP dehydrogenase; 5: XMP aminase ; 6: adenylosuccinate synthetase;
7. adenylosuceinate lyase; 8: GMP reductase; 9: AMP deaminase; 10, 11, 12, 13-
5'-nucleotidase ; 14 : adenosine kinase; 15: inosine kinase; 16: adenosine deaminase;
17, 18, 19, 20: purine nucleoside phosphorylase; 21: adenine phosphoribosyltrans-
ferase; 22, 23, 24: hypoxanthine/guanine phosphoribosyltransierase; 25: guanine
deaminase; 26, 27 xanthine oxidase.

Reactions indicated by dashed lines have only been shown to have low activities
in amimal tissues and are discussed further in the text; this does not necessarily
indicate that thev lack physiological importance.

(From Murray, A.W. 1971 The biological significance
of purine salvage, Ann. Rev. Biochem., 40: 812,)




76

cyclic GMP could rapidly inhibit de novo purine nucleotide synthesis
resulting from the elevation of intracellular GMP concentration as
indicated previously. Normal cells when challenged by various
inhibitors may reduce their utilization of the de novo pathway, but

they nevertheless may continue to synthesize nucleic acid by the

salvage pathway. However, CLL lymphocytes may nct be able to change to
the alternate pathway as readily. Reduced uiilizatlion of the de novo
pathway in the presence of guanine, guanosine or cyclic GMP could result
in a decrease in nucleic acid synthesis. Very recently, it was found
that in PHA-stimulated human lymphocytes, no de novo purine synthesis
vas detected using labeled glycine as precursor (171). However, it is
possible that CLL lymphocytes undergo a certain amount of de novo purine
synthesis. If this is true, the presence of guanine, guanosine or cyclic
GMP could have variable degrees of inhibitory effect, depending upon the
extent of de novo purine synthesis. That is, an increase in GMP level
due to the addition of guanine, guanosine or cyclic GMP would show no
effect on purine synthesis in noirmal lymphocytes, but a significant
effect on purine synthesis in CLL lymphécytes would be expected.

A fourth mechanism which alsce involves the control of alternate
pathway may be sugpgested. Several investigators have demonstrated that
large particles of glycogen are present in the cytoplasm of CLL
lymphocytes (172-174). The glycogen particles were found to disappear
after IPT treatment {136). Ncne of the glycogen particles are seen in
the normal lymphocytes. Previous studies also demonstrated that DNA
synthesis in CLL lymphocytes is markedly inhibited by IPT (79). The

significance of the presence of glycogen particles in the CLL cells is
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indicated by the observation that IPT inhibits DNA synthesis, presumably
by depleting the stored glycogen content. As shown in Figure 15,
glycogen synthesis and nucleic acld synthesis are related by their
mutual requirement for UTP. The coordination of the synthesis of

these two macromolecules 1is obviously subject to precise regulation.

In CLL lymphocytes, however, the UTP pool for RNA synthesis may be
reduced or depleted because of the relatively large amount required for
glycogen synthesis. Furthermore, guanine, guanosine or cyclic GMP
could exert additional stress upon the regulation of glycogen synthesis
and upon RNA synthasis resulting in a greater depletion of UTP for
obligatory RNA synthesis.

Finally, a fifth possible mechanism can be suggested wherein
cyclic AMP may be the primary factor involved in the different bio-
chemical behavior exhibited by normal and CLL lymphocytes. As indicated
previously, Abell et al. (79,123) have found that DNA synthesis in CLL
lymphocytes is markedly inhibited by IPT or dibutyryl cyclic AMP,
whereas DNA in ncrmal lymphocytes is not affected significantly by
either of the two drugs under the same conditions. It was also found
that large pariticles of glycogen are present in the cytoplasm of CLL
lymphocytes (172-174). These glycogen particles disappeared after IPT
treatment, and none of the glycogen particles was observed in normal
lymphoeytes (136). These results indicated that the presence of glycogen
implies that an alteration has occurred in the metabelic pathway
associated with the leukemic nature of the cell. Furthermore,
investigation of glycogen metabolism in lymphocvtes showed that the
phosphorylase a activity is increased in PHA-stimulated normal

lymphocytes but not In PHA-stimulated CLL lymphocytes (175).
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The action of IPT and of dibutyryl cyclic AMP can be explained
by the "second messenger' concept introduced by Sutherland (112), i.e.,
cells respond to hormones by increasing the intracellular concentration
of cyclic AMP. 1Increases in cyclic AMP have been related to various
cellular processes such as glycogenolysis, lipolysis, steroidogenesis
and protein synthesis (114-116). Of particular interest is the effect
of cyclic AMP on glycogerolysis. The activation of phosphorylase by
cyclic AMP was first recognized in liver by Sutherland and Rall (176).
The process of phosphorylase activation in muscle has been most
extensively studied by Krebs et al. (177,178). The sequence of this
process initiates as cyclic AMP increases the activity of a protein
kinase (also referred to as kinase II or phosphorylase kinase kinase)
by allosteric interaction. This protein kinase catalyzes the
phosphorylation of phosphorylase b kinase and results in the activation
of this enzyme. The activated phosphorylase b kinase then catalyzes
the inactive phosphorylase b to produce the active phosphorylase a. On
the basis of the above observations, it is conceivable that the
sensitivity of the CLL lymphocytes to IPT and dibutyryl cyclic AMP is
due to an increase in intracellular cyclic AMP which consequently
regulates the cell cycle by degrading the stored glycogen.

The level of cyclic AMP in cells is controlled by both adenyl
cyclase and cyclic AMP phosphodiesterase. In attempts to obtain
further information regarding the possible role of cyclic AMP in
growth regulation, the activities of cyclic AMP phosphodiesterase in
both cultured normal and CLL lymphocytes were measured. The effects of

guanine, guanosine and cyclic GMP on cyclic AMP phosphodiesterase in
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both cells were determined. ' In normal lymphocytes, the level of
phosphodiesterase was determined on day 3 (maximal DNA synthetic day).
Guanine (10~4M) had no inhibitory effect; guanosine (10-4M) had a
moderate stimulatory effect, and cyclic GMP had a sméll stimulatory
effect. In one CLL case with a medium WBC count, the activities of
cyclic AMP phosphodiesterase were inhibited very mildly by guanine and
guanosine on day 5 (maximal DNA synthetic day). The enzyme activity
was increased slightly by cyciic GMP, However, in another CLL case
with a high WBC count, drastic reductions of cyclic AMP phospho-
diesterase were observed in cultures treated with guanine, guanosine,
or cyclic GMP. 1t appears that the response of cyclic AMP phospho-
dieéterase in lymphocytes toward guanine, guanosine, or cyclic GMP is
variable, possibly depending upon the WBC count of the blood donor.
The stimulatory effect of cyclic GMP on the hydrolysis of cyclic AMP
seems to be in agreement with other observations made with rat liver
(156) as well as with rat thymic lymphocytes (153). Furthermore, a
parallel between the non-treated control levels of lymphocyte
phosphodiesterase and the WBC counts of the donors were demonstrated.
The enzyme contents of the non-treated control cells are in a
decreasing order of CLL lymphocytes (high WBC count) > CLL lymphocytes
(medium WBC count) > normal lymphocytes (low WBC count).

The foregoing observations are consistent with the fifth
possible mechanism. Provided that all other factors are constant, the
cyclic AMP phosphodiesterase activity varies inversely with the
concentration of cyclic AMP. As a consequence of low cyclic AMP
present in cells, less active phosphorylase a will be formed. Eventually,

the accumulation of glycogen is unavoidable.
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Kinetic studies of the phosphodiesterase of the cell extracts
indicated that both lymphocytes possessed two phosphodiesterase
activities, one with a low apparent Kn between 1 x 1072 and 2 x 10~5M
and another with an apparent K, of 1 x 10~% to 3 x 10-4M. Similar
findings have been reported by others (131,141,153,156,179-181). The
ranges of apparent K, values obtained from all these studies areﬁik
summarized in Table 8. The apparent Km's for the low-K  phospho-
diesterase activities are comparable among different tissues from
different animals, whereas the apparent Km's for the high Km—enzyme are
100 fold different between the highest and lowest values, corresponding
to human bicod platelets (179) and rat thymic lymphocytes (153),
respectively.

The two activities could also be distinguished by their
specificity for cyclic AMP and cyclic GMP (115,153,156). We have tested
the substrate specificities of only the one enzyme with the low apparent
Km, but found that guanine or guanosine had essentially no effect,
whereas cyclic GMP had a small tq.moderate inhibitory effect. However,
there 1s no consistent relationship between the extent of inhibition and
the concentration of the inhibitor.

Concerning the inhibition of cyclic AMP phosphodiesterase by
guanine or guanosine observed in cultured CLL lymphocytes, the molecular
basis for the response of the enzyme to these two inhibitors is not known.
Similarly, it is not clear whether or not the inhibition by guanine or
guanosine reflects some physiological regulatory control of the enzyme.
The cyclic AMP level in human lymphocytes was found to be around 2
picomoles/107 cells (47); The K, of the low Km—phosphodiesterase falls

closer to the range of cyclic AMP concentration present in cells and
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TABLE 8

K, VALUES FOR PHOSPHODIESTERASE PREPARED FROM
VARIOUS SOURCES (SUBSTRATE WAS CYCLIC AMP)

Source Ky Reference
Bovine Brain 1.4 x 1074, 1 x 107%M 141
Rat Brain 1.3 x 107, 1 x 1076m 131
Pig Cerebrum 1 x 1074, 4 x 1076m 180
Bovine Heart 25 x 1076M, 0.8 x 10-6m 156
NISI-67 1-2 x 10~%4, 1-1.5 x 10-6M 181
HeLa-$3-67 0.8-1.7 x 10~4M, 1-1.5 x 10~6M 181
LG-67 1.5-4 x 107, 1-2 x 10-6w 181
LB-67 1-1.5 x 10™4M, 1-1.5 x 107%M 181
Rat Thymic 8 x 10"6M, 0.9 x 1076M 153
Lymphocytes

Human Blood 7 % 1O°4M, 7 x 1072 179
Platelets

Human Lymphocytes 1x 10'4M, 2 x 1075M This Study
(normal)

Human Lymphocytes 2.9 x 10'4M, 1.3 x 107M This Study

(CLL)
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thus could play a role in the regulation of cyclic AMP levels in cells.
It is therefore of interest that both normal and CLL lymphocytes contain
low—Km phosphodiesterase of similar kinetic characteristics. Since the
apparent Km is about 4 orders of magnitude higher than the cyclic AMP
concentration of cells, the physiological significance of the high-K
phosphodiesterase is uncertain. However, the absolute concentration of
cyclic AMP in various regions of the cell may be appreciably higher than
is indicated by the average values because of a possible compartmentali-
zation of cyclic AMP in cells. No information is available regarding
this point. Our finding that the phosphodiesterase activities are
distributed mainly in the supernatant fraction (1,000 x g, 10 minutes)
of the cell homogenate is in agreement with reports of the two

activities in various animal tissues (156,179,182).



CHAPTER V
SUMMARY

Human peripheral blood lymphocytes obtained from both healthy
normal donors and patients with chronic lymphocytic leukemia (CLL) were
maintained in a cell culture system. The effects of several purines,
pyrimidines and their nucleosides were studied in these two lymphocytes
in order to elucidate possible differences in nucleic acid synthesis
and its regulation.

Cytidine (10~%M) was found to inhibit markedly the rate of
uridine~3H Incorporation into RNA without apparently affecting
thymidine~3H incorporation into DNA in both normal and CLL lymphocytes.
This study presented evidence that the inhibitory effect of cytidine
is at least partially attributed to the cytidine deamination reaction
occurring in both normal and CLL lymphocytes. The conversion of
cytidine into uridina by cytidine deaminase results in the dilution of
the radioactive uridine pool and in the reduction of uridine-3H
incorporation into RNA.

Guanine, guanosine and cyclic GMP, at a concentration of 10—4M
have no discernible effect on either RNA or DNA synthesis in normal
lymphocytes. In CLL lymphocytes, however, they demonstrated marked
inhibition on both uridine~3H and thymidine-3H incorporation into

RNA and DNA, respectively.
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In order to obtain information regarding the possible
role of cyclic AMP in the regulatioun of nucleic acid synthesis in
lymphocytes, the activities 6f cyclic AMP phosphodiesterase were
measured in both normal and CLL lymphocytes. The effects of guanine,
guanosine and cyclic GMP on cyclic AMP phosphcodiesterase in both cells
were also determined. Our results indicated that the level of cyclic
AMP phosphodiesterase as well as the inhibition by guanine, guanosine
or cyclic GMP were in a decreasing order of CLL lymphocytes (high WBC
count) > CLL lymphoecytes (medium WRC count) > ncrmal lymphocytes (low
WBC count).

Kinetic studies of the phosphodiesterase of the cell extracts
further revealed that both lymphocytes possessed two phosphodiesterase
activities. Tor normal lymphocytes, one Km is 1 x 10~*M and the other
is 2 x 10™5M. For CLL lymphocytes, one K, is 2.9 x 10~%M and the other
is 1.3 x 107°M, The Km's for the ilow-K; phosphodiesterase activities
are comparable between normal lymphocytes and CLL lymphocytes, whereas
the Km for the high—Km phosphodiesterase activities in CLL lymphocytes
is 3 fold greater than that in normal lymphocytes.

The substrate specificities of the low-K, phosphodiesterase
were also investigated. No significant inhibitory effect by guanine or
guanosine was found. Cyclic GMP exerted a moderate inhibitory effect,
but the extent of its inhibition is not proportiomnal to its

concentration.
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