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I. INTRODUCTION

Purine and pyrimidine nucleotides are involved in almost every area of cellular metabolism,
and alterations in nucleotide concentrations have been related to numerous pathological
conditions; in addition, many drugs have been developed to affect one or another aspect of
nucleotide metabolism. As a consequence of the important role of nucleotides in biochem-
istry, pathology, and pharmacology, the measurement of nucleotide concentrations (or nu-
cleotide ‘‘pools’’) has assumed considerable importance in many areas of biomedical research.
Such measurements most often are made (1) to establish the specific activity of a precursor
nucleotide pool in order to calculate the rate of synthesis of a product; or (2) to attempt to
relate the intracellular concentration of a nucleotide with the rate of some process that requires
this nucleotide.

Both historically and at the practical level of laboratory investigation, it tends to be assumed
that the nucleotide pools which are measured are homogeneous, and it would certainly be
most convenient for this to be so. Increasingly, however, evidence of a variety of sorts is
appearing that suggests or even clearly indicates, that purine and pyrimidine nucleotide pools
are heterogeneous or compartmentalized rather than homogeneous.

Krebs' has broadly defined compartmentation as the ‘‘sub-division of an organism, or an
organ, or of a cell into areas which differ qualitatively or quantitatively in respect to their
chemical constituents.”” This review, however, will be concerned more specifically with
intracellular compartmentation, and will therefore mainly consider studies using preparations
of a single cell type; intercellular compartmentation of nucleotides within animal tissues,
though also of importance, will be considered here only in passing. Most studies of nucleotide
compartmentation have employed mammalian cells, and hence this review emphasizes such
biological systems; however, results obtained using other types of eukaryotic cells are
mentioned when appropriate.

Evidence for compartmentation of purine and pyrimidine nucleotide pools may be said
to be ‘‘direct”” when such inhomogeneity can be ascribed to concrete cytological entities
(e.g., mitochondria) or molecular species (e.g., proteins that bind nucleotides very tightly,
or multienzyme complexes in which ‘‘channeling’’ may occur). Evidence for compartmen-
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tation is considered ‘‘indirect’’ if it is based on rates of radioactive precursor metabolism
or unexpected changes in measured nucleotide concentrations, but cannot definitively be
associated with a cytological or molecular entity. The review will be organized along these
lines.

Approaches to the subject of purine and pyrimidine nucleotide compartmentation vary
widely. Sometimes there is a tendency to ignore the possibility of compartmentation, and
sometimes all apparently discordant data are ascribed to it. Only occasionally is there an
explicit attempt to investigate whether a pool is homogeneous or not at the beginning of a
study, and this subject is still at an early stage of development with respect to understanding
the consequences of various kinds of compartmentation.

The purpose of this review is to summarize the existing evidence for compartmentation
of purine and pyrimidine nucleotide pools and to distinguish among the various bases and
types of evidence, discuss the limitations of this evidence, and to consider the implications
of compartmentation for the interpretation of nucleotide pool measurements. Several mon-
ographs concerned with compartmentation at a more general level have been published,>*
and a review of techniques for the investigation of intracellular compartmentation has been
published.* The compartmentation of pyrimidine nucleotides has been reviewed by Keppler.*

II. DIRECT EVIDENCE FOR COMPARTMENTATION OF NUCLEOTIDES

Nucleotide compartmentation is most easily conceived of when it is associated with
cytological entities such as organelles, or with molecular species such as individual proteins
or multienzyme complexes. At least in theory such compartmentation is also the most
amenable to experimental investigation; if adequate rapid separation of the organelles or
proteins can be achieved, then differences in nucleotide concentrations and their specific
activities can be measured directly.

A. Compartmentation in Cellular Organelles
1. Mitochondria

Mitochondria are separated from the cytoplasm by a double membrane and possess in-
dependent enzymes for nucleic acid synthesis. It is therefore not surprising that many studies
have shown that the nucleotide pools of mitochondria form a separate compartment. It has
been reported, for example, that ATP/ADP ratios are different in mitochondria than in the
whole cell, and that the pools used for mitochondrial DNA synthesis have distinctive prop-
erties. Indeed, this compartmentation is the most clearly documented of all forms reported,
and space permits the citation of only selected references.

a. Nucleotide Coenzymes of Energy Metabolism

The central role of mitochondria in energy metabolism has inspired a number of studies
comparing ATP and ADP concentrations in mitochondria and cytoplasm.® This question has
been examined in rat liver,™'° isolated liver cells,*!'-!* perfused liver,'* perfused heart,'*
and myocardial cells.’® In most studies a higher ATP/ADP ratio has been observed in
cytoplasm than in the mitochondria, but contrary reports have also appeared.*? In addition
to the differences in this ratio, the absolute concentration of ATP per microliter of water
appears to be higher in mitochondria than in cytoplasm.'?'* Fewer studies have been made
of nucleotides other than the adenylates, however, guanine nucleotides have been reported
to be present at twofold higher concentration in mitochondria than in cytoplasm.'' A recent
summary of work concerning guanine nucleotides in mitochondria has been published by
Kleineke et al.!!

Most measurements of ATP and ADP in the mitochondrial matrix require a rapid separation
of this organelle from the cytoplasm, and in view of its small dimensions and high levels
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of adenylate metabolizing enzymes it is difficult to be certain that their isolation is rapid
enough to prevent major changes in nucleotide concentrations (for a more detailed discussion
of these difficulties see the article by Veech®). The presence of a very active bidirectional
carrier for the transport of ATP and ADP across the mitochondrial membrane might suggest
that any compartmentation of these nucleotides would be in the form of a concentration
differential,’” because the specific activities of cytoplasmic and mitochondrial adenylates
should rapidly equilibriate. For example, Hartung et al.'® found that a complete equilibrium
of inorganic phosphate and ADP between the medium and mitochondria occurred in less
than 7 sec at 25°. The exchange of adenine nucleotides between the mitochondria and the
cytoplasm is discussed in detail by Klingenberg.'®

b. Precursors of DNA and RNA

Berk and Clayton®® have demonstrated convincingly that the dTTP pool used for synthesis
of mitochondrial DNA is distinct from the total cellular dTTP of mouse L cells. They found
that in mutant cells lacking cytoplasmic thymidine kinase, but expressing the mitochondrial
form of this enzyme, [*H]thymidine labeled exclusively mitochondrial DNA. This indicated
that the dTTP formed from the thymidine was not available for nuclear DNA synthesis,
which proceeded by use of dTTP synthesized de novo. Further evidence of this compart-
mentation was obtained by Bogenhagen and Clayton,?' who found that nuclear DNA synthesis
in thymidine kinase-deficient cells was extremely sensitive to 5-fluorouracil deoxyribonu-
cleoside while mitochondrial DNA synthesis was only moderately sensitive if low concen-
trations of thymidine were provided.

Bestwick et al.?? have also provided evidence for separate mitochondrial pools of deoxy-
ribonucleoside triphosphates in HeLa cells. These authors found that the mitochondrial
pools responded quite differently than total cellular pools (predominantly cytoplasmic) to
treatment with methotrexate or 5-fluorodeoxyuridine. Specifically, methotrexate caused marked
contraction of total cellular dTTP and dGTP pools, but these pools increased in the mito-
chondrial compartment during the treatment.

Although the evidence for a degree of compartmentation of mitochondrial deoxyribonu-
cleoside triphosphate pools seems convincing, it is likely that some exchange of these
nucleotides does occur between mitochondria and cytoplasm, since studies in vitro with
isolated rat liver mitochondria have indicated a ready utilization of exogenous deoxynu-
cleoside triphosphates for the synthesis of mitochondrial DNA.2

Soeiro and Ehrenfeld?* examined the labeling of mitochondrial RNA by [*H]uridine and
found evidence for an RNA precursor pool distinct from the pool used for nuclear RNA
synthesis. Further studies indicated that the pool drawn upon for mitochondrial RNA synthesis
was also distinct from that used for poliovirus RNA synthesis, a process which occurs in
the cytoplasm.

¢. Carbamyl Phosphate

Finally, though not really a nucleotide, the compartmentation of carbamyl phosphate in
relation to the process of pyrimidine nucleotide biosynthesis may be mentioned at this point.

Studies in Neurospora by Davis and his colleagues® have indicated that the carbamyl
phosphate pool formed by carbamyl phosphate synthetase A, an enzyme of arginine synthesis,
and the pool of carbamyl phosphate formed by carbamyl phosphate synthetase B, an enzyme
of pyrimidine biosynthesis, do not mix freely, but rather are compartmentalized to a con-
siderable extent. Thus mutants deficient in carbamyl phosphate synthetase B require uridine
for growth although the concentration of carbamyl phosphate measured in these cells is only
slightly lower than in cells of the wild type. This compartmentation was attributed in part
to sequestration of the carbamyl phosphate produced by carbamyl phosphate synthetase A
in the mitochondria.
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Mammalian cells also contain two separate carbamyl phosphate synthetases. One, des-
ignated carbamyl synthetase I, is found in mitochondria and functions in arginine synthesis
and the urea cycle. The other, designated carbamyl synthetase II, is located in the cytoplasm
as a component of a multienzyme complex responsible for the early steps of pyrimidine
synthesis de novo.

Recent studies with both liver slices? and isolated hepatocytes,”” however, have revealed
that in liver the carbamy! phosphate produced by the mitochondrial enzyme (type I) is
available for pyrimidine biosynthesis. In fact at physiological concentrations of ammonia
the bulk of the carbamyl] phosphate used in pyrimidine synthesis was of mitochondrial origin.
Thus if separate pools of carbamyl phosphate are present in hepatocytes there must be a
significant degree of mixing.

2. Granules _

A second type of organelle which is associated with intracellular compartmentation of
nucleotides is the granules which occur in certain types of cells.

For example, a metabolically unavailable pool of adenine nucleotides is found in the
chromaffin granules of the adrenal medula. A high percentage of the total ATP present in
this tissue is present in granules containing adrenaline and noradrenaline,?®-? and this is not
available to cellular enzymes and is only released upon lysis of the granules.

Platelets also contain a pool of ATP and ADP which is metabolically inert, at least on a
scale of hours.3*' This portion of the nucleotide pool, approximately 65% of the total, is
stored in the dense granules. In these granules the ATP and ADP, in a 2:3 ratio, are present
as insoluble calcium complexes.

3. Nuclei

The possibility that nucleotides are compartmentalized within nuclei has been considered
both with respect to the purine and pyrimidine ribonucleoside triphosphate precursors of
nuclear RNA synthesis, and to the corresponding deoxyribonucleoside triphosphate precur-
sors of DNA synthesis. Numerous reports of equal distribution of small molecules and
soluble enzymes across the nuclear membrane, as well as the presence of large (10 nm)
pores, suggest that the nuclear membrane is unlikely to serve as an effective barrier to
nucleotides, however. A summary of evidence concerning nuclear-cytoplasmic compart-
mentation has been published by Siebert.*? The possibility remains, however, that very rapid
rates of utilization of ribo- or deoxynucleoside triphosphates in the nucleus might give rise
to concentration gradients. Definitive evidence on this question awaits the development of
methods for the very rapid and quantitative separation of the nucleus and cytoplasm; at
present, aqueous methods of nuclear isolation lead to loss of nucleotides, and nonaqueous
methods give low yields. In the meantime the various types of evidence that might suggest
nuclear compartmentation of nucleotides is summarized below.

a. Ribonucleotides

The distribution and transport of ribonucleoside triphosphates between the nucleus and
the cytoplasm has not been extensively examined. Fractionation of liver nuclei have indicated
that concentrations of ATP, ADP, and AMP in nuclei and cytoplasm are about equal, and
a similar response to anoxia is seen in both compartments.* In addition, the specific activity
of ATP after ['“C]formate labeling was found to be similar in both compartments.?* These
studies suggest a rapid equilibrium between nuclear and cytoplasmic ATP pools, although
it is difficult to assess the extent of equilibration which might occur during nuclear isolation.
Studies are clearly required to determine whether or not nucleotides can rapidly transverse
the nuclear membrane. If such flux is slow relative to utilization rates for RNA synthesis,
a type of compartmentation might result. If movement is rapid across this membrane,
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however, it would seem that any apparent nuclear compartmentation would require another
mechanism, such as channeling in a multienzyme complex.

If equilibration of nucleotides across the nuclear membrane is slow relative to rates of
synthesis and utilization, then various enzyme activities in the two compartments would be
critical in establishing differential concentrations and specific activities during labeling. Little
information in the literature is available concerning the location of the nucleoside kinases
involved in salvage synthesis or the enzymes of de novo synthesis. At least one step of de
novo pyrimidine synthesis takes place in mitochondria. The most common tracer used to
follow pyrimidine synthesis de novo, however, is orotic acid which enters the pathway at
a subsequent step. Further studies on the localization of enzymes of nucleotide metabolism
would clearly be useful.

b. Deoxyribonucleotides

The question of distinct nuclear and cytoplasmic compartments of deoxynucleoside tri-
phosphates has been approached by means of cell fractionation®'-*-* and autoradiography.37-3

Skoog and Bjursell** used a nonaqueous fractionation method to prepare nuclei from
Chinese hamster ovary (CHO) cells. Their results supported a compartmentation of nucleo-
tides since dTTP appeared to be more concentrated in the nuclear fraction than in cytoplasm.
In contrast, dATP, dCTP, and dGTP were more equally distributed or even present in lower
concentrations in nuclei than in cytoplasm. Furthermore, hydroxyurea had divergent effects
on whole cell and nuclear dTTP pools of S-phase CHO cells: the pools increased 70% as
measured in whole cell extracts, whereas a small (18%) decrease in dTTP concentrations
were observed in the nuclear fraction. Thymidine, in contrast, had generally similar effects
on pools measured in both nuclear and whole cell extracts. Although these data indicated a
separate nuclear compartment at least of dTTP, the very low (4 to 5%) recovery of nuclei
(as estimated from DNA) makes it impossible to exclude large differences in recoveries of
nucleotides in different fractions. In addition, it is impossible to exclude redistribution of
nucleotide during extraction and separation on the basis of available information on this
procedure, though this seems unlikely.

Bestwick and Mathews®® have also found unequal distribution of deoxynucleoside tri-
phosphates between nuclei and cytoplasm in HeLa cells. In these cells the ratio of cytoplasmic
pool size to nuclear pool size ranged from 9 for dATP to 0.8 for dCTP. Thus in contrast
to the results in CHO cells, dCTP seemed to be the nucleotide specifically concentrated in
the nuclei.

Additional support for intranuclear localization of dTTP has been presented by Adams
and co-workers.>”*® Mouse fibroblasts were labeled with [*H]-thymidine and then fixed for
autoradiography. Acid-extractable radioactivity appeared as a ‘‘halo’’ around the nucleus
rather than generally throughout the cytoplasm, suggesting a nuclear location for dTTP.
Without quantitation of recoveries and evidence conceming the chemical nature of the
material giving rise to the ‘‘halo’’, however, this evidence cannot be taken as conclusive.

B. Nucleotides Tightly Bound to Proteins

A second basis of compartmentation is the very tight binding of nucleotides to proteins
or other cellular components. If such binding was tight and release to the free form in cell
water was slow, the existence of such a compartment could result in an underestimation of
the specific activity of the free nucleotide pool during short-term labeling studies with
radioactive nucleosides or bases. Binding to protein would lead to an overestimate of the
concentration of nucleotides available to enzymes. For most enzymes utilizing ribonucleoside
triphosphates for substrates this binding is rapidly reversible, as indicated by high turnover
numbers. However, a number of proteins have been found to exhibit a tight binding of
nucleotides. Among the most important are tubulin, which tightly binds GTP;*° actin, which
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binds ADP;®4' hemoglobin which binds ATP,** and an unidentified structural protein of
mitochondria.*

Tight binding of this sort would affect the apparent concentration of nucleotide available
to enzymes, and if the exchange was slow relative to utilization, the apparent specific activity
of nucleotides undergoing polymerization to form RNA. In muscle about 5% of the total
adenine nucleotide pool apparently is bound as ADP to actin,*' while considered from another
point of view, Seraydarian et al.** have suggested that 80% of the ADP in muscle is bound
to actin; these figures are equivalent. In cardiac muscle binding to actin has been shown to
significantly lower the free concentration of ADP;'**¢ however, this binding is not a sig-
nificant factor in liver cells.** Kinetic data by Saks et al.*¢ have provided evidence for binding
of ADP by cardiac myofibrillar preparations; this pool of ADP seems to be selectively
rephosphorylated by creatine kinase. In contrast Gankema et al.*” performed binding studies
which suggested that 30% of the ADP present in liver cytoplasm could be bound, although
ATP was not significantly bound. Studies with human red cells indicated that only 40% of
the adenine nucleotides were readily available for metabolism, the remainder being bound
and not equilibrated with free nucleotides even after 5 hr of incubation.*? Thus in specialized
cells such as muscle and erythrocytes, where a high concentration of a particular protein is
present, binding may be significant.

In Ehrlich ascites cells almost all the ATP appears to be available for metabolism. Both
Yushok*® and Lomax et al.*® have reported that addition of 2-deoxyglucose could deplete
86% of the ATP in these cells in 5 min and (under anaerobic conditions) 98% was depleted
in 30 min. Thus in these cells essentially all ATP is accessible to dephosphorylating enzymes
within 30 min, but a fraction of ATP still may be bound but released at rates too rapid to
detect in this manner.

C. Channeling Via Multienzyme Complexes

A third possible basis for nucleotide compartmentation is the existence of multienzyme
complexes — if there is ‘‘channeling’’ of nucleotide substrates, that is, when substrates go
from one enzyme to another without complete mixing with the total intracellular pool of the
same nucleotide substrate.

1. Pyrimidine Biosynthesis

In mammalian cells pyrimidine synthesis de novo is performed by two multienzyme
complexes designated pyr 1-3 and pyr 5-6 (see Jones™ for a review). Kinetic analysis with
purified enzyme complexes have provided convincing evidence for channeling of carbamyl
aspartate and carbamy] phosphate by pyr 1-3.5!-53 This channeling is not strict, however, and
both release of intermediates from the complex and competition by added substrate have
been observed. The complex from rat ascites tumor cells, for example, appears to channel
about 11% of the carbamyl phosphate formed.*

Channeling of orotidylate by the second enzyme complex of pyrimidine synthesis (pyr 5-
6) has been demonstrated with enzymes from Ehrlich ascites cells**** and from protozoa.>®
As with the first complex the channeling is not strict and utilization of added orotidylate
has been observed.

The extent of channeling of biosynthetic intermediates for pyrimidine biosynthesis in intact
cells is unclear at this time, but should be amenable to investigation by the use of permea-
bilized cells.

2. Deoxyribonucleotides

A second example of channeling has been reported to occur in relation to certain aspects
of deoxyribonucleoside triphosphate metabolism, in which multienzyme complexes provide
a basis for a compartment which is separate from the total pool of deoxyribonucleoside
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triphosphates, since they can be metabolized and incorporated into DNA without mixing
with the soluble pool of these nucleotides. Complexes of the enzymes producing deoxy-
nucleoside triphosphates have been reported in T4 phage-infected Escherichia coli cells,™
Novikoff hepatoma cells, Chinese hamster embryo fibroblasts (CHEF),-%° and human lym-
phoblastoid cells.®® For this review only the evidence from studies with mammalian cells
will be considered.

Prem veer Reddy and Pardee® reported that a complex of DNA polymerase, thymidine
kinase, dihydrofolate reductase, nucleoside diphosphate kinase, and ribonucleotide reductase
(called *‘replitase’”), is present in the nuclei of S phase, but not G, phase CHEF cells.
Furthermore, in cells made permeable to nucleotides and incubated in the presence of
dithiothreitol, [*H]JCDP was more rapidly incorporated into DNA than was [*H}dTTP, al-
though dTTP is the more proximal precursor. Further evidence for such channeling was
obtained with permeabilized cells: the rate of incorporation of ['“C]JCDP into DNA was not
inhibited by the presence of excess nonradioactive dCTP.*' Furthermore, in extracts con-
taining the putative replitase CDP was apparently incorporated into DNA prior to release of
deoxycytidine nucleotides to the incubation medium.*® These results have been called into
serious question, however, and it has been suggested that the ['“C]CDP was incorporated
into RNA rather than DNA in these experiments.®?

It has also been suggested that there are two pools of dTTP in human lymphocytes, with
one pool fed preferentially by de novo synthesis and used preferentially for DNA synthe-
sis.®*% An extract from a human lymphoblastoid cell line has been prepared by a gentle
lysis procedure, that can catalyze the incorporation of dTTP, dTMP, dUMP, and thymidine
into DNA at comparable rates. When the more distal substrates for DNA polymerase are
used, the concentration of free dTTP generated in the reaction mixture is well below that
required for an equal rate of DNA synthesis when only dTTP is added as a source of thymine
nucleotides.®%* A complex capable of incorporating dTTP, dTMP, or thymidine into DNA
was separated from smaller proteins by gel filtration.®® More rigorous kinetic studies, par-
ticularly studies of the competition between free dTTP and that formed in the complex, are
necessary to indicate the extent of channeling.

More complete data are required for an understanding of nucleotide channeling in DNA
synthesis, including the identification of the enzymes involved and measurement of the
“‘tightness’’ of channeling, i.e., the probability of loss from the complex before incorporation
and the ability of free nucleotide to compete. It is clear, however, that channeling in such
complexes is not strict because thymidine and deoxycytidine are excellent precursors of
DNA in mammalian cells, thus a ribonucleotide reductase step in the complex is not obligatory.

1. INDIRECT EVIDENCE FOR COMPARTMENTATION OF NUCLEOTIDES

A considerable body of data has accumulated on the incorporation of radioactive precursors
into soluble ribonucleotides and RNA, and into soluble deoxyribonucleotides and DNA,
which have been interpreted in terms of nucleotide compartmentation. In most of the systems
studied, however, the cytological or molecular basis of such compartmentation is either not
known at all or is not well established. In addition, certain studies of the metabolism of
cyclic nucleotides have been interpreted in terms of compartmentation, again with no de-
finitive basis being known.

A. Kinetics of Radioactive Precursor Incorporation
1. Compartmentation of RNA Precursors

A frequently proposed form of compartmentation concerns the ribonucleoside triphos-
phates which serve as precursors for RNA synthesis. It has been reported that pools of UTP
and ATP distinct from the total cellular pools serve as specific precursors for RNA in several

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

52 CRC Critical Reviews in Biochemistry

types of eukaryotic cells. In addition, several reports suggest that the pool of UTP serving
as precursors to HnRNA may be distinct from that serving as precursor to pre-rRNA. The
evidence for both forms of compartmentation are summarized in this section.

The evidence for compartmentation of RNA precursors is usually kinetic data showing
that the specific activity of the total ribonucleoside triphosphate precursor pool does not
correlate with the rate of incorporation of precursor into RNA. For example, Plagemann®-¢’
found that incorporation of labeled uridine into RNA did not seem to proceed via the total
cellular UTP pool; a number of criteria were considered: (1) prior twofold expansion of the
UTP pool had no effect on subsequent incorporation of ['“Cluridine into RNA, although the
specific activity of the total intracellular UTP pool was reduced; (2) when [*H]uridine was
removed from the medium, net incorporation of label into RNA fell sharply, although total
cellular UTP pools remained highly labeled for some time; (3) when mengovirus-infected
hepatoma cells were grown in the presence of [*H]uridine the incorporation of labeled uridine
into mengovirus RNA (synthesized in the cytoplasm) continued at a high rate after removal
of [*H}uridine from the medium, whereas incorporation of label into cellular RNA decreased
sharply; and (4) incorporation of label from [*H]uridine into RNA was linear within 10 min
of addition while the amount of label in UTP increased for at least 2 hr. Plagemann concluded
that RNA is synthesized from a pool of UTP distinct from the total cellular UTP pool.

Similar but less extensive experiments have suggested a compartmentation of the UTP
pool in mouse embryo cells,*® murine lymphoma cells,*® and Chang liver cells.” In addition,
Khym et al.” studied the effect of prior UTP pool expansion on [*H]uridine incorporation
in a number of cell lines and found evidence for a degree of compartmentation in Novikoff
hepatoma cells (in agreement with Plagemann’s results) and HeLa cells. In six other cell
lines the authors saw no evidence of UTP pool compartmentation, although these negative
results are complicated by decreased uptake of the nucleoside in the cultures with expanded
UTP pools.

An important complication of short-term precursor incorporation studies is the degradation
of a fraction of the newly synthesized RNA with return of labeled nucleotide to the nucleotide
pool. It seems possible that this phenomenon could account for the observed disagreement
of specific activity with incorporation which is the basis of points (1) and (2) given above.
Thus an increased rate of return of label from RNA to acid soluble pools could compensate
for the increased rate of incorporation of label into RNA from UTP. An unambiguous
dissection of these two processes has yet to be made.

The difficulties of correcting for return of label to acid-soluble pools can be obviated by
several approaches, including measurement of only stable RNA species or long-term in-
cubations. In such an approach Falkenthal and Lengyel™ examined the rate of labeling of
tRNA by [*H]uridine in Drosophila cell cultures. By comparing the rate of accumulation of
label in tRNA and the rate of accumulation of tRNA by exponentially growing cultures,
they calculated the apparent specific activity of the pool of UTP used for tRNA synthesis.
They found that this pool had a specific activity about twofold higher than the total UTP
pool measured in the cell cultures. This result is compatible with the presence of a more
rapidly labeled pool for RNA synthesis as proposed by Plagemann and others. Because the
calculation requires many measured values however, the accumulated errors may render this
apparent twofold difference in specific activity insignificant.

Particularly strong evidence for a compartmentalized pool of UTP involved in RNA
synthesis comes from the studies of Wiegers et al.”> Uridine in the medium of HeLa cell
cultures was maintained at a constant specific activity for more than four cell doublings.
Although the specific activity of cellular UTP pools rapidly (approximately 50 hr) plateaued
at the same value as did that of the added uridine, the specific activity of uracil in IRNA
rose only to half this value and did not further approach the level of the soluble pools over
the subsequent 50 hr. By contrast, the specific activity of uracil in mRNA became nearly
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equal to that of the UTP pool. This strongly suggested that a pool other than the total cellular
UTP pool served rRNA synthesis. Similar results were obtained for the CTP pool. By
contrast, somewhat similar studies with mouse L cells” and chick fibroblasts’® have indicated
that RNA is synthesized from the total cellular ATP pool. In addition, total cellular GTP
pools appear to serve RNA synthesis in Xenopus oocytes.”

Genchev’® 7 has invoked compartmentation of UTP pools to explain unexpected labeling
patterns in Ehrlich ascites cells. UTP pools were labeled with two different radioactive
precursors: orotate and uridine. The apparent rate of RNA synthesis was calculated by
measuring the incorporation of ['*C) and correcting for the average specific activity of the
UTP pool during the period of incorporation. The two methods of labeling gave results
differing by more than tenfold, with uridine the more effective at labeling RNA. Genchev
concluded that the precursors were entering different UTP pools and that the pool selectively
labeled by uridine was used for RNA synthesis.

These studies need to be interpreted in the light of observations® that orotate entry into
these cells is very slow, and limited by membrane permeability; in addition, high concen-
trations of orotate inhibit earlier steps of the pathway of pyrimidine biosynthesis de novo.®
Thus, measurement of intracellular concentrations of orotate would have been helpful.
Finally, because of the low rate of utilization of this precursor, measurements of uridine
and orotate incorporation had to be carried out over different time periods. Nevertheless, it
is not certain that these concerns invalidate Genchev's conclusions.

Losman and Harley®? also labeled the UTP pool of rat hepatoma cells simultaneously with
[*H]orotate and ['*C]uridine. The '*C to *H ratio was identical in the UTP pool and the UMP
of RNA, implying that the RNA was synthesized from a pool of UTP with the same
characteristics as the total cellular pool. However, the ratio of '“C to *H in CTP and CMP
in RNA was much higher. Since CTP is synthesized from UTP these data suggested that a
compartment of the UTP, selectively labeled by uridine, served as a precursor of CTP.

Evidence against separate UTP pools for RNA synthesis has been provided by Puckett
and Darnell.®® The ‘‘specific U to C ratio’” of RNA and acid-soluble pools were measured
in HeLa cells incubated with [*H]uridine. This value was calculated as the ratio of [*HJUMP
and [PHJCMP in RNA corrected for the mass of each in the RNA. They found that this ratio
was identical in HnRNA, nucleosomal RNA, and the acid-soluble pools, implying that the
total UTP and CTP pools served as precursors for both species of RNA.

The question of compartmentation of RNA precursors thus seems unresolved, with con-
siderable evidence supporting the existence of compartmentation at least in some cell lines.
One possible mechanism for such compartmentation, often suggested, would be distinct
pools separated by the nuclear membrane; however, as discussed above, direct evidence for
distinct nuclear pools of nucleotides has not yet been forthcoming. Such pools could be
either totally independent or simply slowly equilibrating. Indeed, studies with an RNA virus
replicating in the cytoplasm showed different labeling kinetics than those of the cellular
RNA synthesized in the cytoplasm,®-¢"#* although such compartmentation was not apparent
in all studies.?

In addition to the evidence that total RNA is synthesized from a distinct compartment of
the nucleotide pool, some authors have suggested that specific classes of RNA are derived
from separate compartments. An early examination of this possibility in HeLa cells was
made by comparing the approach to equilibrium of the specific activity of UMP and CMP
in pre-TRNA and HnRNA .#® By this criterion these two species appeared to be synthesized
from a single pool. Birch and Turnock®® also found that tRNA and rRNA appeared to be
synthesized from a common pool of nucleoside triphosphates in Chinese hamster ovary cells.

In contrast, when Hel.a cell UTP pools were labeled to a constant specific activity by
[®H]uridine for several generations, the specific activity of UMP in mRNA reached the same
specific activity as the UTP pool, while the specific activity of UMP in 285 RNA achieved
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only one half the expected specific activity.” The authors suggested that the TRNA was
synthesized from a small compartment of UTP selectively fed by de novo synthesis. Similar
studies by Birch and Turnock®® with CHO cells, however, showed that tRNA and rRNA
were synthesized from the same pyrimidine nucleotide pool.

Further evidence for separate UTP pools serving RNA and HnRNA was obtained when
Ehrlich ascites cells were labeled by ['“Clorotate or ['*Cluridine.” Although both pre-
cursors are incorporated into RNA only after conversion to UTP, and thus presumably via
a common pool, they gave markedly different labeling patterns. Uridine labeled rRNA about
10% more than HnRNA, while HNRNA was labeled more than twice as heavily by orotate
than was rRNA. Although this study also points to compartmentation, it seems to contradict
an earlier study in that this report indicates rRNA is selectively labeled by the salvage of
preformed uridine.

Since all three classes of RNA, although synthesized by different polymerases, are pro-
duced in the nucleus, this apparent compartmentation of precursors for the different types
of RNA cannot be explained simply by two pools separated by the nuclear membrane. More
complex forms of compartmentation perhaps involving channeling in multienzyme complexes
could be invoked, but no evidence supporting such hypotheses is available.

2. Compartmentation of DNA Precursors

Several investigators have invoked compartmentation of deoxyribonucleoside triphos-
phates to explain apparently anomolous kinetics of incorporation of labeled thymidine into
DNA. Thus Fridland® concluded that DNA was synthesized from a distinct compartment
of the cellular dTTP pool of human lymphoblast cells on the basis of two arguments. First,
upon incubation with [*H]thymidine, the rate of incorporation of label into DNA became
constant within 4 min although the specific activity of the dTTP pool continued to rise for
at least 20 min. Secondly, when dTTP pools were labeled with [*H]deoxyuridine to the
same specific activity as was obtained with [*H]thymidine, the incorporation into DNA of
radioactivity originating from deoxyuridine was twice as rapid. He concluded that a special
compartment of the dTTP pool served as the precursors for DNA synthesis and that this
compartment was selectively labeled by [*H]deoxyuridine.

Mathews®”-# found that extracellular [*H]thymidine labeled DNA of sea urchin eggs more
rapidly than would be expected, as the eggs had very large intracellular dTTP pools; he
suggested that the internal pools were bypassed possibly because these pools were com-
partmentalized. Unfortunately, since the kinetics of incorporation into acid soluble nucleo-
tides were not reported, this argument is not conclusive.

Kinetic studies in mouse L cells labeled with [*H]thymidine were consistent with a single
cellular dTTP pool which serves as the precursor for DNA.?® However, this report also
lacked documentation of the kinetics of incorporation of label into the acid-soluble dTTP
pool.

Two reports have suggested that dTTP pools are compartmentalized in HeLa cells.%-!
Baumunk and Friedman®' found that inhibition of dTTP synthesis by 5-fluorodeoxyuridine
or amethopterin led to marked inhibition of DNA synthesis (33%) while dTTP pools were
only modestly reduced (<20%). This was interpreted as evidence that a large pool of dTTP
exists that is not available for DNA synthesis.

Nicander and Reichard®? have recently examined the incorporation of labeled cytidine,
thymidine, and deoxycytidine into DNA. The simple first-order decay of the dTTP pool on
removal of labeled thymidine, as well as the calculated rates when the pool was manipulated,
were consistent with a single pool of dTTP in 3T6 cells. In contrast, results with cytidine
showed this nucleoside to be more rapidly incorporated into DNA than expected from the
specific activity of dCTP achieved. The authors conclude that cytidine labeled a different
pool of dCTP than did deoxycytidine and that the pool labeled by cytidine was more directly
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related to DNA synthesis. This finding is consistent with a degree of channeling of CDP
into DNA as proposed by Prem veer Reddy and his co-workers, but is not evidence for
strict channeling in the replitase. An alternative explanation would be selective labeling of
a cytoplasmic dCTP pool by deoxycytidine while cytidine preferentially labeled a nuclear
pool of dCTP selectively drawn on for DNA synthesis. The very efficient utilization of both
thymidine and deoxycytidine as DNA precursors suggests that some incorporation of free
(i.e., unchanneled) deoxynucleotides does occur, since these deoxynucleosides are not con-
verted to ribonucleotides in mammalian cells.

It is possible that several of the observations of unexpected kinetics described earlier in
this section may result from channeling of DNA precursors in a multienzyme complex, as
discussed above. For example, the apparent preferential incorporation of exogenous thy-
midine or deoxyuridine into DNAS®¢ could be the result of channeling through a multienzyme
complex that included various kinases, ribonucleotide reductase, and DNA polymerase.
Such channeling might also explain why some antimetabolites which inhibit synthesis of
DNA precursors sometimes have an effect on DNA synthesis disproportionate to their effect
on deoxynucleoside triphosphate pools.***¢ If the major flow of deoxynucleosides into DNA
proceeds via channeled intermediates, an inhibition of flux through the complex would have
a greater effect on incorporation into DNA than would be expected on the basis of the
observed decreases in the concentrations of free nucleoside triphosphates. Further studies
on the extent of channeling in intact cells are clearly required and would have important
implications for our understanding of drugs altering dNTP pools.

B. Compartmentation in Cyclic Nucleotides

The remarkably varied respohse of cells or tissues to agents known to activate adenylate
cyclase have led several investigators to propose that compartments for cAMP and ¢cGMP
exist within cells. These compartments are proposed to serve to restrict the access of cAMP
to only selected protein kinases rather than activating all intracellular kinases. The evidence
for such compartmentation is indirect, usually consisting of data showing a dissociation of
changes in cAMP concentrations and a particular hormone-induced effect. The evidence for
compartmentation of cyclic nucleotides within cells has been recently summarized.®s-%

Shimizu and colleagues have also proposed that cAMP is formed from a specific sub-
compartment of ATP in brain slices.®”*® This group found that [**Cladenine labeled the
c¢AMP of brain slices to a much greater extent than expected from specific activity of the
ATP pool. This study, although provocative, suffers from the drawbacks of all studies
employing tissue slices: there may be a marked heterogeneity of metabolism within the slice
due to different cell types or even location of particular cells within the slice.

IV. LIMITATIONS ON EVIDENCE FOR COMPARTMENTATION

The evidence for compartmentation of acid-soluble purine and pyrimidine nucleotides
presented above suffers from a number of limitations, some of which have already been
considered. Thus formidable technical difficulties remain in the separation of subcellular
organelles in order to examine intracellular compartmentation, and high activities of enzymes
of nucleotide metabolism at least potentially can produce rapid changes in nucleotide con-
centrations during separation. In particular, very rapid changes may be expected in nuclear
pools of deoxyribonucleoside triphosphates, as it is estimated that the total cellular dGTP
pool is replaced in only 30 sec in cells synthesizing DNA.* This rapid metabolism requires
correspondingly rapid separation methods and termination of enzyme action. Finally, meth-
ods used to isolate organelles should not allow the loss of nucleotides through leakage; at
present this is not always the case.
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Additionally, further study is needed to provide clear-cut direct evidence for (or against)
compartmentation (as in the case of nuclei) or of the extent of compartmentation in intact
cells (for nucleotides tightly bound to proteins). In this regard a method for the rapid
separation of nuclei with high yield of nucleotides would greatly aid further investigation
of nuclear compartmentation.

A second type of limitation concerns those types of compartmentation which have been
deduced on the basis of what we have called ‘‘indirect’’ evidence, and hence for which no
cytological or molecular basis is known with certainty. Here, quite simply, more work needs
to be done to establish the bases for the apparent anomalies in radioactive precursor me-
tabolism that have so often been observed. In particular, the possibility of intranuclear or
even intranucleolar compartmentation needs to be considered.

Another type of limitation applies to the cultured cells that have been the subject of many
studies of nucleotide compartmentation. Thus the cells in an asynchronously growing culture
are a mixture of cells in the various phases of the cell cycle, and there is abundant evidence
that the several phases of the cell cycle are characterized by differences with respect to the
size of nucleotide pools, the rate of pool turnover, and the activities of enzymes of nucleotide
metabolism.'®'* For example, although G, cells may incorporate [*H]thymidine into dTTP
pools, these pools do not contribute to the incorporation of label into DNA. Alternatively,
if G, cells had a significant dTTP pool which was only very poorly labeled with [*H}thymidine
in comparison with S phase cells, the measured average specific activity of dTTP in the
whole asynchronous culture would underestimate the specific activity of dTTP in the cells
actually synthesizing DNA. Even the effect of antimetabolites on nucleotide pools has been
shown to be greatly influenced by the phase of the cell cycle.'®

In addition, it also appears that the extent of compartmentation may also vary widely
among different types of cells. This point is illustrated most clearly by the report of Khym
et al.,”' who employed identical methods in attempts to detect compartmentation of UTP in
six cell lines. Only two of the six lines appeared to have compartmentalized pools and even
these two were markedly different in the rate of equilibration between the two UTP pools
that appeared to be discernible. It seems at this time that the extent of compartmentation
among cell types remains unclear.

A few studies of nucleotide compartmentation have been carried out using animal tissues
rather than cultured cells (e.g., compartmentation of cyclic nucleotides, considered above,
and a study of compartmentation of pyrimidine nucleotides in the kidney. % The contribution
of different cell types in the tissues must be considered in these cases, as the turnover times
and concentrations of nucleotide types may vary widely and thereby account for the apparent
discordance of nucleotide-specific activities and rates of nucleic acid synthesis. Small sub-
populations of cells such as the vascular epithelia may contribute to the measured nucleotide
pools. Even the location of similar cells within the tissue may contribute to heterogeneity:
hepatocytes in different locations (perivenous vs. periportal) differ in their metabolism of
glutamine, for example.'® Thus before invoking intracellular compartmentation to explain
unexpected labeling kinetics in tissues, the heterogeneity of cells in the tissue must be
considered.

Finally, compartmentation of nucleotides really needs to be considered in concert with
the localization of the individual enzymes that utilize them as substrates, inhibitors, or
allosteric effectors. However this topic is beyond the scope of the present review.

V. IMPLICATIONS OF STUDIES OF NUCLEOTIDE
COMPARTMENTATION FOR STUDIES OF NUCLEOTIDE METABOLISM

That there is considerable evidence for the intracellular compartmentation of purine and
pyrimidine nucleotides has been indicated above. However, it is necessary to ask further,
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what does this mean for experimental studies of nucleotide metabolism? First, all of the
qualifications regarding this evidence, discussed above, need to be taken into account.

Next, the importance of compartmentation will depend on (1) the size of the nucleotide
pool directly involved in the process being studied, (2) the size of the pool(s) not directly
involved, and (3) the rate of equilibration between them. For example, the size of the
mitochondrial compartment is small in most cells, and the rate of equilibration (at least of
adenine nucleotides) appears to be rapid. Thus studies of nonmitochondrial processes prob-
ably will not be much affected by this type of compartmentation, though it might be very
important for studies of intramitochondrial processes. In contrast, platelet granules contain
a large proportion of total adenine nucleotides, and the rate of equilibration is very slow;
clearly this pool has to be taken into account in studies of adenine nucleotide metabolism
in the nongranular portion of this cell. Because of the present state of studies of nucleotide
compartmentation, however, the magnitude of these factors in most cases simply is not
known.

At a more general level, however, the possibility of compartmentation has several im-
plications for researchers measuring nucleotide pools and the specific activities of these
pools as a means of estimating rates of nucleic acid synthesis. First, it seems unwise to
attempt to predict changes in the rate of a metabolic process based only on measured changes
in pool sizes, as the change measured may only reflect the average effect, whereas the
alteration in nucleotide concentration at the site of the enzyme utilizing the nucleotide may
be quite different. This might be particularly true in the case of multienzyme complexes
with tight channeling. In this situation the pool within the complex is likely to be a small
element of the total cellular pool, and more sensitive to changes in rate of synthesis or
utilization by the enzymes within the complex; this compartmented pool would determine
the overall rate of the process in the cell. These considerations dictate the use of measurements
of metabolic flux in conjunction with measurement of nucleotide pools and enzyme properties.

It has also been recognized for some time that the incorporation of radioactive nucleosides
into DNA and RNA can only serve to estimate the apparent rates of their synthesis because
factors which affect dilution of label without affecting nucleic acid synthesis will lead to
apparent changes in the rate of nucleic acid synthesis. The recent results of Nicander and
Reichard®? indicate that even when the specific activity of the deoxyribonucleoside triphos-
phate pools is considered, this method may give inconsistant estimates of DNA synthesis
due to compartmentation of pools. Further work is necessary to delineate the circumstances
under which incorporation of labeled nucleosides can be used to measure the rate of nucleic
acid synthesis rather than to merely compare rates under different conditions.
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