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ABSTRACT

The fundamental aim of this research was to study the

relationships between changes in ribonucleoside triphos-

-«

phate and deoxyribonucleoside triphosphate concentrations

Y ——— sy e - -

and biological parameters such as growth inhibition and
cell death.

Several methods for measuring deoxyribonucleoside
triphosphate concentrations were reviewed and it was con-
cluded that the enzymatid assay-was best suited to this
projegy. However, in or%er‘to obtain a sufficiently seﬁ-
sitive:and accurate assay} it was necessary to make exten-
sive modifications to published procedures.

A quantitative analysis of the metabolism of radio-
active purine and pyrimidine bases, ribonucleosides and
déoxyribonucleosides in CHO cells was made and deoxyribo-
nucleoside mono-, di- and triphosphate péols were measured.

Incorporation of radioactivity into'DNA and RNA from
radioactive thymidine and uridine, respectively, was shown

not to be a reliable measure of the rates of synthesis 6f

these macromolecules. Consequently, a better method was

developed and tested. This involved correcting the rates
of radioactive precursor incorpération into nucleic ac;ds
for the specific activity of the immediate precursor pool.

Then, this method was used to measure the net rate of DNA

and RNA synthesis in Chinese hamster ovary cells treated

with pyrazofurin or mycophenolic acid. Finally, this



method was used to determine the rate of flux through the
ribonucleotide reductase reaction.

Several models for allosteric regulation of ribonuc-
leotide reductase in whole cells were reviewed in prepara—
tion for studying the regulation of ribonucleotide reduc-
tion in intact cells.

A study of the control.of ribonucleotide reduction by
deoxyribonucleoside triphosphates in intact CHO éells dem-
onstrated that none of the published ribonucleotide reduc-
tase models adequately explain deoxyribonucleoside triphos-
phate pooljﬁ[ie changes in whole cells. Further stqdy re-
vealed thaﬁkribonucleotides played an important role in

determining deoxyribonucleotide concentrations, but the
<
actua1 h§cthism involved was not determined.
Finally, ;Hé effect of nucleotide pool size changes
on growth rate, cell viability and progression through the
cell cycle was determined. Although some clues were ob-

tained,  the mechanism of cell death induced by nucleotide

Eool size changes could not be determined.
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CHAPTER 1

GENERAL INTRODUCTION



Our understanding of growth inhibition and cell death
resulting from drug-induced changes in the goncentrations
of purine or pyrimidine ribo- and deoxyr ibonucleotides has
steadily increased as a result of gfforts to develop more
effective cancer chemotherapeutic agents. However, in
many cases, it is still not known how changes in nucleotide
l"concent:rations inhibit cell growth, and very little is
known about the sequence of events which leads to loss of
cell viability under these conditions.

Agents which spécifically affect nucleotide metabol-
ism may be divided into two groups: those which exert
their primary effect on ribonucleotide métabolism such as
mycophenolic acid and adenosine, and those which exert
their primary effect on deoxyribonucleotide metabolism,
such as thymidine.

Growth inhibition and cell death induced by agents
affecting deoxyribonucleotide metabolism are generally ex-
plained in terms of inhibition of ribonucleotide reductase
which results in a decreased supply of one or moré deoxy-
ribonucleoside triphosphates; inhibition of DNA synthesis
and ultimately cell death follow. With agents that affect
ribonucleotide metabolism directly, it is usual ly postu-
lated that changes in the concentrations of ribonucleo-
tides result in a decreased suppiy of one or more deoxy-

ribonucleotides leading to an inhibition of DNA synthesis

and cell death.



The aim of this research was to study the proposed
links among ribonucleoside triphosphate and deoxyribonucleo-~
side triphosphate pool size changes, growth inhibition and

cell death,

Because deoxyribonucleoside triphosphates are present
in picomolar amounts per 106 cells, very sensitive assays
are required for their routine measuremenit, especially in
drug treated qells. Therefore, from a review of the methods
used for the méasurement of deoxyribonucleoside triphos-
phates in cells (Chapter 2), it was concluded that an enzy-
matic assay for deoxyribonucleotide triphosphaté was best
suited for this project. 1In order to obtain a suf%iciently
sens}tive and accurate assay, it was necessary to choose
the best features from the more than 20 different assays
already published, and as well to introduce new features
(Chapter 3). !

In preparation for manipulating nucleotide pools using
naturally occurring bases and nucleosides, and more impor-
tantly in preparation for accuratel@ measuring the rate of
flow of metabolites via ribonucleotide reductior and RNA
and DNA synthesis, the metabolism of radioactive purine and
pyrimidine bases, ribo- and deoxyribonucleosides was stud~
ied in Chinese hamster ovary cells (Chapters 4 and 5).

Considerable evidence in the literature indicated that
the commonly used simple radioisotopic incorporation methods
for measuring rates of DNA and RNA synthesis were unreliable;

therefore, a more reliable method involving the correction



of the radioisotope incorporation for the specific acti-
vity of the precursor pPool was used to measure these rates
in control and drug treated cells. This method was also
used as the basis for determining the flux through the
ribonucleotide geductase reaction (Chapter 6).

Ribonucleotide reductase is commonly believed to be a
key enzyme in the control of deoxyribonucleotide synthesis
and possibly in the control of DNA synthesis (1). There
is enzymological evidence that this enzyme is allosteric-
ally controlled and more than ten models have been pro-
posed to explain the requlation of ribonucleotide reduction
and hence the regulation of deoxyribonucleotide concentra-
tions in whole cells. As well, these models are often
used to explain the changes in deoxyribonucleotide pool
sizes caused by drugs that affect nucleotide metabolism.
The models are all quite different and there is no a priori
reason to choose one over another; in some cases, none of
the models can explain deoxyribonucleotide pool sizes in
whole cells (2). The published models for the regulation
of ribonucleotide reductase in whole cells are reviewed
and the experimental evidence for and against each model
is considered iq Chapter 7.

A study of the effects of changes id;ribonucleoéide
concentrations on deoxyribonucleotide concentrations is
reported in Chapter 8. The next step was to determine if

any of these models is sufficient to explain experimentally

&



\“'| ‘ . qJ N

observed interrelationsyiﬁp among concentrations of the
several deoxyribonucleosiée triphosphates in whole ceydé

(Chapter 9), Finally, the relationship between nucleotide
pool sizes and growth rate, cell viability, and progression

through the cell cycle was studied (Chapter 10).

REFERENCES

1. Reichard, P. (1978) From deoxynucleotides to DNA
synthesis. Fed. Proc. 37, 9-14.

2. Lowe, J.K., Brox,,L.B. & Henderson, J.F. (1977)
Consequences of inhibition of guanine nucleotide
synthesis by mycophenolic acid ang virazole. Cancer

Res. 37, 736-743.



'CHAPTER 2

METHODS FOR THE DETERMINATION OF DEOXYRIBONUCLEOSIDE

TRIPHOSPHATE CONCENTRATIONS



INTRODUCTION

Deoxyr ibonucleoside triphosphaées are substrates for
DNA synthesis, and hence are essential for cell multipli-
cation as well as for DNA repair. Thus their concentra-
tions in cells are of interest in relation to the rgula-
tion of DNA synthesis and repair and to the action of a
number of cancer chemotherapeutic agents that affect nuc-.
leotide metabolism. 1In addition, altered concentrations \\)
of deoxyribonucleoside triphosphates have been implicated
in certain human immunodeficiency diseases and in the
toxicity of certain deoxyribonucleosides.

The deoxyribonucleoside triphosphates are present in
cells at very low concentrations, and dre not readily sep-
arated from the corresponding ribonucleotides; hence they
were not detected .. early studies of nucleotide metabolism
and nucleotide concentrations in cells.  Their ex < .ence
had been demonstrated by the mid-1950's however, and
thereafter a number of approaches to their assay in ce 1
extracts was undertaken. 1In all, six general methods have
been developed: microbiological assay, isolation by con-
ventional chromatography and detection spectrophotometri-
cally, isotope-dilution in intact cells, labeling with
radioactive orthophosphate, high performance liquid chro-
matography, and enzymatic assay, using DNA polym;}ase.
Several appreciably different variants of each general

method exist.



This review describes the principal methods for the
measurement of deoxyribonucleoside triphosphates, and
evaluates them critically. Its purpose is a) to provide
an assessment of the factors that are important in each
method, so that ﬁublished deoxyribci cleoside triphosphate
measurements can be critically evaluated; b) to help inves-
tigators chose‘the method best suited to their need, and
c) to indicate where further improvements may be necessary
or desirable.

For each of the six major types of deoxyribonucleoside
triphosphate assays the general principle and historical
developmeﬁt of the method will be presented, and its ad-
vantages-and disadvantages considered. As an introduction,
however, problems encountered in extracting these nucleo-

tides from cells will be discussed.



EXTRACTION OF DEOXYRIBONUCLEOSIDE TRIPHOSPHATES

Deoxyribonucleoside triphosphate values in the liter-
ature are probably influenced as much by the method of
extraction as by the method of assay. Cell extraction
methods in general havé been reviewed by Hauschka (review:
1) and will not be discussed here in detail. However
some points that are relevant to the problem at hand in-
clude:

1) The washing of cells prior to extraction is not
only unnecessary but unwise. As pointed out by Hauschka,
washing can result in the hydrolysis of nucleoside tri-,
di-, and monophosphates (review: 1). Tyrsted thoroughly-
studied the effects of washing cells on the deoxyribonuc-
leotide triphosphate content of cells and found that a
single wash with ice-cold medium or isotonié sodiuh chlor-
ide resulted in a 43-80% loss of deoxyribonucleoside tri-
phosphates (2). This was gonfirmed by Kinahan et al. (3),
and by Walters et al., who alsq found that washing the
"cells caused deoxyribonucleotide breakdown though exact
values were not given (4).

2) PCA éxtraction usually gives the highest yield of
nucleotides (review: 1).

3) 0.4 M is the optimal PCA concentration for extrac-
tion (5).

4) 5-10% TCA will extract cellular nucleotides, but

the yields are not as reproducible as with PCA, possibly



because TCA does not efficiently extract nucleotides
bound to intracellular polycations (review: 1).

5) 60% methanol or 70% ethanoi have been used to
extract nucleotides from cells with the advantage of being
readily 1y0philized (review: 1).

North et al. recently have réborted that several en-
zymes that interfere with the enzymatic assay of deoxy-
nucleoside triphosphates are present in 60% methanol ex-
tracts of cultured HeLa cells (6). These activities in-
cluded a nuclease, nuc}eoside diphosphate kinase, ;nd
deoxynucleoside monophosphate kinases which can phosphory-
late dAMP, dMP, and 4CMP. They suggest that methanol
extraction of cells will give artificially high values for
the deoxyribonucleoside triphosphates when assayed enzymat-
ically because of degradation of tﬁe DNA template and
phosphorylation of the degradation~products to deoxyribo-
nucleoside triphosphates by the contaminating enzymes.
Although their findings will not be reviewed here in detail,
there were some inconsisténcies in the results. For
example, they did not observe any exonuclease éctivity
during the assay of standards, but found this activity
during the assay of the methanol extracts, although the E.
coli DNA polymerase I, which was used in their assay,
contains both 5'43' and 3'45' exonuclease activities as
part of the same enzyme. Furthermore, the small amount of
deoxynucleoside monophosphate kinase activity that they

observed is inadequate to explain the 500% increase in



the apparent amount of deoxyribonucleoside triphosphates
in methanol extracts as compared to PCA extracts.

Nevertheless, mekhanol extraction of cells will have
to be carefully re-examined to determine if it introduces
errors into the enzymatic assay. In fact, contaminating
enzymes such as phosphatases can result in errors, re-
gardless of the assay method used.

6) If cell extracts are lyophilized and redissolved
in a known volume, then the recovery of the nucleotides
through the overall process should be measured. If cells
are extracted with a known volume of extraction medium
and a portion of this extract is used for analysis, then '
diIution of the extract by cellular water and by medium
around the cells should be determined.

7) Even if the best extraction method and the greatest
care are used, it is still important to assess the quality
of the final extract. While this is not an exact parameter,
we have found that the nucleoside triphosphate to diphos-
phate ratio is a sensitive indicator of nucleotide break-
down in the cells (D. Hunting and J.F. Henderson, unpub-
lished). We therefore routinely measure the ATP/ADP retio,
as determined by HPLC, and consider a value of 10 or more
for cultured cells to be an indication of satisfactory
extraction and sample‘hahdling technique. Excessive hanipu-
lation of cells, such as washing prior to extraction,‘an
inappropriate extraction medium, failure to keep the extract

cold, or to neutralize it within one hour may significantly



lower the ATP/ADP ratio.

A few examples may be given to indicate how ATP/ADP
ratios may vary. In two extracts made using cold 0.4 M
PCA these ratios were 11.0 and 13.5, and in another extract
using 60% methanol at 30°C for 10 min followed by storage
overnight at -20°C, it was 12.6. However, when the extrac-
tion Was made using 60% methanol at -20°C overnight, the
ratios for two samples were 5.8 and 3.9.

To show the different extraction procedures that have
been used, Table 1 compares various procedures uséd to pre-
pare cell extracts for enzymatic assays. The majofity of
methods do not involve washing cells, but there are a few
exceptions, one of which included three washings. Since
Tyrsted reported a value of 60% for the average amount of
deoxyribonucleoside triphosphate breakdown from a sihgle
wash, three washes could result in a recovery of only 6%
of the original deoxyribonucleoside triphosphates present
in the cell. The degree of breakdown during cell washing
probably varies from cell type to cell type, but one
should regard nucleotide values obtained from washed cells
with some caution.

Most of the extraction media were used at optimum
concentrations. The méjority of procedures did not in-
clude the measufement either of recovery or of dilution.
Rarely were atte@pts made to minimize dilutions by wiping
media from the inside of the centrifuge tube before extrac-

tion. Finally, the quality of the extracts was rarely
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assessed.

MICROBIOLOGICAL ASSAY

The microbiologicai assay for deoxyfibOnucleotides
was introduced in 1957 and subsequent modifications resul-
ted in an accurate assay of high specificity, but of rela-
tively low sensitivity. Although the last reported use of
the microbiological assay was more than 10 years ago, it
will be considered in this review because it 'still is a
valid technique, which played an important role in the
early studies of cellular deoxyribonucleotide pools, and
because some of the results oﬁtained with this method have
not been repeated using other assay methods and are still
being cited (review: 28). Thqrefore this assay will be
discussed in the confext of all of the presently used
assay methods in terms of ig; accuracy, sensitivity, re-

producibility and problems or possible pitfalls,

General Principle: . ' .

The micrdbiological assaykis based on the principle

that certain organisms, such as Lactobacillus acidophilus,

require exogenous deoxyribonucleosides or deoxyribonucleo-
side monophosphates for growth. Standard curves can be
constructed by élotting cell numbef, Oor more commonly,
turbidity at approximately 650 nm, after 24-36 hr of incu-
bation at 37°c, against the amount of deoxyribonuclebside

standard in each culture. The standard curves are linear

13
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up to approximately 2 nmoles/tube but then flatten off as
maximum growth stimulation is approached. Deoxyribonucleo«
side di~ and triphosphate concentrations can be determined-
by converting these compounds to the deoxyribonucleosides
with phosphatases. Some specificity can be obtained by
hydrolyzing the purine deoxyribonucleosides under mild
acidic conditions; thus, values for the total purine and
the total pyrimidine deoxyribonucleoside content can be
obtained. Further specificity can be achieved by chromato-
graphing the cell extracts to separate the individual
deoxyribonucleo§ides, and then assaying each one separ-
ately,

Development of the Assay:

The origins of the microbiological determination of
deoxyribonucleotides lie in an assay for DNA which was
developed by Hoff-Jorgensen in 1952 (29) . This assay was
based on the fact that DNA would support the growth of the

deoxyribonucleoside requiring bacterium Lactobacillus

acidophilus R26, after hydrolysis of the DNA to monophos=-

phates with DNase. Five years later, Hoff-Jorgensen pub-
lished an assay for deoxyribonucleoside monophp§phates,
based on his 1952 method for DNA, and he also demonstrated
that hydrolysis of deoxyribonucleoside}monophosphates to
deoxyribonucleosides with phosphatase did not change the
results (30). The phosphatdse was not used routinely, nor
did he determine the ability of the assay to measure deoxy-

ribonucleoside di- and triphosp@ate concentrations. Sep-



arate values for purine and pyrimidine deoxyribonucleoside
monophosphates were determined by first measuring the
total deoxyribonucleoside monophosphate content, and then
hydrolyzing the purine derivatives under mild écidic con-
ditions and assaying again for the pyrimidine deoxyribo-
nucleoside monophosphate content. |

In contrast to Hoff-Jorgensen's results, Siedler et
al. found that the sensitivity of this assay varied with
different deoxyribonucleoeide monophosphates, and that the
sensitivity to monophosphates was much less than to deoxy-
ribonucleosides, They suggested that the assay would be
improved by treating all samples with phosphatase (31).
| Schneider and Potter studied the method further and re-

ported that Lactobacillus acidophilus R26 could grow on

medium supplemented with deoxyribonucleosides or deoxyribo-
nucleoside\monophosphates, but not on diphoephates or
triphosphates (32). They also found that the procedure of
Hoff-Jorgensen, which required autoclaving the medium and
extracts érior to the addition of the bacterial innoculum,
resulted in the hydrolysis of nucleoside di- and triphos-
phates, so that the bacteria could grow on media supple-~
mented with these compounds; previous measurement of the
deoxyribonucieoside and deoxyribonucleoside monophosphate
content of tissue extracts (33) probably were too high
because of deoxynucleoside di- and triphosphate breakdown
during autoclaving. Schneider and Pot ter recommended that

filtration should be substituted for autoclaving and that

15



the deoxynucleoside di- and triphosphbate content of tissue

extracts could be determined by enzymatic hydrolysis of

these compounds before preforming the say (33). JIn 1959

Siedler and Schweigert clarified the quegstion whether or
not deoxyribonucleoside monophosphates were used as readily

as deoxyribonucleosides by Lactobacillus acidophilus when

they reported that ribonucleotides, if present in the assay
medium, inhibited the;utilizatiqn of deoxyribonucleoside |
monophosphates but not of deoxyribonucleosides (34). This
explained why different laboratories had reached different
conclusions regarding the utilization of deoxyribonucleo-~
side monophosphates. 1In 1962, Schneider confirmed these
results and decided that the best routine assay procedure
was to hydrolyze all the ribo~ and deoxyribonucleoside
phosphates with phosphatase to remove interference by
ribonucleotides and allow tpe assay of all the deoxyribo-
nucleoside derivatives in extracts (35).

In 1963, Larsson demonstrated that eithervgi_ggggg-

philus R-26 or L. leichmannii could be used in the assay,

although when L. leichmannii was used, it was necessary to

remove all vitamin 812 from the medium and extrac;s since
this organism can be grown on medium supplemented with
either vitamin B,, or deo:yribonucleosides (36).

Finally, in 1966, Brown and Handschumacher used the . :
fully developed assay to measure deoxyribonucleotide pools

in Streptococcus fecalis. Their procedure also included a

further refinement in that they chromatographically sepa-

I




rated all the deoxyribonucleoside triphosphates, then hy-
drolyzed each with phosphatase and assayed them separately
(37).

In conclusion, this method is specific for deoxyribose
compounds and the specificity can be increased by chromato-
graphically separating the compounds before assaying them.
This method allows the measurement of amounts of deoxyribo-
nucleotides greater thén 0.5 nmoles, with a standard error
of approximately 5% (32). The main problemsbwith this
technique are that it is quite insensitive compared to
more recently developed techniques (e.g., the enzymatic
assay is as much as 1000 times more sensitive); it is also
very laborious, especially if the amount of each deoxyribo-
nucleoside triphosphate, rather than their sum total, is

to be determined.

CHROMATOGRAPHIC - SPECTROPHOTOMETRIC ASSAY

The first reported use of chromatographic isolation
followed by uv measurement to quantitatively determine
deoxynucleoside triphosphate concentrations in cell ex-
tracts was in 1955 (38,39), the same year the microbio-
logical assay was introduced. Although the chromatograph-
ic method has not been used frequently, it hagxprovided
valuable information on topics such as adenosine toxicity
and thymine-less death (40,41,42). Its most recent use
was in 1977 in a study of thymidine triphosphate concen-

trations in malignant tumors (42). The main drawbacks

LAd
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of this method are that it is laborious and relatively -
insensitive.

General Principle:

The principles upon which the chromatographic assay is
based are as follows:

1) Separation: Deoxyribonucleotides can be isolated
from cell extracts using anion exchange coluqn chromato-
graphy. However, complete purification of the deoxvribo-
nucleoside triphosphates requires further chromatography
On paper. Although one-step purification of the deoxyribo-
nucleotides from cell extracts is possible using two-
dimensional thin-layer chromatography, its usefulness is
limited because not enough deoxyribonucleotide can be iso-
lated to permit accurate measurement; however there is one
pubiished'procedure in which this method has proved useful
(42,43).

" 2) Quantitative Measurement: Three methods which have
been used to determine the amountrof each deoxyribonucleo-
tide after chromatographic separation are: measurement of
uv absorbance, the luciferase assay, and bioassay, with
the measurement of uv absorbance being the most common
method used. The biocassay has been discussed separately
and will only be mentioned briefly here. The luciferase
éssay has only been used in one study (40); and all four
deoxyribonucleoside triphosphates could be assayed by this

method.



Development of the Assay:

Potter reported the quantitative measurement of pyri-
midine deoxynucleotides in calf thymus extracts in 1955
(38,39) and gave a complete description of the method in
1957 (44). The basic procedure was as follows: neutra-
lized, concentrated tissue extracts were chromatographed
on an anion exchange column and the nucleotides were eluted
using a gradient. Fractions were collected and the uv
absorbance was determined. Preliminary identification of
the fractions was based on the A275 to Asgp ratio. The
deoxyribonucleotides did not separate well from the ribo-
nucleotides, ;nd a second column chromatographic procedure
fol lowed by paper chromatography was necessary to isolate
pure dTTP and dCTP. The amounts isolated were determined
by uv absorbance, with identification of the compounds
based on deoxyribose and phosphorous content, and on spec-
tral data. No purine deoxyribonucleotides could be iso-
~lated by this t;chnique, and data on accuracy and sensi-
tivity were not reported.

In 1957 LePage used a similar procedure to determipe
the dATP concentration of rat tumor extracts (45). ATP
and dATP were separated from the other nucleotides by
anion exchange chromatography and after desalting on a
charcoal-Celite column, 4ATP was separated from ATP by 3
sequential runs sn paper chromatograms. The amount of
pure dATP isolated was 2 pmoles, and the recovery deter-

mined by using a 4ATP standarc. was 50 to 67%.
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vIn 1962, Klenow used a substantially different proce-
dure to measure dATP concentrations in extracts of Ehrlich
ascites tumor cells (40). He simply chromatographed the
cell extracts on’Whatman No. 40 filter paper, eluted the
dATP and determined its absorbance. TIts idéntity was con-
firmed from spectral data and by using the diphenylamine
reaction. One disadvantage of this method was that the
chromatography step required 75 1 which could have resulted
in 4ATP hydrolysis. He did not report values for JdATP re-
covery.

Klenow also introduced an ingenious modification to
the assay by ui}ng luciferase as well as uv measurements
to measure the.;mount of deoxyribonucleoside triphosphate
that had been purified by paper chromatography (40).
Values for the sensitivity and accuracy of the determina-
tions were not given. Although the 1luciferase assay is a
convenient method of determining deoxyribonucleoside tri-
phosphates after chromatography, no other reports of its
use for this purpose could be found. The luciferase assay
was originally used to determine dATP in extracts that had
been treated with periodate to oxidize ATP (40,46). How-
ever, since all the deoxyribonucleoside tr;phosphates can
be measured by the luciferase assay, it is probable that
this technique measured the total deoxyribonucleoside tri-
phosphate concentration and not just that of darTp. |

In 1963, Potter and Nygaard used the chromatography-

uv measurement procedure of Potter et al. (44) to measure

——



dTTP concentrations in extracts of rat spleen and thymus
(47). However, they found the uv Mmeasurements were too in-
sensitive to measure dTTP in thymus extract so they used
the microbiological assay instead. Although they did not
report values for sensitivity, the lowest amount of dTTP
determined was 19 nmoles.

.The assay was improved in 1969 by Bucher and Oakman
who introduced both two dimensional thin-layer chromato-
graphy and isotope-dilution (43). The thin-layer chromato-
graphic method, based on the procedure of Randerath and
Randerath (48), involved one-dimensional thin-layer chroma-
tography on PEI-cellulose plates. Although a single sample
was streaked across the origin of three plates, the plates
were heavily overloaded and the dTTP that was isolated had
to be purified by rechromatogfaphing on PEI cellulose,
using a two-dimensional s&stem. The 4TTP was then eluted
and measured spectrbphotometrically.

The isotope-dilution technique involved the addition
of [l4C]dTTP of a known specific activity to the PCA before
extracting the tissue. After isolating the dTTP as des-
cribed above, the‘endogenous dTTP content was calculated
from the reduction of the specific activity of [14C]dTTP.
This assay method was simpler than previous chromaﬁographic—
spectrophotometric procedures, and the use of éhe isotope-
dilution technique automatically corrected for loss of
dTTP by incomplete recovery or breakdown during the isola-

tion procedure. 1In principle, this method should have been



guite agcurate; however, no values for accuracy were re-
ported.

The most recent use of the chromatographic-spectro-
photometric assay was in 1977 (42). The method utilized
two-dimensional thin-layer chromatography, as described
above, followed by determination of d4TTP by uv absorbance.
A minimum sensitivity can be determined from lhe fact that
400 pmoles of ATTP was detected in an extract of 10’ cells,.
Thus if all the extract was chromatographed, the sensiti-
vity of the assay would be less than 400 pmoles.

In conclusion, although the chromatographic-spectro-
photometric assay is quite laborious, it has the aanntages
of being direct and accurate, especially if the recovery

is measured or if the isotope-dilution technique is used.

&
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ISOTOPE DILUTION IN INTACT CELLS

The method of measuring intracellular nucleotide pool
sizes by applying the isotope-dilution principle to intact
cells was developed by Forsdy' (1), Deoxyribonucleoside
triphosphate pool size measuremern s using - me thod have
only been made in two labo}atoriesn tha® ¢1: Fdrsdyke him-

self (49-53) and that of R.L.P. Adams (54). It must be

clearly understood that although the isotope-dilution prin-

ciple is valid in itself, the assumptions involved in
apblying it to the measurement of intracellular nucleotide
pools have not been properiy tested. Few changés have been
hade in Fofsdyke's original procedure, althougﬁ it has been
applied to different types of problems. For this reason,
the development of the method will not be discussed separ-
ately.

General Principles:

The isotope dilution assay of Forsdyke is based on the

isotope dilution principle and probably also on the enzymatic

isotope-dilution method developed by Newsholme and Taylor
(SSf, Brooker and Appleman (56), and Grander (57). The
assumptions and reasonings of this method will first be

stated as clearly as possible, and then critically evalu-
®»

ated.
1) If cells are incubated in vitro with § radioactive

deoxyribonucleoside precursor of DNA, then the:;ate of in-
corporation of radioactivity into DNA will be proportional
to the specific activity of the precursor, and to the Vmax

" of the rate-limiting step in the pathway.
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2) It is assumed that the specific activity of the
deoxyribonucleoside precursor will be reduced by any com-
pounds (nuéleosides and nucleotides), either extracellular
or intracellular, which enter the pathway of metabolism and
incorporation of the precursor prior to the rate~-limiting
step; therefore the total pool of these compounds will be
meaéured through isotope dilut.iun. The total amount of
these compounds normally pres . t 2 cells and medium is
called the "intrinsic pool", wr. e th. . -al amount of
ﬁhese compounds which might be added to the medium experi-
mentally is called the "extrinsic pool".

3) It is also assumed that compounds which enter the
pathway after the rate—iimiting step will not reduce the
specific-activity of the external deoxyribonucleoside pre-
cursor and therefore will not bewdetected by the isotope- PN
dilution assay.

4) Operationally, if a constant quantity of radioactive
precursor is added to the medium, along with varYing guant-
ities of the same, non-radioactive precﬁrsor, then a plot
of the reciprocal of the radioactivity incorporated into
DNA (abscissa) against the.total concentration of added
precursor (extrinsic pool) will be linear. The slope of
this plot is taken to'be a measure of the Vmax of the
rate-limiting step, while the negative intercept at the
ordinate is taken to be a measure of the intrinsic pool
(which, as stated above, may include both intracellular

and extracellulfr compounds).
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5) A change in the position of the rate-limiting step
in the pathway, as induced for example, by treatment with
drugs, will change the number of compounds which reduce the

specific activity of the radioactive deoxyribonucleoside

precursor, and therefore will change the size of the in-

trinsic pool.

Analysis of the Method:

Two especially important assumptions involved in the
use of the isotope-dilution method for the measurement of
intracellular nucleotide pools, remain untested:

1) It is assumed that both inggacellular deoxyribo-~
nucleotide poolsland extrdcel lular non-radioactive deoxy-
ribonucleoside precursors reduce the incorporation of add-
ed radioactive deoxyribonucleoside precursor into DyA by
exactly the same mechanism; i.e. it is assumed that ihtra—
’cellular deoxyribonucleotides can reduce the specific acti-
vity of the ‘extracellular deoxyribonucleoside via a rapid
chemical equilibrium. Thereforé, if a radioactiye deoxy~-
ribonucleoside were incubated with cells and then isolated
from the medium, ifs specific activity should have decreas-
ed by an amount dependent on the size of the intrinsic pool,
which, depending on the position of the rate-limiting step
in the pathway, could include infracellular nucleotides as
well as nucleosides. There is no evidence that this assump-
tion is valid. Furthermore, it is likely that this point

has caused some confusion, as generally when one refers to

the dilution of, for example, radioactive thymdidine by
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intracellular thymidine nucleotides it is implied that the
dilution occurs only within the cells, and only after the
radioactive thymidine has been converted to nucleotides.

| 2) It is assumed that intracellular nucleotide pools
and synthetic pathways which enter the pathway under study
distal to the raté*limiting step, have no effect on the
incorporation of the extracellular radioactive precursor
into DNA. Thus for example, in a situation in which the
phosphorylation of thymidine is the rate-limiting step for
the incorporation of radioactive thymidine into DNA s
assumed that the rate of incorporation of radioactiv
into DNA is independent both of the size of the thymidine
nucleotide pool and of the rate of thymidylate synthesis
de novo. This is contrary to what one would intuitively
predict, and it is therefore difficult to accept this
assumption without any supporting exnerimental.evidence.

Sjostrom and Forsdyke have reported that at thymidine

concentrations less than 5 pM, the rate-limitin s ar for
the incorporation of radioactive thymidine into o
cultured thymus cells was thymidine kinase (. . Therefore,
according to‘the isotope-dilution theory of Fo.r."yke, the
specific-activity of the extracellular thymidine would only
have been diluted by the intracellular thymidine pool and
by any thymidine normally present in the medium. As well,
the assay would only have measured the size of these thy-
midine pools. However, at thymidine concentrations above

5 UM, Sjostrom and Forsdyke concluded that the most likely



rate~limiting step was DNA polymerase. Therefore, the
specific activity of the extracellular thymidine would have
been diluted by the intracellular 4TTP, dTDP,! dTMP and TdR
pools as well aé by the de novo synthesis of thymidylate.
Theoretically, the assay would then have heasured-the size
of the total intracellulér thymidine nucleotide and nucleo-
side pools.

When Adams used the method of Forsdyke to measure dTTP
pools in cultured mouse fibroblast cells he indicated his
unéerstanding of the assumptions by stating that the me thod
"... assumes ti it 06 nous (thymidine) and endogenous dTTP
are in direct equ’ % im , but he did not justify or test
this assumpgtion (54),

In conclusion, the measurement of deoxyribonucleotide
pPools by the isotope-diiution aséay is based on two un-
tested - but testable - assumptions. Until these assuﬁp-

tions are proven, this method cannot be said to be a Qalid

method for the measurement of deoxyribonucleotide concen-

trations in cells.
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RADIOACTIVE ORTHOPHOSPHATE ASSAY

2pj method to measure deoxyribo-

* The first use of the 3
nucleotide pool sizes was by Neuhard and Munch-Petersen in
1966 (58). This method has not been used frequently and
its use is declining, probably as a result of the increased
use of more direct methods utiliziﬁg enzymatic or HPLC "
assays. The main assets of the 32pj method are that it is
\qu1te sensitive, conceptually and methodologlcally simple,
and requires few assumptions. The main problems with this
method are the long incubation times required for 32Pi to
eé&ilibrate éompletely with the intracellular acid soluble
phosphate compounds, and the difficulty in chromatographi-
cally separating the deoxyribonucleotides cleanly from
other labeled compounds. It seems unlikely that further

significant improvements can be made to this method.

General Principle:

The basic premise of this method is that if the pooi
of phosphate com?ounds in cells is equilibrated with exter-
nal 32pi of known specific activity, then measurement of
the amount of radioacéivity in a given phosphate compound,
»Such as dATP, will allow the calculation of the pool size
of thét comﬁound.

The general procedure is that cells are labelled with
32p; of known specific activity until equilibrium is
reached; that is until the specific activity of each

phosphate acid-éoluble phosphate compound equals the



specific activity‘of the added 32pj, Attainment of equi-
librium is variously taken as the time at which the total
acid-soluble radioactivity becomes constant, the time at
which the rate of incorporation of label into DNA becomes
linear, or the time at which the amount of radioactivity
in the compounds of interest becomes consgaht. The equi-
libration time should be determined for eéch treatment
condition; i.e., for each drug, or fo:.stationary or log
phase cells, since equilibgium times can vary greatly from
ong condition to another (- ). The cells are then éxtrac-
ted, and'generally the extracts are treated with sodium
perlodate to oxidize the rlbonucleotldes, which are diffi-
cult to separate from the deoxyribonucleotides. The
extréEtS are chromatographed and the amount of radioacti-
vity in each deoxyrlbonucleotlde is determlned These
data plus the value for the specific act1v1ty of the 32%pj
allow the calculation of each pool size, Generally, only
the triphosphates, the largest of the deoxyribonucleotide

pools, can be determined accurately.

Development of the Assay:

The measurement of ribonucleotide pools by the 32Pi
method is relatively simple, but measurement of the very

much smaller deoxyribonucleotide pools has been more dif-

ficult, mainly due to inability to separate the deoxyribo-

nucleotides totally from the heavily labelled ribonucleo-

tides and from 32Pi. By 1965, procedures developed by

Randerath and Randerath (60,61) and by Neuhard et al. (62)
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allowed the separation of all eight ribo- and deoxyribo-
nucleoside triphosphates using a two-dimensional chroma-
tographic system on poly(ethylene)imine-cellulose thin
layér plates. The first dimension solvent was 2 M LiCl:
2lN acetic acid (1:1 v/v) and the second dimension solvent
was 3 M ammonium acetate in 5% bqric acid, pH 7. 1In 1966,
Neuhard and Munch-Petersen (58) and Neuhard (63) used this
- chromatographic system in conjunction with 32p5 labeling
to determine the size of the four deoxyribonucleoside tri-
phosphate pools in E. coli 15T7aATu~.

Colby and Edlin subsequently improved the chromato-
graphic method of Neuhard et al. (62) in two‘waQSa 1) Two
concentrations of each solvent in each dimension were used,
creating a concentration gradient and improving sepaéa-
tions. 2 "he cells were washed once with cold 0.15 M NaCl
- 0.1 M Tris, pH 7.4 to remove excess 32p;i pefore extrac-
tion and'thereby reducing the streaking of 32Pi (64). How-
ev;r, the wasghing procedure probably also céused nucleo-
tide breakdown io Fhat the net advantage of this step is
questionable. Colby and Edlin also studied the kinetics
of 32?i labeling of both the ribo- and deoxyribonucleoside
triphasphate pools in growing, Rous sarcomé virus ttansf
formed, and growth-inhibited chick fibroblast cells (62).
They found substantial differences in 32p4 labeling kinetics
among these cells, although the nucleotide pool sizes were
similar. Although these were preliminary éxperiments, they

32

demonstrated the need to determine the Pi equilibration
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conditions under different growth conditions. Colby and
Edlin also cautioned that their determinations of the
deax yribonucleosida triphosphates were quité\variable due

to 32

Pi streaking.

In 1971, Weber and Edlin confirmed the observation of
Colby and Edlin regarding differences in the rate of 32pj
uptake by growing and density~inhibited cells (?9). Thef
used a preliminary separation of inorganic and otganic
phosphates to reduce the extent of 32pj streaking during
chromatography.

Probably the most significant improvements in the
assay were introduced by Yegian in 1974 (65). He used
periodate to oxidize the ribofuranosyl ring of the ribo-
nucleotldes, and thereby prevented the overlap of heav11y
labeled ribonucleotides with the deoxyrlbonucleotldes
during chromatography; this increased the accuracy of the
determinations. This use of periodate oxidation to remove
interference by ribonucleotides was not a new idea; in
fact, Klenow had used it in 1962 to permit him to measure
dATP concentrations using luciferase (40)

Yegian also 1ntroduced a new chromatography system
that separated the four deoxyribonucleoside triphosphates
much better than before, and eliminated interference from
32Pi and the oxidized ribonucleotides. The. maln innovation
was that samples were spotted in the middle of the plate
and the 32pi was washed into the wick which was then cut -

?

off. The plate was then re-run with a different solvent

»
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in the opposite direction to separate the nucleotides.

Finally, Yegian also checked the purity of each lot of .
32Pi, and used only lots that had less ﬁhan 0.02% impurity.
This precaution was not mentioned by previous researchers.
In a review of this method, Hauschka noted that 32Pi is
often contaminated with polyphosphates and phosphosilicates,
and these complicate the chromatographic purification of
the nucleotides (1).

Bersier and Braun made additional changes in the
method (66). They first measured the specific activity
of the four ribonucleoside triphosphate pools directly by
labeling large numbers of cells with S2Pi for various
times, extracting the cells, and isolating the ribonucleo-
side triphogphates by ion-exchange column chromatography.

They found that in Physarum pPolycephalum, the ribonucleo-

tide pools reached their maximum specific activity after

30 min of labelling; unfortunately they did not coﬁpare

the specific activity of the ribonucleotide pools with that
of the 32Pi in the medium. This comparison would héve been
a test of the main assumption made by others that when the
amount of label in a nucleotide pool becomes constané, the
specific activity of each phosphate of the ?cid—sbluble
compounds equals the specific activity of the 32Pi in the
medium. Bersier and Braun then used the specific activities
determined for the ribonucleotides plus the amount of labé;i

in each deoxyribonucleoside triphosphate, to calculate the

deoxyribonucleoside triphosphate pool sizes. One other
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improvement they introduced was to measure nucleoside tri-
phosphate recovery during extraction by adding tritiated
nucleoside triphosphates to the extraction m dium just be-
fore extracting the cells. They found tﬁat a considerable
loss (60 to 708) of tﬁe triphosphates had occurred, due
mainly to triphosphate breakdown; the results were corrected
for this loss during recovery.

Although improvements in the assay were_being made,
they were not always used. .Thus in 1975 Nexo published a
study of deoxyribonucleoside triphosphate concentrétions

in Tetrahymena pyriformis (62), using exactly the same

procedures that Neuhard and Munch-Petersen had developeqd

n}ne Years earlier (58).

) Finally, in 1977 Reynolds and Finch made further im-
provementé (68). They found that the chromatographic
method developed by Yegian did not completely remove all
the oxidized ribonucleotides; some of these remained at
the origin following washing, and radioactive orthor . »hate
v»s released during the chromatography, contaminating the
uucxvribonucléotide spots. Reynolds and Finch overcame this

vsing the chromatographic system of Neuhard et al. (62)

for periodate treated extracts. Streaking of orthophosphate
occurred in the first dimeﬁsion but in the second dimension,
the overlapging orthophosphate ran ahead of the nucleotides,
while any remaining orthophosphaté that continued to leach

from the origin ran parallel to, but away from the nucleo-

ggtides;

33
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No values have been published regarding the accuracy,
reproducibility, or sensitivity of the 32p; deoxynucleoside
triphosphate assay. However, in a few cases enough infor-
mation has been given so that an estimate of the maximum
sensitivity under those conditions can be made.

Bersier and Braun (66) found the equilibrium specific

activity of the ribonucleotide pools in Physarum to be

32Pi had equilibrated,

13.5 counts/min per pmole; since the
the deoxyribonucleotide pools should have had the same
specific activity. This value gives an indication of the
sensitivity, but a value for the background radioactivity

on the chromatograms would be necessary to complete the
picture. Neuhard and Munch-Petersen reported the specific
activity of the 32Pi used to be 1-3 pCi/pmole, and theore-
tically this should have givgn equilibrium specific acti- -
vities in the deoxyribonucleoside triphosphates of E. coli ®.
between 6.6 and 20 disintegrations/min per pmole (58).
Agai#gno value for the background radioactivity on the
chromatogram was reported so the actual sensitivity cannot

be determined. The use of higher specific activities

would increase the sensitivity, but would also increase
radiation damage to the cells. This is an important limi-

tation on the sensitivity of this method.

Discussion:

The 32Pi-deoxyribonucleotide assay has been in use

for 14 years, undergoing constant evolution during this

time. It is not pdséible to refer to a standar§%32Pi assay

~
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because almost every user of the assay has added some im-
provements; however, it is possible to examine all the
variations and pick thg best features of each. General
features that should be included in a standard assay are
as follows:

1) Purity checks of each batch of 32Pi, followed by
purification if there is significant contapination by poly-
phosphates or polysilicates which co-chromatograph with
nucleotides,

2) Use of the highest 32Pi specific activity which
does not cause significant radiation damage, and of the
loweét phosphate concentration in the‘medium which will
still give normal growth rates.

| 3) Measurement of the 32pj equilibration times for
each treatment condition. Attainment of equilibrium could
reasonably be taken as the point at wﬁich the amount of
radioactivity in the deoxyribonucleotid= pools becomes
constant.

4) Extraction of cells, with no prior washing, and
neutralization on ice to minimize nucleotide breakdown.
The extraction medium should contain a tritiated deoxy-
ribonucleoside triphosphate for determination of overall
recovery.

5) Oxidation of ribose compounds using sodium perio-
date, in order to improve chromatographic separation.

6) Use of a two-dimensional chromatography system such

as that developed by Neuhard et al. (62), or Colby and

L 4
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Edlin's modification of their system (64).

Although an assay incorporating these features would

32Pi deoxyribonucleoside triphosphate assay,

be the optimum
it would still have the drawback of being more laborious

than the enzymatic or HPLC assays.

HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

The use of HPLC to measure deoxyribonucleoside tri-
phosphates in cell extracts is a recent extension of the
use of this technique to measure ribonucleotide concen-
trations. The HPLC method is direct, involves few assump-
tions, and allows the simultaneous measurement of all four
deoxyribonucleoside triphosphates. It is less sensitive
than the enzymatic assay, but offers approximately the
same sensitivity as the 32Pi assay. The HPLC assay is
slower than the enzymatic assay.when many samples must be
processed, but it is better suited for a few samples, or
for infrequent measurements. Since the HPLC assays in use o
are quite varied, there is a need- to assess each one, to
compare them to other methods, particularly the enzymatic
assay, and to determine whaé¢ further improvements should
be made.

General Principle:

The HPLC assay relies mainly on three principles:

1) Separation: Deoxyribonucleotides can be rapidly

‘separated using anion exchange columns and high performance

chromatography apparatus. Separation from ribonucleotides

[ ey
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is facilitated by beriodate oxidation of the ribonucleo-~-
tides to change their mobilities.

2) Detection: Deoxyribonucleotides can be detected by
measuring their uv absorbance. The ease and sensitivity
of detection depends on the detector and the separation
method. Solvents with relatively high refractive indexes
or high uv absorbances, ;educe the sensitivity of deoxy-
ribonucleotide detection. As well, gradient separations
génerally'fesult in a changing baseline due to changes in
the refractive index or absorbance of the solvents. Fin-
ally, the sharpness of the peak will affect the accuraéy of
detection. |

The amplification of the detector signal can usually
be varied and a common measure of the detector sensitivity
is the number of qbsorbancé units required for full scale
deflection of the recorder pen. For example, the Varian
Aerograph LCS 1000 detector has a maximum sensitivity set-
ting of 0.02 O.D. units full scale which may be equivalent
to between 2000 ang 3000 pmoles of dATP. Most new models,
such as the Spectra-Physics 8000 HPLC detector and the Water
Associates HPLC detector, have a maximum sensitivity set-
ting of 0.005 0.D. units full scale which may be equivalent
to between 500 and 750 pmoles of d4ATP. Although it is .
useful to know the detector sensitivity settings, these
values can be misleading because the detectors are limited
not only by how much the signal can be amplified, but. also

by the signal-to-noise -ratio. Therefore, if this ratio is



38

low, or if the separation method results in a shifting base-
line, high sensitivity settings are of little value.

3) Quantitation. The amount.of compound in a peak is
proportional to its area on the recorder tracing. Other
parameters such as peak height can be used for quantita-~
tive measurements, but except for very sharp, symmetrical
peaks, they are not as sensitive or as accurate as measur-
ing peak area. Peak areas are usually measured either by
planimetry, which is accurate but tedious, or by automatic
electronic integration. Although automatic integration is
very convenient, it requires careful programming to ensure

good accuracy and reproducibility.

Development of the Methdd:

The first published use of HPLC for the determination
of deoxyribonucleoside triphosphate concentrations, was in
1978 (69,70). These reports were both from the same labor-
atory and the same method was used in each case. The sepa-
rations were done isocratically on a Whatman Partisil SAX
column (a strong anion exchange resin); using 0.45 M potas-
sium phosphate buffer, PH 3.6. The peaks were monitored
at both 254 and 280 nm, but the detector sensitivity set-
tings were not reported. The only deoxyribonucleotides
determined were dATP and dGTP. ATP and dATP were not sepa-
rated at the base line, which was unstable thus making
accurate integration of the peaks, difficult; the method of
integration was not given. Although dATP and dGTP values

were also determined by the enzymatic method, the results

BB Lt o



39

obtained by the two methods were not compared.

The next obvious step was to get rid of interfering
ribonucleotides using periodate oxidation. In 1979, this
step was introduced by three laboratories (71-74), though
two different procedures were used. Ritter and Bruce used
the following procedure to oxidize the ribonucleotides:
200 pl 2 N formic acid and 200 bl sodium periodate solu-
tion (0.07 gm/ml) were added with mixing to 200 pl of cold
neutralized PCA extract. After 45 min at 4°C in the dark,
200 pl of ethylene glycol was added to reduce unused perio-
date. After 15 min, 50 pl of concentrated ammonium hydrox-
ide was added and 5 min later the pH was adjusted to 7.5.
Although variable degrees of ribonucleotide oxidation
were obtained with this procedure, they were satisfied
with this method because as long as the ribonucleotide and
deoxyribonucleotide concentrations were similar all could
be separated. Separatio: was achieved using two 250 x 4.6
mm Whatman Partisil 10 SAX anion exchange columns in series,
at 40°C, with a linear gradient from 0.2 M NH4H2PO4, pH 3.2
to 0.6 M NH4H2PO4,'pH 4.4 at a flow rate of 1.0 ml/min for
2 h. The peaks were monitored at 254 nm, which is optimal
for dATP but not for 4CTP (Amax = 280). The detector sen-
sitivity was quite low (0.05 O.D. units full scale) and
the peak areas were measured by planimetry (72).

This procedure has been tested in our laboratory using

both standards and cell extracts with added tritiated ribo-

L ez, aes
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or deoxyribonucleoside triphosphates; it was found that
the ribonucleotides were completely oxidized, and that the
deoxyribonucleotides were completely stable (J.K. Lowe &
J.F. Henderson, unpublished). Ritter and Bruce had con-
cluded that the ribonucleotides were not always completely
oxidized by this procedure and showed a chromatogram of a
periodate treated cell extract in which there was a peak
with the same retention time as UTP (72). Lowe and Hender-
son also noted this peak in periodate—treatéd cell extracts
but not in treated standards. They concluded that the peak
was ‘not UTP since tritiated UTP added to a cell extract was
completely oxidized, while this peak remained. The iden~-
tity of this peak has not been established, nor is it
known iﬁ”it is produced during periodate treatment or if
it normally co-chromatographs with UTP. Ritter and Bruce
used two Partisil 10 SAX columns in series with a 2 hr
linear gradient with column washing between runs (72),
whereas Lowe and Henderson were able to obtain equally good
resolution using a single Partisil 10 SAX column eluted
isocratically with 0.25 M KH2P04, 0.5 M KC1, pH 4.5, in
ca. 40 min; no washing was required between runs (75).

| The major problem with this oxidation procedure is
the production of a very large and tailing peak of ribo-
nucleotide o#idation products on whose shoulder the dCTP
and dTTP peaks appear; this makes electronic integration

virtually impossible and limits the accuracy of planimetric
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integration because of the difficulty in choosing a base-
line,

Garrett and Santi solved the problem of the large
tailing peak of ribonucleotide oxidation products by re-
acting them with methylamine to eliminate the phosphate t
groups and cleave the N-glycosidic bond (73). The result-
ing bases elute well before the deoxyribonucleoside tri-
phosphates. The actual procedure of Garrett and Santi was
as follows: to 1.0 ml of neutralized cell extract wés add-
ed 40 pl 0.5 M NaIO4, followed within several min by 50 ul
of 4 M methylamine which had been slowly brought to pH
7.5 with HBPO4. After 30 min at 37°C, 10 Bl of 1 M rhan-
nose was added to reduce any remaining periodate. The
oxidized samples were chromatographed on a Whatman Partisil-
10 sSax énion exchange column (4.6 x 250 mm) and eluted
isocratically with 0.4 M ammonium phosphaté PH 3.25: ace-
tonitrile (10:1) at 30°C. The peaks were monitored at 254
nm at 0.013 0.D. units full scale. Peaks of less than 500
pmoles could not be reliably integrated with an automatic
electronic integrator and were quantitated by comparing
the height with that of standard peaks (rather than by
planimetry which would have probably been more accurate
because the peaks were asymetric). They reported a lower
limit of sensitivity of 30 pmoles. Values for accuracy
and reprpducibility were not given.

Lowe and Henderson used this method both for deox}—

ribonucleoside triphosphate standards and for neutralized

1 A £



cell extracts (unpublished results). After periodate and

methylamine treatment the extracts were chromatographed on a

Whatman Partisil 10 SAX anion exchange column and eluted

'_':_'1) or 0.25 M KH,PO,, 0.5 M KC1, pH

4’

: A : Co
4.5; equ. ;/ﬁts were obtained with either solvent.

ta (o
. técted‘Jk-254 nm, at a sensitivity of
) - ;&‘ .

0.02 or 0.005 0.D. units full scale, and were measured by

The.peaksﬂﬁer-

planimetry rather than electronically because of an unsta-
ble baseline. 1In agreement with Garrett and Santi (73),
Lowe and Henderson found that the methylamine treatment
greatly reduced the tailing of the initial peak, making the
- dTTP and 4CTP peak measurements easier than in cell extracts
oxidized by the method of Ritter and Bruce (72). 'Although
peaks containing as few as 30 pmoles were visible, it was
impossible to obtain consistent values for the areas be-
cause the position of the baseline could not Se accurately
determined. Although Garrett and Santi teported that 30
pmoles of deoxyribonucleotide could be measured by this
method, Lowe and Henderson found this value to be ca. 100
to 200 pmoles. This difference may simply reflecﬁ the
different machines used by the two groups. Garrett and
Santi used a Hewlett-Packard HPLC while Lowe and Henderson
gsed both a Varian and a Water Associates HPLC.

The most recent Eganges to the method have been made

by Maybaum et al. (75). Their method involves the separa-

tion and collection of each ribo- and corresponding deoxy-

-
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ribonucleotide ustng an anion exchange column. Each pair
of nucleotides is converted to the corresponding nucleoside
by acid phosphatase, and then separated and collected using
a preparative reverse-phase column. When higher sensitiv-
ity is required, the fractions are rerun on an aﬂalytical
reversed phase or cation-exchange column. Thus they arev
able to measure the eight major ribo- and deoxyribonucleo-
tides, although the assay will be described and discussed
only in the context of the deoxyribonucleotide measurements.
The published procedure is restricted to pyrimidines but an
unpublished modification of the procedure has been devel-
oped for purines.

The actual procedure used by Maybaum et al. was as
followss neutralized cell or tissue extracts were chroma-
toéraphed on an analytical anion exchange column. Mono-
phosphates were eluted isocratically followed By a linear
gradient to elute the di- and triphosphates. Ribonucleo-
tides were not separated from the corresponding deoxyribo-
nucleotides, so each pair was collected, lyophilized and
treated with acid phosphatase to convert the nucleotides
to nucleosides. Each pair of ribo- and dedxyribonucleo-
Sides were run on a preparative reverse-phase column be-
cause the high salt content would saturate an analytical
column. Uracil and cy;bsine nucleésides were eluted with
methanol : H20 ana thymidine was eluted with acétonitrile:
H,0. Detection was at 254 and 280 nm with ﬁhe lower limit

of sensitivity at 100 pmo}es and a net recovery of 80%.

RJ
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In order for this method to be of practical use in measur-
ing deoxyribonucleotides in cell extracts, much higher sen-
sitivity was required.‘ Therefore, each deoxyribonucleoside
was collected, dried, and redissolved. Deoxyuridine and
deoxythymidine were rechromatographed on a reverse-phase
column and eluted with 10 mM NaH2P04, PH 3.0: acetonitrile
and 10 mM sodium acetate, pH 7.4: acetsnitriie, respective-
ly, while deoxycytidine was rechromatographed on a catien
exchange:column and eluted isocratically. Wwith detection
at 254 and 280 nm, the lower iimit of sensitivity was 10
pmoles and the net recovery of the entire procedure was
66%. The standard deviatiop, baseg on three determinations
for each deoxyribonucleotide ranged from 3 to 15%.

Although this procedure can provide a considerable
amount of information from one sample, it is very tedious
and time consuming, with only a 3-fold more sensitive
measurement of the deoxyribonucleoside trlphosphates over

that obtained by Garrett and Santi (73).

Discussion

HPIC has been used to assay deoxyribonucleoside tri-
phosphates for only four years, but it is quite useful <
within certais i}mltatlons of sensitivity, speed and cost. \\
Although Maybauﬁ et al. were able to measure amounts of \
Qsoxynucleotides as low as 10 pmoles, an almost prohibitive

amount of work is required (75). Their method would not be

practical for analyzing more than a few samples.



There are two main ways the sensitivity of the HPLC
method could be enhanced: 1) the development of new .columns
with higher theoretical plates, and 2) the development of
new detectors with a higher signél~to-noise ratio than is
presently available.

Given theblimitations of the present equipment, the
HPLC assay is still useful if a large number of cells can
be extracted or if the deoxyribonucleotide pool to be mea-
sured is artificially elevated. For example, the dATP pool
in red blood cells incubated with deoxyadenosine plus 2'-
deoxycoformycin is sufficiently elevated to allow it to be
easily-measured using HPLCA(C;M. Smith and J.F. Henderson,

)

unpublished) .

o ENZYMATIC ASSAY
The enzyﬁatic assay of deoxyribonucleoside triphos- .
phates was developed by Solter and Handschumacher in 1969
(16). Many subsequent improvements and modifications have
resulted in a plethora of assays. Pr;sently‘there'are more
than twenty different variations of this metgod in the
literature, many of which have.pot been thoroughly evalu-
ated, and some of which certaia#yfére not optimal. As a
result it is difficult to compare data obtained using dif-
ferent variations of the method, without hav#ng an assess~
ment of the reliability of the different hqi ds, and as
"~ well, researchers wishing to use the enzymatﬂk assay are

faced with'a difficult choice. Finally, there are improve-
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ments which would benefit even the best of the present

assays. The pufpose of this review is to describe the de=
velopment of the enzymatlc assay, to present both the ad-
vantages and the drawbacks of each variation of the assay,

N2 ) )
and finally to present the method used in our laboratory,

‘into which we have attempted to incorporate the best fea-

By
v}i'iq“’“
T TR
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< -

tures of prevjous assays as well as further improvementd?’

ay

General Principle:

The.enzymatic assay is based on the fact that DNA poly-
merase I will accurately cataly-e the 1ncorporattyn of four
deoxyrlbonucleoside trlphosphates into DNA, which serves
both as the template and the primer for the reaction. Igf,
three of these triphosphates are present in excess, and one
of the three is radioactive, then-at the completion of the
polymerizationvreaction the amount of radioactivityAie DNA
will be proportional to the amount of the fourth, liﬁiting

triphosphate that was originally present. One of the im-

o e

portant'improvements to the original assay wad sthe later

’substltutlon of synthetic alternating co—?olymers for the

DNA. C
e

e

s _ "An important requlrement of the assay is thet in order .

for the optimum incubation time of the reaction to be in-

.dependent of the amount of limiting deoxyribonucleotide

e
.'&‘é ’ "‘I.

e
;

present, the kinetics of the polymerization reaction must
be first-order with respect to the limiting deoxyribonuc-

leotide. Thus, maximum incorporation will be reached at

-
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the same time regardless of the amount of denxyribonucleo-

tide being assayed.

Development of the Aséay
T " - N

)
, , )
The First enzymatic assay for deoxynucleoside triphos~

phates us®d undenatyred calf thymus DNA as the template-
primer‘;hé E. coli DNA polymerase I as the polymerization
eﬁzymﬁ;udeokynucleoside triphosphate pools in extracts of
bgctérial and mammalian 9@1;5 were measured (16). Time
c¢ourses demonstrated that the reaetion was first order

with respect to the limiting substrate and also that the
product was degraded with time as a result‘of 3'95" efsnu-
clease activity, an inherent property of the E. cpli poly-
merase I. The ¢-<ay was quite insensitive by modern stan-
dards, with a lower limit of’100 pﬁole/tube, althougﬁ the
authors pointed out that the seqsitivity could be increased
by incréasing the specific'act%vity of the labeled deoxy-
ribonucleotides. By assayinéfﬁhe extracts in the presence
and absencebgf stand;rds, Solter and Handschumacher demon-
~ strated that gé11 extracté did not affect the accuracy of
the assay. > K ’ 3

’ In 1970, Skoog (7) and Lindberg and Skoog (8) intro-
duced a significant improvement'in the assay by using poly-
[d(1IC)]) as tbe_ﬁfimer-template for the 4GTP and d4CTP assays,
. and pomy[d(AT)iafor the dATP and 4TTP assays. Thé synthe- ,
t}c‘alternatinqgcopolymers offered several advantages over
DNA in that they were reédily soluble, resulted in a faster

polymerization rate, and because of their alternating deoxy-

L] ! N
'y ey e
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nucleotide sequence, they incofporated labeled and uul’&

eled nucleotide ii: -- ~ly equal amounts and requlreé aly

two substrates for the reaction. By also using nucl otides

with higher specific activities than did Solter and Hand-

schumacher, Lindberg and Skoog reported a lower limit of ‘ﬁ”*

sensitivity of 0.2 pmoles. Unlike Solter and Handschu-

macher, Lindberg aﬁd Skoog tested for and found phosphatase

activity in the DNA polymerase I preparation; they were

able to inhibit this by pretreating the polymerase with s

mercuric iéa. S , g
The next SLgnlflcant improvement was added by Munch- ‘

Petersen et al. who recognized that the spec1f1c act1v1t1es

of the labelled deoxyribonucleotides were being diluted by

*he same unlabel led deoxyribonucle®tides in the cell extract
4

(10). For example, an increase in the amount of dATP in the
, . L

‘tell extracts would lower the apparent _goncentration of 4dTTP
by diluting the specific activity of the [3H]dATP in the
assay. To correct the data\for this effect, théy construct-
ed appropriate simultaneous equations.

Between 1973 and 1980 few if any improvements were
made to the assay. Our own recent improvements involve the
use of a 3'45' exonuclease inhibitor to increase the stabi-
lity of the product polymer. The other improvement is the
result.of the discovery that background incorporétion can
occut in the presence of the labeled deoxyrlbonucleotlde

alone, presumably as the result of termln l}addltlon of
-

the labelea nucleotide onto the primer-tefPlate. When



the specific activity of the label is increased in order to
increase the sensitivity and accuracy of the assay, the back-
ground incorporation increases proportionally. Thus achiev-
ment of greater sensitivity and accuracy requires that ths
background incorporation be corrected for the dilution of
the specific activity of the radioactive precursor by un-
labeled nucleotiée in the cell extract.

\

One final improvement, which probably would nﬁﬁ“in—

crease the accuracy or sensitivity but which would make the

»
assay less tedious, would be the use of a DNA polymerase
with no associated 3'35' exonuclease activity, such as calf
thymus DNA polymerase. This would eliminaq!-the need for an
exonuclease inhibitor, which is not completqi"effective,
and would also eliminate the need for precise sampling times.
Our attempts to use‘a commercial calf thymus DNA polymer-

ase preparation in this assay were unsuccessful because the

preparation was contaminated both with phosphatase and

exonuclease activities.

Important Variables in Individual Methods:

More than 20 variant DNA polymerasé assays for deoxy-
ribonucleoside‘triphosphates have been published. The
important differences among them will be described in the
following sectioh and i;-Tables 2 to 5. |

DNA polymerase. Three types of DNA polymerase have

been used in the enzymatic assay: E. coli polymerase T.

Microcodcus luteus polymerase I, and the large fragmec.t

y -
of gL_gggggbolymerase I (Table 2). The E. coli aja M.
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luteus polymerases are very similar and have the same types
of\act1v1t1es, while the large fragment of E. coli poly-
merase I contains 5'+3' polymerase and 3'+5°' exonuclease
but not 5'33' exonuclease activity (77).

The main problem with DNA pPolymerase preparations is
that they often contain contaminating phosphatase activity
which at the very least reduce$ the sensitivity of the
assay by dephosphorylating the substrates, thus making them

unavailable for DNA synthesis. We have found phosphatase

S *i’
I3

"""""

activity in DNA ponnerase preparatlons from several sources,
but have been able to obtain phosphatase-free preparations
from Boehringer-Mannheim Inc. (D. Hunting and J.F. Hender-
son, unpulished; see Appendix). Although it is useful to
know the specific activity of the enzyme preparation, it is
more important to test for the presence of phosphatase, even
in preparations of high specific activity. Table 2 shows
that even a polymerase preparation of high specific activity
contained significant amounts ofvphosphatast\activity Un-
fortunately, phosphatase activity was only assayed in three

of the twenty -four variations of the assay.

Reaction conditions. The polymerases used in this

assay all éontain 3'95¢ exonuclease activity; therefore,
when the polymerization reaction has gone to complétion,
degradation of the product begins, releasing labelled deoxy-
ribonucleotides.‘ The presence éf this exonuclease activity
makes it essential to optimize the incﬁbation time. We

3

use an exonuclease inhibitor (dAMP) to stabilize the pro-
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duct polymer and reduce the error caused by small changes
in sampling times, the rate of polymerization, or 3'-+5'
exonucleation. Even in the presence of an exonuclease in-
hibitor some exonucleation occurs, so optimization of the
sampling time still is important. The actual value for the
sampling time is probably not too important; however ex-
cessively long incubations at 37°C may result in triphos-
phate breakdown and should be avoided.

The amount of primer-template used per tube is impor-
tant for two reasons. There should be sufficient primer-
template to make the polymerization reaction independent
of its concentration, but since background incorporation
is proportional to the amount of primer-template, excessive

Y
amounts should not be used. Unfortunately, ituis difficult
to compare the amounts of primer-template used in the var-
ious assays because different units were used. In addition,
the properties of primer-templates from different sources
vary. For example, we have found that poly[d(IC)] pur-
chased from the Sigma Chemical Co. had much less primer-
template activity per A260 unit than did a similar polymer
obtained from the Miles Chemical Co. (D. Hunting and J.F.
Henderson, unpublished). Information concerning the re-
1ati§e sizes of the polymers was not available. As well,
in some assays the DNA in primer-template was pretreated
by denaturation or treatment with DNase I to incgease the

-

activity (19,21).
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As éiscussed earlier, the synthetic polymers are
better suited to the enzymatic assay than is DNA. If DNA
is used it would be wise to ensure that the labelled nuc-
leotide is complementary to the nucleotide being assayed,
so that one can be sure they will be incorborated in equal
amounts,

Table 3 compares the reaction conditions used in the
various enzymatic assays. Sampling time was optimized in
only 50% of the assays. Some of the sampling time were
quite long (e.g., 120 min, 360 min), but most were between
30 and 60 min. 1In a few assays the amount of primer-
tgmplate uéed seems to have been excessive, thereby in-
creasing the background incorporation. We have found 0.02
A260 units of either poly[d(AT)] or poly (d(IC)] to be suf-
ficient ih our system. In many cases in which DNA was g?e
primer-teﬁplate, the labelled nucleotide and the nucleo-
tide being assayed wére not complementary; often the same
labeled nucleotide was used to determine the concentrations
of the other three nucleotides, so that the labeled and
unknown nucleotideé were complementary in only one of the

te ¥,

sassays.
Controls. There are a number of controls which need
to e performed on the assay before using it routinely.
First, it is important to measure the purity of the
non-radioactive nucjleotides which are used as standards in
the assay in order that the true concentration of thé

deoxyribonucleotides can be determined, rather than just
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relative values. We have found, for example, that the
deoxyr1bonuc1eos1de triphosphates purchased from the Sigma
‘Chemlcal Co. and shlpped at ambient temperatures contained
ca. 2 to 10 molar & of the mono- and diphosphates, as
determined by HPLC. Triphosphates shipped on dry-ice
contained only ca. 2 molar % of the mono- and diphosphates
upon arrival, but even storage at -20°C over a decssicant
for a few months resulted in as muct 3 15% b, drolysis of
the triphosphates. dGTP was the least stable but substan-
tial hydrolysis éf all the triphosphateg occurred. Maxi-
mum stability was achiéved by preparing stock solutions

of the triphosphates in buffer followed by storage at
-20°C. These solutions were stable for at 'least several
months, | '

In addition, if the data are to be corrected for dilu-
tion of the specific activity of the ‘radioactive nucleotide
b§ the extract, then the purity and specific activity of
the radioactive deoxyrlbonucleotldes must be known. We
have found that in t;itiated deoxyribonucleoside triphos-
phates preparations supplied by ICN and by Schwartz-Mann
Inc., 6-14% of the radioactivity in the nucleotides was
present as mono- and diphosphates as determined by thin-
layer chromatography. As well, substantial amounts (up to
50%) of the radioactivity in some preparations was present
on arrival as. tritiated water. Therefore it is important
to determine the é;ount of hydrolysis of tﬁe radioactive

->
triphosphate and the amount of exchange of the tritium
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that has occurred.

‘Finally, the effect of the cell extrict on the assay
must be determined for each different type of extract and
each type of experimental condition us 4. This can be
done in three ways: 1) by addition of deoxyribonucleoside
triphosphate standardé to the cell extracts to determine
if‘the fina; amount measured is qgual to the sum of the
amounts in the standard and cell extract; 2) by determin-
ing if the values obtained from the assay are proportional
to the amount of cell extract assayed; and 3) by perform-

ing time courses to determine if the assays containing

standards, control cell extracts, and extracts of drug

freated cells, reach the maximum incorporation at the

same time.,

These controls on the effect of the extract on the
assay are very important. As mentioned in the discussion
of extraction methods, North et al. have reported that
methanol extracts of cells gave artificially high deoxy-
ribonucleoside triphosphate values (5). They also report-
ed that PCA extracts of cells interfered slightly with the
assay procedure, although this is not consistent with our
results (D, Hunting and J.F. Henderson, unpublished). or
the results‘of many other researchers (3,8,13,16,17,19, 20,
21,24,26). As well, Tyrsted has reported that 0% methanol

extracts of unwashed cells interfered with the enzymatic
FQ,
. .{i
Table 4 presents the results of a comparison of the
v m

assay of 4CTP (2).
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controlg p%rformtd on the different assays. 1In most cases,

+ . \:' y
the. pu,@i neither the labeled nor unlabeled nucleotides

¢

3 Qae~determﬁned 'maklng it impossible to correct the results

I

a for dllutlon of the labeled nucleotide by the extract.
a/,
Thi¥@Prrection was made in only five of the. twenty-four
assays (7,8,9, 13,25, b2 Hunting and J.F,. Hénderson, unpub—

A
lrshed), even though the 1mpqrtanc¢*of,;nis correctien was

¥ 'demonsirated by M%nch Petersen at. afb in 1553 (10) in a

M
few cases, however, thlS corrgctlon wbuf& hot have been
too. 1mportant because a large,excess‘gf rad;01sotope was’

nie

“used, hence little dilution would haVe been $§used by the
-8 &

refmple. Q ‘ -

o Our own assay procedunekﬁﬁithe only one whlch An-"
& cludes a correption for thé;gf cts of dllutloh Pf the
| specific activity of ‘the labeled nucleotlde orr backgrpuhd
incorporation. This correctlon is requlred only when
radioactive nucleotldes of hlgh gpecific act1v1ty are used
or when ‘small amounts of nucleotldis are measuredt

Only seven of the twenty—four methods dld noﬁ include

a check on the effect of the cell extract on the a?say.

Sensltlvity, Reproduc1b111ty, Accuracy and Raﬁge:

These parameters are all important, but in fact only re-

producibility and accuracy.are measures dfwthﬁ quality of

a particuiar method. Often, the sensitivity and range used
are simply determ-ne? byathe‘type of‘samples that are to be
anaiyzed. f%ble-s cq@pares the sensitivity, reproducibility

Ol
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.and ranqge of the various assays. Accuracy values were

available for only one of the assays.

The sensitivity‘is expressed as the number of counts
pe} minute incorporated into the\polymer for each pmole of
lgi&ting substrate. Ig most cases these val@es were cal-
culated from standard curves presented in the literature.
Values for sepsitivity in pmoles per tube were generally
not available. It is obvious that the enzymatic assay is
capable of very high seﬂ“itivity‘%ince the radioactive

deoxyrlbonucleoiede tréﬁpo%phates are avallable at very
hlgh spe01f1c activities, sugh as 20 C1/mmole. Althow

q
v

values foft reproducibility are rarely preseq}ed those
given are good. It is also apparent»that the enzymafic

assay 'cap be used over a very wide range (about 10,000-

¥

fold) of cohcentrations. - .

Conclusions. ‘éjthough in prlnc1p1e the enzymatic

assay of deoxyrlbonuc1e081de trlphosphate concentrations
is capable of very ‘gdod sen51t1VLty, accuradcy, and repro-

ducibility, in practice 1t is oi@en not used to its full
(4
potential.’ Sevéral 1mprovements to the assay, such as the

use of synthetlc copolymers, the ests for phosphatase
‘ . PV

act1v1ty in the DNaA polymerase preparation, and the cof!ec—

IS
el

tion of the results for the dilution.of the radioactive

precursor by non-radioactive precursor in the sample, are

+

still not incorporated into all the versions of.the.assay.

Furthermore, several versions of the assay have not been

64
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thoroughly tested“:o determine if they measure the _Actual

deoxyribonucleoside triphosphate concentrations in cell
- a

extracts. It is hoped that this review will alert research-=< “

ers to the possible pitfalls in this method as well as to
. . ’ N [SY
1ts potential. :

e
e CONCLUS IONS

Sy

v ’

There are three»ﬁseful methods for measuring deoxyribo-

3

nucle051de trlph gghate concentratiens in cells at the pres-_

ent tlme the» ,fHPLC and enzymatic‘aésays. The micro-
-, )

blologlcal and.chrdmatograpﬁigfﬁ%Ehods are too insensitive

to be uséful'uqless large amoungF of biological material

are available. Table 6 gives the approximate maximum sensi-
. :

+

tivity that has been achieved with each method, and as well
gives the main limitations on the sen51t1v1ty of each
method. All of ‘the methods can be reliable and accurate
when used properly. -The HPLC assay has the advantégé?of
}equifing less time to set-up than the enzymatic ér 32P1
assays, which gequire_more conﬁrol}expériments. Therefosg,
L£ few or infrequent measurements are to be made the HPLC
mp%ﬁgﬂ may be bgst SU1t%§‘Qf?h¢we"?Ymatlc method has the
advantages of being éal lod-féld/mofe sepsitive than the

32Pi or}ﬁPLC assays, as well as faster when large numbers

of samples are inYolved. The 32pi assay. has no apparent
. N . t ‘
- advantages over the HPLC or enzymatic assays, since it is

3

slower than Soth and less sensitive than the latter. The

R

st s a

‘.
L e MELUAAIR 5 i o A
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Table 6 Footnotes
| 'S
8This value is based on the fact that Kummer and
Kramllextracted 1 x 107 cells containing 400 pmoles of
dTTP. However since they did not report the amount of
; A
extract that was chromatographed the value given is a

L
minimum estimate of the sensitivity of the method.

bThis value is based on an intracellular deoxyribo-

nucleoside triphosphgte specific attivity of 20 dpm/pmole
. , P

and the assumpti%q& 200 dpm can be accurately deter-

mined. >

AR

radl . e
- s -
: FEA

3 i
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a

final choice of methods is probably between the HPLC and

enzymatic assays, and thﬁ§ choice will depend on the parti-~

cular requirements of the researcher and the equipment that

is available. . ‘ :ﬁ@
Finally, when comparing intracellular deoyyribonucleo~

tide concentrations given in the literature, one must assess

/

not only the general assay meth@d, but also the particular

variant method thaé‘was used.
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APPENDIX I

Improved Enzymatic Assay

The measurement of intracellular deoxyribonucleoside
triphosphates by the enzymatic method as used in our lab-
oratory is described here. This procedure incorporates
the best features of other assay procedures, as well as

improvements of our own, as discussed above.

Cell Extraction: Preparation of extracts for nucleo-

tide pool size measurements were as follows: 0.25-4.0 x 107
cells were centrifuged at 1000 d for 2 min at 4°C. The
medium was aspirated and the tube recentrifuged at 1000 g

- for 5 sec to remove medium from the centrifuge tube wall.
The pellet was extracted on ice with 0.4 M PCA cpntaining
[3H]adenosine for determination of dilution. After 30 min
the extract was centrifuged and the supefnatant was removed
and neutralized by extraction with 0.5 M alamine 336 (tri-
capryl tertiaryamine) in Freon-TF (trichlorotrifluoro-
ethané) (77). Subernatants were sypred at ;20°C. Analy-
sis by HPLC of samples stored for several weeks showed no
nucleotide breakdown.

Purity of Reagents: The purities of the non-radio-

active deoxyribonucleoside triphosphates were 90-98 molar
% as determined by HPLC. The finai concentration of each
deoxyribonucleoside triphosphate was corrected for the

presence of the impurities which were deoxyribonucleoside

mono- and diphosphates. The standard nucleotide solutions

were stable for several months at -20°C.
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The radioactive deoxyribonucleoside triphosphates
were suppiied and stored in 50% ethanol. The ethanol and
tritiated water were removed by lyophilization followed
by dissolution in 100 mM Hepes, pH~7.4. The radiochemical
purity was 86 to 94% as determined by chromatography fol-
lowed by sample oxidation and liquid scintillation ‘counting.
The solutioﬁ‘was stable for several months at -20°C.

DNA polymerase I (E. coli) was supplied and stored in
50% glycerol, pH 7.0. A working solution was prepared by
diluting the stock solution with 50 mM Tris-HCl, pH 7.8
containing 12 mg/ml bovine serum albumin. This solution
was stored not®longer than one month. Each new batch was '
checked for phosphatase activity by incubating the enzyme
with all the components of the assay except the copolymer.
The formation of deoxyribonucleoside mono- and diphosphates

indicated the presence of phosphatase activity. All the

enzyme preparations used in the assay were phosphatase~free.

Reaction Conditons: The following components were
common to both the dATP and dTTP assay in a final volumq*3£;7)
180 pl: 0.02 Aygo units poly[d(AT)], 1.8 pmoles MgCl,, 1.8
pmoles dAMP, 18 pmoles Hepes buffer, pH 7.4, and 0.75 Rich-
ardson units of DNA polymerase I (78). As well, the 4dATP
assay contained 100 pmoles (0.5 pCi) [3H]dTTP, and 0 to 75
pmoles dATP standard, while the dTTP assay contained 100
pmoles (0.5 pCi) [3H]dATP and 0 to 75 pmoles 4dTTP standard.

The following components were common to both the A4GTP

and the 4CTP assays in a final volume of 180 pl:; 0.02 A260
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units poly[d(IC)], 1.8 pmoles Mgc12,, 1.8 pml“ AMP, and
18 ymoles Hepes buffer, pH 7.4. As wellv‘tbe 4 d%}assay
contained 100 pmoles (2.2 pClT&[iﬂijTP xohfo 10 pmoles .
dGTP standard and 1.9 units DNa pSfymerase IN\“The dCTP
assay contained 240 pmoles (0.3 pci) [ H]dGTP, 0 to 200
pmoles AdCTP standard and 3.0 units DNA polymerase 1I.

The dAMP was used to inhibit the 3' to 5' exonuclease
activity of the DNA polymerase I (79).

The reaction was started by the addition of the DNA
polymerase I, followed by incubation at 37°C. At each time
point aliquots were removed and spotted on squares of
Whatman 3MM filter paper which had been wetted with 200 pl
of 2% sodium pyrophosphate. The squares were yashed (3 x h
15 min) with a solution of 5% TCA and 1% sodium pyrophos-
phate (20 ml/square), then rinsed once with 95% ethanol
and finally washed (1 x 15 min) with 95% ethanol. The
dried filters were counted in toluene scintillation cock-
tail (4 gm PPO and 0.1 gm POPOP per litre of toluene).

Results were corrected for the washing background and
for the effects of the dilution of the specific activity
of the labeled deoxyribonucleotide by the sample on both
the sample incorporation and the background incorporation.

The final value for the deoxynucleoside triphosphate
concentration was independent of the amount of the extract
used in the assay, within the limits of fﬁe standard curves.

As well, addition of standards to cell extracts were used

to demonstrate that the assay was not affected by the cell



N
extracts. Finally, time courses were performed with stan-

dards, cell extracts of control cells, and cell extracts

of drug treated cells to ensure that the maimum incorpor-

ation was reached at the same time under all conditions.

Correction of the data for the isotopic-dilution

caused by the sample: The samples being assayed usually

contain nonradioactive deoxyribonucleoside triphosphate
which will dilute the specific activity of the radioactive
nucleotide used in the assay. As a result, both the back-
ground incorporation and the ‘sample incorporation will be
lowered, in proportion to the amount of isotopic dilution
that has occurred.

The following de}ivation provides the equations to
correct the incorporatiqn data for the isotopic-dilution
caused by the sample.

Definitions:
dNTP1 and dNTP2: leox yribonucleoside triphosphate 1 and 2
( which are incorporated into the alter-
nating copolymer.
Pl: pmoles of radioactive dANTP2 per tube in
the ANTP1 assay.
P2: pmoles of radioactive dNTP1 per tube in
the ANTP2 aésay.
dl and d2: dilution of thé radidhctive‘hucleotide
"caused by the sample in the dNTP1 and

" dANTP2 assays, respectively.
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Cl and C2: Actual radioactivity incorporated into the

polymer in the ANTP1 and 4dNTP2 assays,

e respectively.

Y1l and Y2: Dilution-corrected.radioactivity incorpor-~

ated into the polymer.
ml and m2: slope of/zﬁg/iiandard curve in each assay.

X1 and X2: pmoles of dANTP1 and dNTPZ*respectively in
4 the sample or standard, per tube.
bl and b2: Background incorporation in the assays,

i.e., the Y-intercepts of the standard

curves. l '
V1l and V2: Volumes of sample used in each of the
assays.
'Since the standard curves are lin?ar the following
relationships can be defined: |
1) Y1 = miX1 + bl
2) Y2 = m2X2 + b2
But the di:;tion-corrected cpm (Y) is equal to the
actual rédioactivity incorporated (C) divided by the iso-

topic-dilution caused by the sample (d).

*

3) Y1 a g%
= C2
4) v2 = §

The isotopic-dilution, when corrected for the volume

of sample used in each tube, can be expressed as:

5) 41 = __P1 . __ P1V2
P1 + X2V1 FIVZ + x2v1
V2 ‘
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P2 P2V1 ‘ N
p2 + X1V2  PIVI + X1v2 . 3
Vi

6) d2 =

These equations can be solved for X1. ana iz&

x1 = (C1lP1P2m2V2 + C1C2P2V1 - P2Clb2vVl blP1lP2m2Vv2) .
o V2({P1PZmim2 - CiC2)’ / R

= ’

x2 = {C2P1P2miV1 + C1C2P1V2 - P1C2b1V2 - b2P1P2miV1)
V1(P1P2mim2 - CiC32) %

We have incorporated these equations into a éompu;er
program, written in APL,, which algo includes lineh;{tegres—
sion analysis. The program determine; the Elopes’énd.Y-
intercepts of the standard curves, and then uses.this iq—

formation in the solution of the equations' for Xi.and‘xz.



CHAPTER 3 -

L)

DETERMINATION CF DEO YRIBONUCLEOSIDE TRIPHOSPHATF=

USING DNA POLYMFRASE: A CRITICAL EVALUATION



INTRODUCTION {

The assay of deoxyribonucleoside triphosphate concen-
trafions by the use of DNA polymerase (EC 2.7.7.7) was
developed in 1969 by Solter and Handschumacher (1). This
method is based on\$he fact that DNA polymerase I will
catalyze the inco ration of four deoxyribonucleoside
triphosphates ifto DNA. If three of the triphosphates
are present in excess, and one of the three is radioactive,
then the amount of radioactivity incorporated into the DNA
will be proportional to the amount of the fourth, limiting
triphosphate, that is present. More recently, the method
has been improved by the substitution of poly[d(AT)] and
poly[d(1C)] for DNA (2,3), but the basic principle remains
unchanéed.

Othér improvements (e.g., correction for dilution of
the specific activity of added radioactive deoxyribonuleo-
side triphosphates by the deoxyribonucleoside triphosphates
to be assayed (4,5)) have also been made, and other varia-
tions have been introduced by g?ose using the method;
there now are more than 20 apppééiably different assays
using DNA polymerase in the liéerature. A number of the
changes that have been made have not been critically evalu-
ated, and factors that should be checked in any use of this
assay have not always been considereg,“ fhe purpose of the
present study was to critically‘evaiuate each aspect of

the assay and thereby to develop a reliable method for the
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determination of intracellular concentrations of 4dTTP,

dCTP, 4dATP and dGTP.

88



MATERIALS AND METHODS

Chemicals. [8-3H]AATP (10 Ci/mmol), [8-2H)dGTP (19
Ci/mmol) , [5-3H)ACTP (20° Ci/mmol), [methyl-3H]dTTP (17
Ci/mmol), and [8—3H]adenosine (11 Ci/mmol) were purchased
from Schwarz/Mann Corp. dATP, 4GTP, dCTP, 4dTTP and poly‘
d(AT) were purchased from Sigma Chemical Co. Poly d(IC)
was purchased from Miles Chemical Co. DNA polymerase I,
(1500-5000 units/mg) from E. coli was purchased from
Boéhringer Mannheim Corp. Alpha MEM medium and dialyzed
fetal calf serum were purchased from Grand Island Biologi-
cal Co.

Cells. Chinese hamster ovary-K1 cells were grown in
alpha MEM medium containing 10% dialyzed fetal calf serum,
on a gyrorotatory shaker at 37°C. The average aoubling
time was 12 hours and growth rate was eprnential up to

6

0.8-1.0 x 10" cells/ml. The cells were routinely tested

for mycoplasma and found to be negative.

Determination of Deoxyribonucleoside Triphosphates

The method finally developed was as follows.

Extraction and neutralization. Between 0.25 x 10’

and 4.0 x 107 cells were centrifuged at 1000 g for 2 min
at 4°C. The meéium was aspirated and the pellgt was ex-
tracted with 0.4 M PCA for 20 min on ice. The PCA con-
tained [3H]adenosine for determination of dilution. After
centrifugation the supernatant was neutralized by extrag—
tion with a 0.5 M solution of Alamine 336 (tricapryl

‘tertiary'amine) in Freon-TF (trichlorotrifluoroethane)
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(6). Neutralized extracts were stored at -20°C. Analysis
of nucleotides in samples stored for several weeks showed

no evidence of breakdown.

Assay Procedures. The following components were

common to both the dATP and ATTP assay, in a final volume )
of 180 uyl: 0.02 A26O units poly[d(AT)], 1.8 pmoles MgClz, i
1.8 pmoles‘dAMP, 18 ymoles Hepes buffer, pH 7.4, and 0.75
Richardson units of DNA polymerase I (7). As well, the
dATP assay contained 100 pmoles (0.5 pCi) [3HJATTP, and 0
to 75 pmoles dATP standard. The dTTP ﬁssay contained 100
pmoles (0.5 uCi) [3H]dATP and 0 to 75 pmoles dTTP standards.
The following componenté were éommon to both the d4GTP
and the 4CTP assays, in a final volume of 180 pl: 0.02
A260 units poly[d(IC)], 1.8 pmoles MgClz, 1.8 umoles daMP,
and 18 pmoles Hepes buffer, pH 7.4. As well, the dGTP
assay contained 100 émoles (2.2 pCi) [3H]dCTP, 0 to 10
pmoles dGTP standards and 1.9 units DNAlgglymerase_I. The
dCTP asséy contai?ed 240 pmoles (0.5 pCi) [3H]dGTP, 0 to
'200 pmoles dC;P sé@ndard and 3.0 units DNA polymerase I.
The reaction Qas started by the addition of the
enzyme, followéd by incubaéion at 37°C. At each of several
time points, aliquots weréﬂremoved and spotted on squares
of Whatman 3MM filter paper which had been wetted with 200
vl of 2% sodium pyrophosphate. The squares were washed
(3 x 15 min) with a‘solution of 5% TCA and 1% sodium pyro-

phosphate (20 ml/square), then rinsed once with 95% ethanol

and finally washed (1 x 15 min) with 95% ethanol. The
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radioactivity on the dried filters was determined using a

toluene-based scintillation fluid.

Calculations. The deoxyribonucleoside triphosphates

in the cell extracts being assayed will diiute the speci-
fic activities of the radioactive nucleotides used in ﬁhe
assay. This will have two effects, (a) the background
radioactivity (due to terminal addition of single deoxy-
ribonucleotides, see below), and (b) the assay values
themselves, will both be lowered in proportion to the
amount of isotope dilution that has occurred.

The following derivation provides an equation that
can be used to correct poth background and assay values
for the isotope dilution caused by the sample. The symbols
used are defined as follows:

dNTP1 and dNTP2: deoxyribonucleoside triphosphate

| 1 and 2 which are incoporated into
the alternating cobolymer.
Pl: pmoles of radioactive dNTP2 per
tube in the d4NTP1 assay.
P2: pmoles of radioaetiive dANTP1 per
tube in the dNTP2 assay.

dl and d2: dilution of the radioactive
nucleotide caused by the sample
in the dNTP1 and 4NTP2 assays,
respectively.

Cl'and C2: Actual radioactivity incorporated

into the polymer in the d4NTP1 and
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dNTP2 assays, respectively.

Yl and Y2: Dilution-corrected radioactivity
incorporated into the polymer

ml and m2: slope of the standard curve in each
assay. .

X1 and X2: pmoles of dANTP1 and ANTP2 respect-
ively in the sample or standard,
per tube.

bl and b2: Background incorporation in the
assays, i.e. the Y-intercepts of
the standard curves.

V1 and V2: Volumes of sample used in each of

" the assays.
Since the standard curves are linear the following
relationships can be defined:

1) Y1 mlXl + bl

2) Y2 m2X2 + b2
But the . lution-corrected cpm (Y) is equal to the
actual radioacti ity incorporated (C) divided by the iso-

topic-dilutior caus- by the sample (d4).

3 v1=-§
4) y2 = C2
) 2
The isotopic-dilut; t, wher corrected for the volume

of sample used in each ' ibe can be expressed as:

N _ P1 - P1vz
5) dl = X2V1 P1V2 + X2V1
Pl + 7

C e e
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, P2 . ___P2v1
§) d2 p2 + X1V2 = P2V1I + X1v3
vl

These equations can be solved for X1 and x2:

x1 = (ClP1P2m2V2 + C1C2P2V1 - P2Clb2vl - blP1P2m2v2)
V2(P1P2mim2 = cic2)

x2 = AC2P1P2ml1V1 + C1C2P1V2 -~ P1C2blv2 - b2P1P2miv1)
V1(P1P2mlm2 - Cicz)

We have incorporated these equations into a computer
program, written in APL, which also includes linear regres-
sion analysis. The program determines the slopes and. Y—
1ntercepts of the standard curves, and then uses thig
information in the solution of the equations for X1 and X2.
Controls. Background incorporation (i.e., in the
absence of the limiting unlabeled deoxyribonucleotide) was
always measured. In addition, standards were added to
cell extracts to determine if the assay was affected by
the extracts, and checks were made to demonstrate that the
assays were independent of the amount of extract used. j
Finally, time courses were always performed both with
sténdards and with each cell extract to ensure that the

-maximum incorporation was reached at the same time under

all conditions.

RESULTS

Purity of Reagents. The purity of the unlabeled

deoxyribonucleoside triphosphates was 90-98% (molar %) as

determined by HPLC. .The impurities were deoxyribonucleo-

e ot 39 005
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s8ide monodiphosphates, which have the same extinction co-
efficients as the triphosphates. The concentration of
the standard solutions were determined by measuring the
u.v, absorbance and correcting for the presence of mono-
and diphosphates. The standard nucleotide solutions were
stable for several months at -20°C.

The radioactive deoxyribonucleoside triphosphates
were 8upp1ied and stored in 50% ethanol. Ethanol and
tritiated water were removed by lyophilizat .on followed
by dissolution in 100 mM Hepes, pH 7.4. These solutions
were stable for several months at -20°C.

DNA polymerase I was supplied and stored in 50% gly- /
qgrol, pPH 7.0. A working solution was prepared by dilut-
ing the stock solution with 50 mM Tris-HCl( pH 7.8, con-
taining 12 mg/ml bovine serum albumin. This solution was
stored not longer than one month. Storage in Hepes buffer, 1
PH 7.4, resulted in a greater rate of loss of activity /
than storage in Tris buffer at PH 7.8.

The lots of DNA polymerase I from E. coli, that have
been purchased from Boehringer Mannheim Corp., to date
have ;ot been contaminated with phosphatase activity; how»
ever, samples obtained from other sources have been. Each

- J

-

new batch of enzyme was checked for phosphatase activity

by incubating all the assay components, except the template-
primer and the limiting, unlabelled deoxyribonucleotide.

The formation of radioactive mono- and diphosphates indi-

cates phosphatase activity. (The formation of monophos-

AR Shr it s
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phates only might indicage either phosphatase activity or
contaminating DNA which would Serve as a primer-template
and lead to the formation of monophosphates as a result of
polymerization and subsequent 3'45' exonuclease activity.)
DNA polymerase I itself does not catalyze the forma-
tion of monophosphates from triphosphates, via 3'+5"'
exonuclease, until virtually all the limiting triphosphate
has been incorporated into the primer-template (8). To

check for 3'45' exonuclease activity, the DNA polymerase I

was incubated in the presence of all the assay components,
but with limiting radioactive triphosphate and excess
unlabeled triphosphate. The formation of labeled mono-
phosphate did not occur umtil virtually all the labeled
triphosphate had been incorporated into the polymer.

Optimum concentrations. The optimum Mg+2 concentra-

tion for the polymerization reaction using poly[d(AT)] or
poly[d(IC)] was between 10 and 20 mM (Fig. 1); 10 mM MgCl,
was used in subsequent assays.

Poly[d(IC)] was used in the dGTP/dCTP assays instead
of poly[d(GC)] because at equal\foncentrations the rate of
polymerization with poly[d(IC)) was 3.6 times the rate
with poly[d(GC)]. Poly[d(IC)] at 0.02, 0.04 and 0.08 A260
units/tube gave equal rates of polymerization in the dGTP
and 4CTP assays, and poly [d(AT)] at 0.02, 0.04 and 0.1
As60 units/tube gave equal rates of reaction in the daTp/

dTTP assays.

ARy S, 2o oA
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1. Effect of M92+ concentration on the rate of

polymerizatioen of [3H]dGTP and 4CTP using poly[d(IC)].

Concentrations of MgCl2 were 0 (v), 5 mM (&), 10 mM (D),

20 mM (0),

and 40 mM (0).
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Background radioactivity. Background incorporation

(i.e., in the absence of the limiting unlabelled deoxyribo-
nucleotide) increases with the amount of primer-template
present (Fig. 2 and 3) and with the specific activity of
the labelled deoxyribonucleotide (Fig. 4).

According to Baumunk and Friedman (9) , background in-
corporation is the result of terminal addition of a single
deoxyribonucleotide. Terminal addition of the labelled
deoxyribonucleotide in the absence of the other comple-
mentary nucleotides can be accounted for by three explana-
tions: 1) the DNaA polymerase preparation contains ter-
minal transferase activity; 2) the DNa polymerase has 18st
its ability to carry out faithful copying of the template;
3) the DNA polymerase performs a limited repair synthesis
at those ends of the primer-template that are able to

accept the labelled deoxyribonucleotide.

Terminal transferase does not require a template and

P e Aa n | maaTa s e e

therefore any deoxyribonucleoside triphosphate would com-
pete with the labelled deoxyriborfucleotide for incorpora- ‘ f
tion. Similarly, the loss of the ability to faithfully |
Copy a template would produce the same result. However,
with this enzyme preparatibn the incorporation of [3H]dTTP
into poly[d(AT)], in the presence and absence of dATP, was
unaffected by dCTP or dGTP at the same concentration as
the [3H]dTTP, but did decrease in proportion to the amount
of unlabeled dTTP added. As well, the incorporation of

[3H]dCTP into poly[d(IC)] in the presence and absence of i
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FIG. 2. Effect of poly[d(AT)] concentration on back-
grouhd incorporation. 1Incubation time: 60 min (®), 90
min (o). The concentration of stock poly[d(AT)] was 0.002

A260 units per ul.
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FIG. 3. Effect of poly[d(IC)] concentration on back-
ground incorporation. Incdbation time: 40 min (0), 60
min (o). The concentration of stock poly[d(AT)] was 0.002

AZGO units per pl.
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dGTP was unaffected by addition of 4ATP or A4ATTP at the
same concentration as the [3H]dCTP, but did decrease in
proportion to the amount of unlabelled 4CTP added.
Explanation 3) is'consistent with the above data and
also with the fact that the background incorporation ir
creases with increasing amounts of primer-template and with
increasing specific activity of the labelled nucleotide.
{The background incorporation is also sengitive to'3'-5'

exonuclease activity, as the control time course in Fig. 5

shows.)

Incubation Time. In order for the results to be in-

dependant of the rate of polymerization and subsequent
exonucleation the maximum incorporation of labelled deoxy-
ribonucleotide into the primer-template must be measured.
The time for achievinc .aximum incorporation varied among
enzyme lots. The time of maximum incorporation was de¢ e--
mined each time new solutions were prepared and also when
extracts from cells tested with a new drug were assayed,

in case the drug or its metabolites might inhibit the assay.
Samples at three times were taken during each routine assay
to ensure that the maximum incorporation had been reached.

Exonuclease Inhibitor. 1In order‘to extend the ideal

sampling period, 2'-deoxy-5'-AMP was used to inhibit 3'-5"'
exonuclease.activity. Byrnes et al. (iO) haveureported
that 1 mM dAMP inhibits the 3'-5' exonuclease activity of
DNA polymerase I by 80%. We have found with poly[d(AT)j as

the substrate, that 2.5 mM dAMP inhibits the exonuclease
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FIG. 5. Exonuclease activity. Time course of back-

ground incorporation of [3H]dCTP into poly[d(IC)] in the

absence of an exonuclease inhibitor. -
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activity by 71% while not affecting the polymerase acti-
vity (Fig. 6). With poly[d(IC)] as the substrate, 2.5 mM
| dAMP inhibits the 3'45' exonuclease activity by more than
90%. Maximum inhibition for the exonuclease with either
substrate was achieved with 10 mM dAMP. This concentra-

tion was used routinely in the assay.

Incubation Temperature. According to Kornberg (8), .,

én increase in temperature from 30°C to 37°C enhances the
hydrolysis of double-stranded DNA by E. coli 3;45' exonuc-
lease by a factor of lb. Studies with synthetic DNA
polymers have confirmed that the 3'35' exonuclease requires
a frayed or unpaired 3'-hydroxyl terminus as a substrate.
Prior to the use of dAMP to inhibit the 3'35' exonuclease
the effect of a decrease in temperature on the rate of
exonucleation was determined. A decrease in temperature
from 37°C to 25°C reduced the rate of 3'35' exonucleation
by approxiﬁately 55%, and reduced the rate of polyﬁeriza-
tion by 35%. This small differential effect of temperature
on exonucleatlon verses polymerization was not verx useful,
espec1a11y when compared to the effect of dAMP on exonuc-

leation. Therefore, incubation was routlnely carrled out .

at 37°C.

VIsolation of product. Several methods of separating
the radioactive precursor from the radioactive producf
have been tried. Table 1 compares the resuits obtained
with precipitation and filtration onto glass, nitrécellu-

lose, Millipore (cellulose acetate, 0.45 pCi) and whatman
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FIG. 6. Formation of radioactive dAMP from radioactive

poly[d(AT)] in the presence (0) and absence  (¢) of JdAMP.
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Table 1

Comparison of Methods for Separating Precursor from Product.

Filter Type $ Recovery of t Retention of
Polymer Free Nucleotides
([3H] dATP)

Glass Fiber 86 3
Nitrocellulose . 100 0.8
Millipore 100 0.3
(Cellulose Acetate)
Whatman 3 MM 7 39 0.1
Standard Method 94 0.2

Samples containing either [3H]poly[d(AT)] or [3H]dATP
were precipitated with 10% TCA, filtered and washed with 10%
TCA followed by 95% ethanol. The recovery of the polymer
and the retention of the free nucleotide was determined by
‘comparing these values with those obtained by spotting the
' samples directly on the filter, then drying and measuring

radioactivity.

T e (2
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3MM, filters, with the standard method finally used (apply-
ing portions of incubafion mixture directly to Whatman 3MM
filters which had been wetted with 2% sodium pyrophosphate).

Precipitation and filtration onto nitrocellulose or
Millipore filters gaQe results as good or better than the
standard method but was more time consuming. Glass fiber
filtefs gave poor recovery of the polymer énd substantial
retention of the free nucleotide. Whatman 3MM filters
gave very poor recovery of the polymer. The standard
method has the advantage of speed since samples aré spotted
directly on the papér during the incubation, thus elimin-
ating the precipitation and filtration steps, and as well
large numbers of samples may be washed simultaneousiy.'

The counting efficiency of the tritiated mononucleo-
tides on Whatman 3MM paper in toluene based counting fluia
is 5%, whereas the counting efficiency of the product
polymer is 18%. This has the effect of lowering the wash-
ing background. |

Effects of Cell Extracts. Effects of cell extracts on

the assay were assessed in three ways: 1) time courses
weré/pgrformed to compare the time required to reach maxi-
mum incorporation in the presence of standard with the time
fequifed ih the presence of cell extracts; 2) the volume

of the extract 1ssayed was varied to determine if the values
obtained were proportional to the volume assayed; 3) known

amounts of deoxyribonucleotides were added to portions of
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the cell extracts and the redults were compared with the

results for the extracts alone. o .

The results of these three tests indicate that cell
extracts behave identically to standards in this assay.

Sensitivity. The sensitivity of this assay depends in

part on the/specific activity of the labeled deoxyribo-
nucleotide. A measure of the sensitivity is the ratio of
radioactivity inccrporated to the pmoles of limiting deéxy—
ribonucleotide. These values are given for each assay in
Table 2.

The sensitivitigs of all but the dGTP assay, could be
increased by increasing the specific activity of the label-
ed'deéxyribonucleotide. In the case of the dGTP assay,
the specific activity of [3H]dCTP was the maximum that was
commercially available.

Range. No attempt was made to détermine the maximum
range of the assay. The range over which the assay has
been used in this laboratory is given in Table 3.

Accuracy and Reproducibility. The accuracy and repro-

ducibility of each deoxyribonucleoside triphosphate assay

are given in Table 4. These values were obtained during
routine assays and thus represent the normal accuracy and

reproducibility of this assay.

Conclusion. A reliable and relatively single enzyma-

tic assay for deoxyribonucleoside triphosphate concentra-
tions in cell extracts has been develagped on the basis of the

critical evaluation of the variables involved. Concentra-

A A
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Table 2

Sehsitivity of Each Deoxyribonucleotide Assay.

Assay Cpm Incorporated Per Tube

Pmoles Limiting Deoxyribonucleotide

dATP 1863
dTTP 1309
dcTp T 552

dGTP 5040 hY
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Table 3

Range of Each Deoxyribonucleotide Assay.

pMoles Per Tube

Assay
Maximum Range Used Normal Operating Range

dATP 0.5 - 100 5 - 75

dTTP 5 ~-100 5~ 75

dCTp 5 - 200 25 - 150

dGTP 0.5 - 10 0.5 - 5
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Table 4

Accuracy and Reproducibility of Each Deoxyribonucleotidé€

Assay Under Routine Conditions

Reproducibility
Assay Accuracy (Standard Deviation, Number of
(percent) percent) determinations
dATP 98 2.5 4
dTTP 96 5.8 4
dcTp 93 _ 4.3 4

dGTP 78 8.5 . 4
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tions of these nucleotides in extracts of log phase cells
of our strain of Chinese hamster ovary cells (in pmole/lO6

cells) are dTTP, 58; dCTP, 223; dATP, 39; and 4GTP, 12.

’
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CHAPTER ¢4

QUANTITATIVE ANALYSIS OF PURINE METABOLISM

IN CHINESE HAMSTER OVARY CELLS
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INTRODUCTION

Chinese hamster ovary (CHO) cells are in common use for
a wide variety of biological, biochemical and pharmacological
studies, some of which are related, directly or indirectly,
to the purine metabolism of these cells. Although a certain
amount of information regarding the purine metabolism of
intact CHO cells has been acquired, particularly through
the isolalion and characterization of purine auxotrophs
"(1,2,3), this remains incgmplete and depends in large part
on data obtained under a wide‘variety of conditions. It is
the purpose of this paper to report a detailed, quantitative
study of purine metabolism in logarithmically growing CHO
cells, fﬁcluding analysis of purine ribonucleoside di- and
triphosphate and of deoxyribonucleoside triphosphate con-
centrations, and of pathways and rates of metabolism of

radioactive adenine, hypoxanthine, guanine, guanosine,

deoxyadenosine and deoxyguanosine.
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MATERIALS AND METHODS

[2—3H]Adenine, 12 Ci/mmol, and [2—3ﬁ]hypoxanthine,.15
Ci/mmol, were obtained frqm Moravek Biochemicals; [2-3H]-
adeﬁosine, 24 Ci/ﬁmol, from Amersham-Searle; [8—3H]guaniner
15 Ci/mmol, from New England Nuclear Corp.; I8—3H]guano-
sine, 5.7 Ci/mmol, and [(8-3H] deoxyguanosine, 9.0 Ci/mmol,
from Schwaré-Mann Co.; and [8—3H]deoxyadenosine 11 Ci/mmol,
from ICN Pharmaceuticals Inc.; [3H]dATP, 11 Ci/mmol, [3H]-
aTTP, 14 Ci/mmol, [3H]dCTP, 16.8 Ci/mmol, and [’H)dGTP, 15
Ci/mmol, were obtained from ICN Pharmaceuticals Inc.

DNA polymerase I from E. coli was obtained from
Bdehringer-Mannheim Corp., DNase I, and snake venom phos-
phodiesterase and alkaline phosphatase, from Sigma Chgmical
Co. Poiy[d(IC)] was purchased from Miles Laboratories, and
poly[d(AT)], non-radioactive purine and pyrimidine bases,
nuéleosidés and nucleotides, from Sigma Chemical Co.

Cell Culture. Chinese hamster ovary-K1l cells, obtain-

ed from Dr. G. Whitmore (Ontario Cancer Institute, Toronto,
Ontario), were grown in alpha-MEM medium contéining 10%
dialyzed fetal calf serum (Grand Island Biological Co;).»
The cells were grown in 125 ml bottles on‘a Model G-2 Gyro-
tary shaker-.(New Brunswick Scientific Co.) at 200 rpm.

The average doubling time was 12 h and the growth rate was
exponential to between 0.8 and 1.0 x 106 cells/ml. The

cells were routinely tested for mycoplasma by the Depart-

ment of Medical Bacteriology, University of Alberta, Edmon-

ton, Alberta and found to be negative. Cell density was
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determined using a Model Zp Coulter counter.

Cell Extraction. Preparation of extracts for nucleo-

tide pool size measurements was as follows: 0.25 to 4.0 x
107 cells were centrifugeg-at 1000 g for 2 min at 4°C. The
medium was aspirated and the tube recentrifuged at 1000 g
for 5 sec to remove medium from the centrifuge tube wall,.

" The pellet was extracted on ice with 0.4 M PCA containing
[3H]adenosine for determination of dilution. After 30 min
the extract was centrifuged and the supernatant was femoved
and neutralized by extraction with 0.5 M Alamine 336 (tri-
capryl tertiary amine) in freon—TF (trichlorotrifluoro-
ethane) (4). Supernatants were stored at -20°cC. HPtC
analysis of nucleotides in samples stored for several

weeks showed no nucleotide breakdown.

Ribongcleotide Concentrations. Ribonucleotide concen-

trations were measured by HPLC using a modified Varian
Aerograph 1000 liguid chromatograph equipped with a Spectra-
Physics Model 740P pump, a Waters Associates U6K injector,
and a Spectra-Physics Autolab Minigrator. A Partisil 10
SAX anion exchange column (Whatman) was used, and the nuc-
leotides were routinely eluted isocratiéally at 38°C with™
0.25 M KH2P04, 0.5 M KC1, pH 4.5 at 1.3 ml/min; this allow-
ed guantitation of ADP and the triphosphatesf When values
for the mono-, di- and triphosphates were required; a lin-
ear gradient from 0.015 M KH,PO,, pﬁ 4.0 to 0.5 M KH,PO,,

1.0 M KC1, pH 4.5 was used. Detection was at 254 nm and at

0.02 absorbance units full scale. The peaks were automati-

4
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cally integrated and also checked by planimetry. The abso-
lute amounts of nucleotides in the sample were calculated
on the basis of peak areas of nucleotide standards which

were chromatographed frequently.

Deoxyribonucleoside Priphosphate Concentrations. The

fol lowing components were common to both the dATP and dTTP
assay, in a final volume of 180 pl: 0.02 A260 units poly-
[d(AT)], 1.8 pmoles MgCl,, 1.8 ymoles dAMP, 18 pmoles Hepes
buf fer, pH'7.4, and 0.75 Richardson units of DNA polymerase
I (5). As well, the dATP éssay contained 100 pmoles (0.5
pCi) [3H]dTTP, and 0 to 75 pmoles dJATP stahdard, while the )
dTTP assay contained 100 pmoles (0.5 pCi) [3H]dATP and 0 v
to 75 pmoles ATTP standard.

?he following components were common to both the 4GTP
and the dCTP assays, iq a final volume of 180 upl: 0.02 B
A260 #nits_poly[d(IC)], 1.8 pmoles MgC12, 1.8 pmoles A4AMP, Q?
and 18 pmoles Hepes buffer, pH 7.4. As well, the d4GTP
assay contéined 100 pmoles (2.2 pCi)'[3H]dCTP,-O to 10
pmoles dGTP standard and 1.9 units DNA polymerase I. The
dCTP assay ‘contained 240 pmoles (0.5 uCi) [3H]dGTP, 0 to
200 pmoles dCTP standard and 3.0 units DNA polymerase I.
- The reaction was started by the additioﬁ of the DNa
polymerase I, followed by incubation at 37°C.‘ At each of
several time points aliquots were removed and spotted on
squares of Whatman 3MM filter paper which had been wetted
with 200 pl of 2% sodiﬁm pyrophosphate. The squares were
washed (3 x 15 min) with a solution of 5% TCA and 1% sod-
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ium pyrophosphate (20 ﬁl/square), then rinsed once with 95%
ethanol and finally washed (1 x 15 min) with 95% ethanol.
The dried filters were counted :n *olvenc scintillation
fluid containing 4 g PPO and 0.1 g POPOF per 1. tgfdzne.

Results were corrected for the washing background and k
for the effects of the dilution of the specific activity of
the labelled deoxyribonucléotide.by the sample.

- The purity of the unlabelled deoxyribonucleoside tri-
phosphates was 90-98 molar % as determined by HPLC. The
impurities were deoxyribonucleoside mono- and diphosphates,
which have the same extihction coefficients as the triphos-
phates. The concentration of the standard solutions was
determined by measuring the u.v. absorbance and correcting
for the presence of mono- and diphosphates. The standard
nucleotide solﬁtions were stable for several months at -
-20°C.

The radioactive deoxyribonucleoside triphosphates were
supplied and stored in 50% ethanol. Ethanol and tritiated
water were removed by lyophilization followed by dissolu-:
tionAin 100 mM Hepes,‘pH 7.4. The radiqchemical purity was
86-94%. Thesg solutions were stable for severai months at
-20°C. : .

DNA polymerase I was supplied and stored in 50% gly-
cerol, pH 7.0. A working solution was prepared by diluting
the stock solution with 50 mM Tris-HC1l, pH 7.8 containing
12 mg/ml bovine serum albumin. This solution was stored

not longer than 1 month.



The lots of E. coli DNA polymerase i purchased from
Boehringer Mannheim Corp., have not been contaminated with
phosphatase activity, but samples obtained from other
sources have been. Each new batch of enzyme was checked
for phosphatase activity.

The followingbcontrols were performed: background in-
corporation (i.e., in the absence of the limiting nonrad-
ioactive deoxyribonucleotide) was iw measured. In ad-
dition, standards were addéd to celi extraccs Lo determine
if the assay was affgcted by the extracts, and checks were
made to demonstrate that the assays were independent of the
amount of extract used. Finally, time courses were always
performed both with standards and with each cell extract
to ensure that the maximum incorporation was reached at the
sane time under all conditions. o

Cell Incubations and Sample Preparation. CHO~K1 cells

at a density of 200,000 to 400,000 cells/ml were labelled
dith radioactive precursors at concentrations between 0.20
and 1.8 M. and at épecific activities between 5.5 and 50
Ci/mmole. Portions of 1 or 5 ml were removed over a 90 min
time course. The cells were pelleted by centrifugation and
extracted with 50 pul of ice-cold 0.4 M PCA containing [14C]-
adenine for determination of dilution. After 30 min on

ice, the samples were centrifuged. The supernatant was re-
moved and neutralized with an équal volume of 0.5 M Alamine-
336 in Freon~TF (4). 10 M1l were counted in Triton X-100

.
counting f1did (0.4% PPO, 0.02% POPOP, in 1 part Triton
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X-100 and 2 parts toluene) to measure the [14C]adenine
radioactivity which was used to calculate the dilution
occurring during extractién. The tritium in the extract
represented mainly label incorporated into nuclecotides as
well as some label from the original precursor. The neu-
tralized extracts were stored at -20°C.

The acid-insoluble pellet, containing labelled DNA
and RNA, was washed 3 times with ice-cold 0.4 M PCA, then
dissolved in 200 pl 0.2 N KOH and incubated at 37°C for 18
h to hydrolyze the RNA. The DNA was precipitated on ice
by addition of 4 M PCA to a' final concentration of 0.3 M.
After centrifugation, the sépernatant cghtaining the 2'-
and 3’—monophosphates‘from the hydrolyzed RNA, was removed
'and neutralized with an equal volume of Alamine-Freon. 25
pl were counted in Triton-X100 counting fluid before ch;om—
atography to determine the total radioactivity in the RNA
nucleotides and the remainder was stored at -20°C. The |
DNA pellet was washed 3 times with ice~cold 0.4 M PCA, then
dissolvdd in 50 pl of 100 mM Tris-buffer, pH.é.O; MgCl,,
NaCl, and DNase I were added to final concentrations of 2.5
mM, 5.0 mM and 50 pg/ml respectively, and the solution was
incubated ca. 18 h at 37°C. Ammonium acetate, MgClz, snake
venom phosphodiesterase, and alkaline phosphatase were add-

ed to final concentrations of 100 mM, 2 mM, 50 pg/ml (10 x

10'3 U), and 165 pug/ml (182 U), respectively, and the solu- -

tion was incubated at 37°C for ca. 18 h. If alkaline phos~

phatase was not used, conditions which resulted in complete
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DNA hydrolysis produced bothr the deoxyribonucleoside-mono—
phosphates and deoxyribonucleosides, complicating the sep-
aration procedure. 25 pl of the DNa hydrolysate were
counted in Triton X-100 counting fluid to determine the
‘total radioactivity before chromatography. The DNA hydro-
lysate was stored at -20°C.

Chromatography. The acid soluble purine and pyrimi-

dine ribo~- and deoxyribonueleotides were separated by two
dimensional chromatography on PEI-cellulose thin layer
pPlates using a modification of the method of Crabtree anc
Henderson (6). The plates were prepared by attaching a
wick and washing overnight with 1.8% ammonium formate, 2%
boric acid, pH 7.0, followed by an overnight wash with 50%
methanol in water. After drying, the plates were stored
at 4°C over a desiccant. Markers and 10 or 20 pl of the
extract were spotted and the éhates were run overnight in
- 50% mefhanol in water to wash bases and nucleosides onto
the wick. The wicks were removed, the plates dried, an?

fresh wicks attached. The plates were developed to ¢ cm

above the origin with 1.8 M ammonlum formate, 2% Lc aciqd,

PH 7. O (1mmed1ate1y) followed by development in 3. 1 am-

monium formate, 4.2% boric acid, pH 7.0 until the leading
marker was near the wick. The wick was removed and the
Plates were immersed in methanol for 15 min. After drying,
the plates were developed in the second dimension to 2.5 cm
above the origin with 0.5 M sodium formate pH 3.4, then to

8 cm above the origin in 2.0 M sodium formate pH 3.4, and
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finally up to the wick or until the triphosphates were well
separated, in 4.0 M sodium formate, pH 3.4. At times, the
leading monophosphates were run onto the wicks in order to
achieve a better separation. After drying and removal of
the wicks, the plates were dipped in methanol to remove the
salt in preparation for oxidation. The spots were visual-
ized with u.v. light and scraped onto Whatman No. 1 paper
and oxidized, in a Packard 305 oxidizer, to [3H]H20. The
counting efficiency was 30-34% and the recovery at the oxi-
dation step ranged from 90 to 95%. The effects of carry-
over of [3H]H20 from cne sample to another were minimized
both by adjusting the ¢ “e; n which the samples were
burned and by the fregn . *ication of blanks.

The 2'- and 3'-m aoph. phates from hydrolyzed RNA were
separated on PEI-cellulose plates using a one-dimensional
system. The plates were prepared by attaching a wick and
washing overnight with 2.0 M sodium formate, pH 3.4, fol-
lowed by an overnight wash with 50% methanol in water.
Purine or pyrimidine 2'-~ and 3'-monophosphate markers plus
10 to 50 pl of the sample were spotted over a 2 c¢cm width
to prevent streaking during development caused by salts in
the sample. The plates Qere developed to the top in 0.3 M
sodium formate, pH 3.4. After drying, the plates were dip-
ped in methanol to remove salts, the spots were visualized,
scraped and oxidized. The origins were routinely scraped-
and oxidized to ensure that complete hydrolysis of the RNA

occurred and that there was no DNA contamination in the
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RNA fraction. During the development of the RNA hydrolysis
procedure, the entire plate was scraped to check that no
radioactivity was present in compounds other than 2'-, 3'-~
nucleoside monophosphates.

Markers plus 25 to 100 pl of the DNA hydrolysate were
streaked on cellulose~thin-layer plates. The samples con-~
taining labelled purine deoxyribonucleosides were developed
in isobutyric acid: ammonium hydroxide: %% EDTA in water
(200:9:14). The samples containing labelled pyrimidine
deoxyribonucleosides were developed in ethyl acetate: iso-
propanol: water (50:18:10). After development, the plates
were dried, the spots were visualized and scraped. The
spots were either 6;idized or scraped into scintillation
vials and eluted with 1 ml of water for 2 days and then
counted in Triton X-100 couﬁting fluid. When the spots
were oxidized, the amount of label in acid soluble pools,
RNA and DNA could be compared directly; however, when the
DNA nucleosides were eluted, the counts had to be corrected
for both elution and counting efficiency. To do this,
standard radioactive solutions of each deoxyribonucleoside
were run with each batch of chromatograms, with one set
eluted and the other oxidized. The origins were routinely
counted Eé\eheck for incomplete DNA hydrolysis and when the
procedure was being developed, the entire plate was oxi-
dized to ensure that the label was present only in deoxy-

ribonucleosides. -

The entire RNA and DNA isolation and hydrolysis pro-



cedure was evaluated using the acid insoluble pellet of
cells incubated with [3H]TdR. No significant amount of
label from thymidine DNA was found in the RNA fraction, in-
dicating both that little cross contamination was occurring
and that tritium exchange with water was not occurring

under the conditions of alkaline RNA hydrolysis.

RESULTS AND DISCUSSION

Two types of analyses were-carried out to characterize
quantitatively the purine metabc..sm of cultured CHO-K1
cells. First, concentrat;ons of ribonucleoside di~ and
triphosphates and of deoxyribonucleoside tripﬁosphates
were determined. Second, alternative pathways of metabo-
lism of several radioactive precursors were measured.

Nucleotide Concentrations. Concentrations of purine

nucleotides in CHO cells are reported in Table 1. Ribonuc-
leotide pools @ere approximately 100 times larger than the
corresponding deoxyribonucleotide pools; however; they are
not turning over at 0.01 times»the rate of the deoxyribo-
nucleotide pools, In fact, they are turning over substan-
tially faster than this since these pools are not only pre-
cursors for the deoxyribonucleotides, but also for RNA,
conjugated nucleotides and coenzymes such as NAD, and in
addition they are consumed by reactions such as ADP ribo-
sylation. The lack*of correlation between pool size and
turnover rate is further demonstrated by the fact that the

dATP pool is 3~fold larger than the dGTP pool although
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TABLE 1. Purine Ribo- and Deoxyribonucleotide

Concentrations in CHO-K1 Cells

Nucleotide Concentration

(pmoles/lO6 cells)

ATP 5,580
ADP 378
GTP 1,070
GDP | 162 \
dATP 39

AGTP . 12
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their rates of incorporation into DNA must be similar.

Radioactive Precursor Studies. CHO cells were next

incubated with various radioactive precursors, samples were
taken at different times up to 90 min, and the radioacti-
vity in individual acid-sqluble, RNA and DNA nucleotide¥
was determined. For all of the precursors used the rate
of labelling of DNA and of RNA became linear within 20 to
25 min, and the data presented here are from 1ncubatlons
(usually 30 min) when the incorporation of radioactivity
1nto nucleic acids was linear, and hence when the system.l
was in a steady state. 1Incubations were continued for
longer periods to ensure that the labeling rate did not de-~
cline, due either to radiation effects or to depletion of
precursor.

In most cases,‘only one low concentration of precur-
sors was used, hence these results apply to tracer concen-
trations. The possibility that higher concentrations might

- have been metabolized differently from a quantitative point

of view must be considered.

A major assumption of this work was that the addition
of labelled precursors, did not significantly perturb the
metabolism of the cell. The concentration of the precur-
sors added was very low (0.6 to 1.8 uM) , and since-much
higher concentrations (10 to 100X) of cold precufgors‘were
required to cause measurable nucleoside triphosphate pdol
size changes (Henderson, J.F. and Lowe, J.K., unpublished

results), it is very uhlikely that these low levels contri-

-~



buted significanﬁly to the total metabolic péols. In order
to measure accurately thevamount of radioactivity in very
small pools, precursors of high specific activitiy (5.5 to
SO'Ci/mmol) were used. Although long term exposures to
these high specific activities would likely have been toxic
(review:7) these experiments wére short term and the nuc-
leotide pool, DNA, and RNA labelling kinetics indicated.
that these cells were not affected by these exposures.

Table 2 shows the results of.30 min incubations of
CHO cells with tritiated adenine, hypoxanthine, guanine
and guanosine, a 75 min incubation with deoxyguanosine,
and a 40 min incubation with deoxyadenosine plus 2'-deoxy-
cofoxrmycin, an inhibitor of adenosine deaminase. The data
given in Table 2 represent the raw datadfrom which other
results were calculated.

In Table 3, the total conversion to nucleotides for
each precursor has been calculated as the sum of radio-
activity in acid-soluble and nucleic acid nucleotides (as
reported in Table 2). This in turn is divided (for each
precursor) into the total radioactivity in the acid-soluble
nucleotides, in RNA and in DNA. (Any radioactivity in
nucleosides and bases, which would be prédominantly in the
medium rather than within the cells,.was not measured.)

Table 3 alsb lists the specific activity of each of
the brecursors ﬁsed in these experiments. By comparing
these values with the values for the total conversion of

radioactivity to nucleotides it is pOSSlble to estimate the
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relative efficiencies of utilization of these precursors.
For example, although the specific activity of hypoxanthine
was 1.3-fold higher than that of adenine, the total conver-
sion of radioactivity to nucleotides from adenine was 3.2-
fold higher than for hypoxanthine, demonstrating that
adenine was taken up more readily than hypoxanthine. The
concentrations of adenine and hypoxanthine were 0.8 and 0.7
M respectively, so the diffe:ence in uptake was not a re-
sult of a concentration difference, but reflects a differ-
ence 1in either the Km or the Vmax of the rate limiting step
for precursor utilization. Deoxyadenosine was taken up the
least efficiently of any precursor. It was used at approx-
imately the same specific activity and concentration as
édenine, and yet the total conversion to nucleotides of
adenine was 38-fold greater than that of deoxyadenosine,
even though the incubation time with deoxyadenosine was 10
min longer than with adénine.

Guanine was taken up less efficiently than guanosine,
and the total conversion to nucleotides from guanosine was
5-fold higher, although the precursor concentrations were
the same. The basis of this difference is not known.

Figs.'l to 6 express the amount of radioactivity that
had flowed through a given reaction as a percentage of the
total amount of radiocactivity that was converted to nucleo-
tides. |

'This way of expressing the data will be illustrated by

considering the metabolism of ADP in Fig. 1. Thus when
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dAMP <294 GApp 247, yaTp 022, A a

0.53
100
A = AMP 285 App 92, Arp 87, guaa
0.75 N

IMP
0.75

0.72
GMP —=» GDp i 0.70 GTP 007, RNA-G

tr

dGMF’"——dGDP——b dGTP “"DNA -G

FIG. 1. Metabolism of radioactive adenine. The amount
of radioactivity from the precursor that has flowed through
a given reaction (expressed as a percentage of the total

amount of radioactivity converted to nucleotides) is given

on the arrows representing individual reactions.
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radioactive adenine was the precursor, the total incorpor-
ation of radioactivity into nucleotides was 3,830,000
counts/min per 108 cells. Of these, 3,750,000 counts/min
per 106 cells, or 98%, flowed into the ADP pool, while
3,540,000 counts/min per 10% cells, or 92.5%, flowed out,
leaving 5.5% of the radioactivity in the ADP pool. Of the
radioactivity which flowed through the ADP pool, 3,520,000
counts/min per 106 cells, or 92%, were phosphorylated,
while ;9,200 counts/min per 106 cells, or 0.53% were re-
duced by ribonucleotide reductase. Thus, the ratio of re-
duction of ADP to phosphorylation was 0.53 to 92 or 1 to
174.

In the analysis.of the results, particular --tention
will be paid to the partition of the radiocactive precursor
flow at branch points in the pathway, as illustrated in
the example above. Since DNA and RNA are "sinks" for the
radioactive label (review:7), longer incubations will in-
crease the proportion of radioactivity present in nucleic
acids without affecting the absolufé amount in the acid
soluble nucleotides or the relative amounts in individual
nucleotides. A significant amount of turnover of radio-
activity into RNA occurs; nevertheless, RNA is still a net
sink for radioactivity (8).

Adenine Metabolism. Adenine is almost certainly con-

verted to adenylate by adenine phosphoribosyltransferase
rather than by adenosine phosphorylase plus adenosine kin-

ase (9). When the incorporation of adenine into RNA and
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DNA is linear, each pool in the direct pathway between ad-
enine and RNA and DNA will have reached its maximum speci-
fic activity. Pools in sections of the pathway with only
one input will contain an amount of radioactivity propor-
tional to their size since they will all have the same
specific activity. Other pools, not on the direct pathway
from adenine to RNA or dAMP, will only have reached their
maximum specific activities if they are turning over at
approximately the same rate or faster than the ATP pool.
If they ére turning over much more slowly, they will re-
gquire more time to reach their steady state specific acti-
vity. . |

Simply because a pool has reached its steady state
specific activity does not necessarily mean it has the
same specific activity as all the other steady state pools.
For example, AMP, labeled by [3H]adenine, is converted to
guanine nucleotides via adeny’ - te deaminase, inosinate de-
hydrogenase and guahylate synthetase. The specific aciti-
vity of the IMP pool is diluted by de novo synthesis with
the result that its steady state specific activity, and
that of all ‘the ‘subsequent pools on the pathway, is lower
than the specific activity of the adenine nucleotide pools.,

The fact that most of the adenine was converted to
adenine nucleotides indicates tﬁat the effective activity
of adenylate deaminase, the rate limiting enzyme for guany-

late synthesis from adenylate (9), was quite low.
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Wheh the system is in a steady-state it is possible
to determine the relative pool sizes of compounds by com-
paring the amounts of radioactivity in the separate pools,
as long as there is no input of unlabelled compound into
the pathway at a point between the pools that are being
compared. Thus, for éxample, the ratio of the amount of
radioactivity in ATP to that in ADP should equal the ratio
Oof their pool sizes. 1In this case, the ratlo of radio-
activity in ATP to ADP was 16 to 1 (Table 2), whlch com-
pares well with the ratio of 15 to 1 found by HPLC measure-
ments. This method can be used to detecrmine the size of
pools, such as dADP, that would be difficult to measure
directly. The ratio of rad10act1v1ty in dATP to dADP was
4 to 1, and, since the J4ATP pool size was 39 pmoles/lO6
cells (Table 1), the calculated d4aDpp pool size is 9.7
pmoles/10% cel1s. The relative pool sizes of ATP and JaATP
using this method gives a ratio of ATP to JATP of 370 to
1, while the ratio as determined by HPLC and the enzymatic
assay was only 143 to 1 (Table 1). The difference in these
ratios may result from the fact that these ratios were
determined in separate experiments, or it may also result
from dilution of the specific activity of the d4ATP pool by
nonﬁfadioactive dATP synthesized by the salvage pathway
rather than-by reduction of ADP. Since the growth media
contains no deoxyribonucleosides, the source of the non-

radioactive dATP could be DNA repair.
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The other branch point 6f interest is the conversion
of ADP to deoxyribonucleotides; this reaction proceeded at
ca. 1/180th the rate of the alternative pathway, phosphor-
ylation to ATP.

There was more radioactivity in the damp pool’ than
expected, based on the radioactivity in the dATP and daDP
pools (Table 2). This may be a result of co-chromatography

with some other, as yet unidentified, nucleotide.

Hypoxanthine Metabolism. Hypoxanthine is converted

to inosinate by hypoxanthine-guanine phosphoribosyltrans-
ferase (Fig. 2). Approximately three-quarters of the IMP
synthesized was converted to adenine nucleotides while the
i
rémaindef was converted to guanine nucleotides. Since the
rate of nucleic acid synthesis from adenine and guanine
nucleotides is approximately the same, consumption of
adenine nucleotides by other processes (e.g., ADP-ribosyl-
ation, poly A synthesis) must account for the extra adenine
nucleotide usage. Hypoxanthine is an unusual precursor in
that the point of entry of the ‘label into the system, name-
ly IMP, is the same as th; entry point of unlabelled pre-
cursor from purine de novo synthesis. Thus, in the steady
state situation, little dilution of the label occurs beyond
the IMP pool, except possibly from catabolism of unlabelled
RNA or conjugated nucleotides. Therefore, it seems a rea-
sonable assumption that the steady-state ratio of radio-
activity in ATP and GTP is equal to the ratio of their pool

sizes. The ratio of radioactivity in ATP to GTP was 4.7 to
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dAMP <Y~ dADP 12 gaTp 289, N a A

1.1

AMP T3 ApP -85, Atp 35, pNAA
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GMP 22+ GpP 184 GTP 5%, gNaG
1.2

dGMP<21LgGDP-11e yoTP 288, pNaG

FIG. 2. Metabolism of radioactive hypoxanthine.
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1 (Table 2), while the ratio of the pool sizes was 5.2 to 1
(Table 1). The size of the IMP pool, based both on the
amount of radioactivity in IMP relative to ATP and on the
éool size of ATP, was 42‘pmoles/106 cells, which is approx-
imaifly the same size as the dJATP pool. The ratio of the
amouht of radiocactivity in ATP to dATP was 290 to 1 wﬁich
is lower than the ratio of 370 to 1 calculated when radio-
active adeniné was the precursor, but is still 2~fold high-
er than the ratio of the ATP to J4ATP pool sgizes as deter-
mined by direct measurement (Table 1), 7The ratio of radio-
activity in GTP to 4GTP was 34 to 1, while the ratio of
pool sizes, when measured directly, was 89 to 1, which is
2.6-fold higher. There was more radioactivity in the dGMP
pool than one would pfedict from the radicactivity in the
dGTP and dGDP pools (Table 2), probably due to co~chroma-
tography with some unknown product.

Guanine Metabolism. Guanine is converted to guanylate

by hypoxanthine-guanine phosphoribosyltransferase (Fig. 3).
92% of the guanylate synthesized was converted to other
guanine nucleotides while the remainder was reduced by guan-
ylate reductase, the rate limiting enzyme in the synthesis
of adenine nucleotides from guanylate (10). The other
branch point of interest is the conversion of GDP to deoxy-
ribonucleotides; this reaction proceded at ca. 1/17th the
rate of the alternative pathﬂhy, ﬁhosphorylation‘to GTP.

As was the case with hypoxahthine as the precursor, there

was more radioactivity in the dGMP pool then expected.

El

M dhnr P e AR e T



dAMP <202 gapp 248, yaTp gégWJNA-A
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G 1%, gmP 22, GDP -2+ GTP -24+RNAG
4.7

dGMP <—3-4GDP-31+ aGTP 22+ DNA-G

FIG. 3. Metabolism of radioactive guanine.
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The ratio of radioactivity in GTP to 4GTP was 83 to 1
which compares well with the ratio of the pool sizes, which
was 89 to 1 (Table 1). This ratio ig quite different from
the one obtained when radioactive hypoxanthine was the pre-
cursor (34:1).

Guanosine Metabolism. Guanosine is converted to guan-

ine by purine nucleoside phosphorylase (Fig. 4); very
little of this enzyme activity is present in dialyzed fetal
calf serum (Henderson, J.F., unpublished results). Although
somé conversion of guanosine directly to GMP by guanosine -
kinase can not be ruled out, this route is unlikely based
on 6ther studies (9). For the present purposes, the con-'
version of guanine to GMP has %pen taken as equal to the
conversion of guanosine to guanine, though this point was
not sﬁudiéﬁ directly. Regardless of how the guanosine is
hconvefted to GMP, its routes of metabolism are v1rtually-
identical to those of guanine after that point. The data
in Fig. 3 and 4 agree well, eicep% that less guanosine than
guanine was converted to adenine nucleotides aﬁ@ the ratio
of radioactivity in RNA-guanine to DNA-guanine :;s higher
for guanine (10:1) than for guano‘an (5:1).

The ratio of radioactivity iﬁ'G’i’P to 4dGTP was 109 to 1
which compares reasonably well to the value of é9 to 1 for

the ratio of the pool sizes, obtained by direc;51 asurement.

Deoxyguanosine Metabolism. Most of the d& \yguanosine
L

was phosphorolyzed to guanine which is convertecg to ribo-

nucleotides by hypoxanthine-guanine phosphoribosyltrans-

s e 2=t =
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+FIG, 4. Metabolism of radioactive gdanosine.
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ferase, hence the metabolism of deoxyguanosine was almost
identical to that of guanine (Fig. 5). The phosphorolysis
of deoxyguanosine is ptobably‘catalyzed by purine nucleoside
phosphorylase whx&h boﬁ l‘ttle activity }n dlalyzed fetal

ca]f serum Deoxyguan051n§‘ktnase activity must be very 1low
R Y

in these cePls %1nce at most, only 6% of the total nucleo-

S yie

t1de synthesxs could be catalyzed by this enzyme. Inasmuch
as radloap%ive deoxyguanosine nucleotides are also being
synthegigeé by ribonucleotide”réductase, the value of 6%
probaglyhis an overestimate. Based on the results of gua-

nine and guanosine as precursors, one would expect the floy

- of guanine nucleotides through ribonucleotide reductase to

b4

be‘3 to 5% of the total nucleotide synthesis.
However, tﬁe ratio of radioactivity in GTP to dGTP was
only 20 to 1, while the ratio of the pool sizes (Table 1)
was 89-to 1.. Thus the specific activity of dGTP is greater
than the spec1f1c activity of GTP, whlch 1nd1¢ates that not

all the GdR is be;ng phosphorolyzed to guanine.

Decxyaden051ne-Metabollsm. Fig. 6 shows the pathways

of deoxyadenosine h&;aboliém under conditions in which aden-
' s } |
osine deaminase activity was completely inhibited by 2'-

deoxycoformycin. Though phosphorylation to dAMP was the

major primary pathway, it was striking that 34% was cleaved

\

to adenine and converted to AMP via adenine phosphoribosyl-

: . o :
transferase Thxs pathway of deoxyadenosine netabollsm has

been demonstrated previously in a variety of cell types (10).
(It is unlikely that significant deoxyadenosxne deamination is

", o
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FIG. 5. Metabolism of radioactive ‘deoxyguanosine.

o~



144

AdR —25 - dAMP-24 > gaDP 21+ gATP 42+ DNA-A

134 .
A 245 amp -2+ App 22+ ATP 23 .RNAA "
10.32
IMP ]
0.32

amP 232, gpp —» GTP “%-RNA-G
0.32

dGMP<—"—dGDP 232 0GTP 2224 DNAG

FIG. 6. Metabolism of radioactive deoxyadenosine.
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occurring since the deoxyinosine produced would be phosphor-
olyzed to hypoxanthine which is converted to both_;denine
and ggahine nucleotides (Fig. 2). However, under these
conditions, only 0.32% of the nucleotides férmed were con-
verted to guanine nucleotidesgﬁ&;\“1

In conclusion, this study has provided considerable
information regarding the relative rates of alternate path—
ways of purine metabolism in CHO-K1l cells, and the pool
sizes of some of the nucleotides which are too small to be
convenieﬁtly measured by direct methods. As well, informa-
tion on the relative efficiencies of utilization of the
differentuprecursbrs was obﬁained. The results of this

study will be used to develop a method of measuring the

true rates of DNA and RNA synthesis in control and'drug Y
treated cells, by measuring the specific activity of the
precursor pools. These fesults may also be useful in se-
leéting a cell line for a particular project. .Eventually
itiTay be possible to choose a cell line not only on the =
<«

bas1s ‘of"biological characteristics such as growth rate and

A

cIonLngﬁeff1c1engy, but also on the basis of biochemical
f\ 4
chqrqgtenﬁ?tlcs. e
.‘1,, ’ . r

3
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CHAPTER 5

QUANTITATIVE ANALYSIS OF PYRIMIDINE METABOLISM

- .IN CHINESE HAMSTER OVARY CELLS



INTRODUCTION

Relatively little is known about the intermediary meta-
bolism of pyrimidines in intact Chinese hamster ovary (CHO)
cells, particularly in quantitative terms, though Patterson
has reported the isolation of several cﬁo pyrimidine auxo-
.trophs (1,2). It is the purpose of this paper to report a
detailed, qdantitative study of pyrimidine metabolism in
logarithmically growing CHO cells, including analysis of
pyrimidine ribonucleoside and deoxyribonucleoside tri os-
phate concentraéions, and of pathways and rates of meta-
bolism of rad%oactivé uridine, cytidine, deoxycytidine,

deoxyuridine and thymidine.
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\ MATERIALS AND METHODS

[6-3H]Uridine, 22.4 Ci/mmol, was obtained from New
England Nuclear Corp.; [5~3H]orotic acid, 19 Ci/mmol, from
Schwartz-Mann Co.:; [5—3H]cytidine, 20 Ci/mmol, [5- H] deoxy~
cytidine, 20 Ci/mmol, [6~ Hldeoxyuridine, 20 Ci/mmol, and
[methyl— H]lthymidine, 50 Ci/mmol, from Moravek Biochemicals.

Sources of other materials, and methods for the cul-
ture of CHO-K1 cells in alpha~MEM medium containing 10% di-
alyzed fetal calf serum, extraction of nucleotides, mea-
surement of ribo- and deoxyribonucleotide concentrations,
incubation with radioactive pPrecursors; separation of indji-
vidual acid-soluble ribor and deoxyriborucleotides and
nucleotides or nucleosides from RNA and DNA, and the mea-

surement of radioactivity, are described in the Preceeding

‘paper. ' . o

" RESUL1.. AND DISCUSSION

Pyrimidine metabolism in CHO-K1 cells was character-
ized quantitatively in two ways. First, concentrations of
ribonucleoside and deryribnnucleoside triphosphates were
determined. 1In addition, the metabolism of radioactive
precursors was studied to measure the relative rates of
alternative ays of pyrlmldlne metabolism,

T

Nucleofide concentrations, Concentrations of the:

major pyrimidine nucleotides in CHO cells are reported in

Table 1. The concentratlon of UTP is 40 times that of dTTP,

149
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TABLE 1. Pyrimidine Ribo-~ and Deoxyribonucleotide

Concentrations in CHO-K1 Cells

Nucleotide Concentration

(pmoles/lO6 cells)

UTP 2,390

CTP 1,230

Q dTTP | 58

dcTP 223




Y

while that of CTP is only 5.5 times that of dCTP. dCTP is

the largest deoxynucleoside triphosphate pool in most cell

lines, bﬁt it is unusually 1arge in these cells (review:3).
It is the only deoxyribonucleotide which is detectable dur-
ing HPLC measurement pf the ribonucleotide pools (although

HPLC was not routinely used to measure this poul).

Radiocactive precursor studies. CHO .=1ls were incu-

bated with various radioactive precursors, =amples were
taken at different times up to 90 min, and xthe radioactiv-
ity in inrdividual acid-soluble and RNA and DNA nucleotides
was determined. Linear rates of iﬁcorporation into nucleic
acids indicated that the flow through intermeéiate metabo-
lites had reached a steady state; this required‘ca. 1 min
for thymidine, less than 5 min for deoxyuridine, and approx-
imately 20 min for uridine, cytidine and deoxycytidine.
Most of the data presented here are from 30 to 40 min incu-
bations, and incubation for longer periods ensured that the
labeling rate did not decline due either to radiation ef-~
k,fectsﬁor to depletion of precursor.

The main assumption of this work was that the addifion
of labeled precufsors did not significantly perturb the
cell's metabolism. That this is reasonable is indicated
by observations that 10 to 100 times the concentration of
cold precursof were required to cause measurable changes in
nucleoside triggosphaéé concentrations (Henderson, J.F.,
uﬁpuﬁiished). Although high specific activities (19 to 50

Ci/mmol) were used, no toxic effects were observed during

151
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the short term incubations.

Table 2 ghows the results of 30 min incubatisns of CHO
cells with tritiated uridine and cytidine,~40 min incuba-
tions with tritiated deoxycytidine and de ~ythymidine, and
a 65 min incubation with deoxyuridine. The data given in
Table 2 represent the raw data from which other results
weré\calculéteg; .

In Table 3, the total conyersion of each precursor to
(nucleotides has peen calculated as the sum of radioactivity
in acid-soluble and nucleic acid nucleotides (as reported
*:m Table 2). This total in turn is divided into the total
radioactivity (for each precursor) in the acidssoluble nuc-
le%tides, in RNA, and in DNA. (Any radioactivity in nuc-
leosides and bases, which would be mostly in the medium
rather than within the cells, was not measured.)

Table 3 also gives the sgpecific activities of each of
the precursors used in these experiments. By comparing
these values with the.values for the total conversion of
radioactivity to nucleotides, it is possible to estimate
the relative efficiencies of utilization of these precur-
Bors. For example, although the specific gctiyities of the
radioactive,uridine and cytidine were identical, almost 4-
foid mpre uridine than cytidine was converted to nucleo-
tides during the 30 min incubation. . Both compoundq\are
phésphorylated by the same enzyme (4). The concent?ations
of uridine and cytidine were 0.5 pM and 0.3 M, respectivéw

. , o .
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ly. _ D

L 4

‘Yo

T

L SR



153

y . :
¥ ‘ ¥ . » dhnp
00T'€T z98‘¢ - + * dWLP
00z 9¢ 092"y - . Y dazp
-~ .. . ! AN ..—.1 . )
008599 000°6¥%T | . o 5 00€°S d1ip
_ A ¢ o

09¢ ‘7 ot ¥ dWd

0SS’z < ogp’z dm

000°L¥T - 000‘seT. diLd

| . 00€ ‘6 800N 1D-dan

, : PTOV

_ o . 00801  oFuoanonin-gan

* 00€’s8 dWn

* 00T‘LT dan

bEG . 000°‘8€EP dun

Sutptwdyr  surprandxoasqg suTpT340hX08q mcﬂuﬁu»oﬁmmnm_ ucﬁnﬂuaamm-o_
muOthUOH& -
’ B N mwﬁ.ﬂuowﬁoﬂz

(81 12> 0T Iad uTw/s3undo) :OHumuoaumw:m

Lo

89pT30810NN sutprwrakg O3UT 8I08INDBI4 PAT3IOROTPRY JO uorjexodiooury

‘¢ ATEVL



154

DR

% » el
‘pur- dwod BIY3 03 UOTSI9AUQDO butanp 3sof huﬂ.»ﬂuumo.ﬂvwm... A
EEEE 2 . ‘
. 5 mowuac
, 0000z - oIT'% S 0ST'ET o-wna
000216 000°0€8T A €vS‘0T | 1-¥NQ
- ,.n.. . u, ‘\v , ~ ' .
. T Cog .‘Wbmw.Oﬁ | ozz's J-vnu
\ . ez g ~ 00€‘6T _‘ 0-vNy
LTt © €IS ¥ . ~ dWOp
' : N . .
3 000‘v 009 01s’¢t dmp-
® : -+ 00¥‘69 - 008’s¢ _ ooofze - - 4Lop
sutpTWAYy Butprandxoag wcﬂnﬁuxoaxmwa._wcﬁcﬂuaoﬂzm-m_ UTPTIN(H-9] .
- muomwsbGWm ‘ | _ sepy30eTonN
? ~  (sIT®O woa 1ad utw/sYuUnéoO) :_od.wucuom.uoo:H , . , t
R - . »
g - ™ | ¥ W (*** z ®rqey *3uco **+)



"] .
[V} ¢ . }
n _
, B
e - .
- ,
N s MM i -.mw 1 / -
nu - : .,m . & w, ‘ak .
o v .. .‘..n....“ﬂ ,
2 3 ’ ¥
b ., L =7 .
000’216 . 0- 000°STL \)u . 6 0¥ 0S - SUTPTWAYL
000‘0€8°T 0’ 000°LST 000086 ‘T 69 0z PUuTpTInkx09q
ooo;.ﬁ 0 " 00908 000‘T0T 1} + 0T mﬁvﬁmobawﬁ
011’2 00L‘0T 000067 . 000‘€0¢2 o€ 07 autrv3&Ap
. h._‘nu A. R . . 4
$,005‘€T 00s‘v¥z  , 000'cEL 000°sle o€ 0z ‘auTpYIQ
. 4 it . o
o ¢ a{5T192 (o1 ujva uTw/s3unoo) _ (utuw) (Touwu /1)
YNY mm@auomﬁosc wwvﬂuo@aw::; swTy xum?.nu.om
198 ¢ :M..W mﬂnsHOm ~-p1o® o3 .- but1dueg o13108dg I08IN0914g *
Junowy u:sm&wm Ut junowy cowmumaboo , :
y = ;o Ter © | -
M . . ot s
RS 3 LA -
. . S, (e .
« E - ) u..&.« ) // ) v
~ STI3D T¥-OHD uT, moﬁﬁsﬁub\%ﬁuomoﬁmmm JO WsIlOoqe3lsW ‘¢ FTEYL ° 0 - -
e R M v‘ﬂw- .

-




*

phosphorylated, while 15,500 counts/min per 108 eeils or

2

When correctéd for differences in specific activ1ty

&

and incubation- tlme, deoxyuridine was the most efflclently

used of any of the prgcursors, including thymidine. Both
¥

deoxyurldlne and-thymidine are’ ﬁkosphorylated by the same

enzyme (4) The épncentrationqqof deoxxurldlne and thymi-
Y 'Vegy Thls argues

dine were 0.3 uM and 0,2 pM,
( e

against thymldylafe synthetasé b€1ng i!te lamltlng fg{ thy—

midine nuclaotlde sznthe51s under these con&itlons *Deoxye

Eg

cytldlge‘ﬁas converted to nucléstldes muchyless eff1C1ent1y B

'UQA‘
than. urldlné deoxyurldlne and thymldiﬁe, and about ﬁalf
. . ™
as eff1c1ently as ﬁymldlne. . ‘
Cvifg 4 ’ g
. Figs. 1 to 3 é%press the amount of radloact1v1ty that
- et

-has flowed ‘through a‘blven reaction as a percentage of the

'ﬂ 2
total amount of radloact1v1ty thﬂ‘ﬂ!ﬁi converteq to nucleo—

4 -
tldes . ‘
L B

This way of presentlng the data will be 111ustrated by
con81der1ng the metabolism of UDP as an example.g When
radioactive urldine was the precursor, the total incorpor-
ation 1nto nucleotldes was 775,000 counts/nln per 106
cells. of these, 767 000 counts/min per 100 cells or 99%
flowed into the UDP pool, whlle 744,000 counts/min per 103
cells or 96% flowed out, 1eav1ng 3% of the‘radloactivity

in the UDP pool. Of the radioactivity that flowed through

" this pool, 729,000 counts/min per 10® cells or 94% was

4

2% was reduced by ribonucleotide reductase. fhus the ratio
of reduction of UDP to phosphorylation is 2% to 94% or 1 °
’ "

-

£
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S . o CMP « cpp +22 cTp 287, gNac '
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WL 8-[3HUR %% ymp 22, UDP‘?—*‘UTP 22-RNAY | . :
2,
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~ duMP+22 gypp -
- 20 *
, » oTMP-22+ grpp 204 qTTP L4s pNa T . .
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FIG. 1. Metabpllsm of £6— H]ur;dlne. he amount of °
e [ 4
radioactivity from the precursor that has flowed through a
given reaction - (expressed as a percentage ‘of the total , oY 'w‘

amount of radloactIV1ty converted to nucleotldes) is given

on the arrows representlng 1nd1v1dua1 reactions.
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to 47.
In the analysis of these results, particular atten-
tion w111 be paid to the partition of radioactive metabo-

1)

lite f1 at branch points in the pathways. Since DNA and

RNA are "sinks" for radioactdve label (review:5), longer

3;' ineubations will increase the proportion of radioactivity
present in nucleic acids without affecting the absolute
amount 1n the acid-soluble nucleotldes or the relative

5 -
-an&zunts in individual nucleotJ.des. A 51'gn1ficant amount of
\‘ o .
4 s e
i%rnover of the rad1q‘ct1V1Eﬁ§1ngorporated 1nto RNA occurs,
¥, i
nevertheless RNA is still a net spnkﬁfor radloact1v1ty (6).

Urldlne metabollsm. The urldlne was labeled in the 6

rd

position; therefore, the label was pot lost_éuring the con-
version of %ridine nucleotiaes to deoxythymidine nucleo-
“tides (Fig. 1) and all_the uridfne, cytidine, deoxycytidine
af@*thymidine nucleo;i@es/&efe labeled. Table 2 gives

values for UﬁP-glucuronic acid aﬁd’UDP-glucose, but for ;
. * H

1 3 ¢ : y \} " ! . .
ease of illustration these compounds afe not.shown in Fig.

, N . . .
1. rSince UTP is the preqyrsor for these compounds, the P ,i@
values for the flowuofilabel into them were included in ‘ ;
N e
- tm;wi‘_@he' ’ : S 2 ‘L'";W'\\‘} ) ) ' v ;
228 of the total flow of label into nucleotides was g ! ‘

into the cytidine nucleotides. Cne would not expect a sig-
nificant flow through the‘CMP pool ender.these conditions '
though CMP can be dephosphorylated to ¢eytidine which in - i
turn can be deamlnated to urldlne. This would ‘not ha;e :

been detected in this experlment; however, the deamination
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o
of '‘cytidine was measurﬁ? in other experiments and was LA
“found to be very low (Fig. 2). o g L

The other branch point of interest is the conversion
of UDP to deoxyribonucleotides; this reaction d&ébeeded at - o
ca. 1/47th the rate of the alternatlve\pathway, phosphory- o
latlon to UTP. Of the total amount :of radioactive CTP that . ! o

was converted~t%v¢DP a large gercentage was converted to ¥

e
'

deoxyrlbé%ucleotldes L A ' -
When the nucleotideuﬁools have reached their steady-

'state specific aetiv'rﬁ‘ Ehe amount of label*in'the pools o

e S
. can be used as a measu“e‘of the. qg pool 31ze as long

as no dllutlon has occurred becaueg of input of unlabeled

precursor into the system from, for/example a’gg novo path-‘) -
way. Therefore, one wduld expect the ratio of the amount .

of radioactivity‘in UTP to CTP, which was~3.5 to 1 (Table ' ~a%
2), to reflect the ratio of the pool sizes as measured by

~—

HPLC (Table 1), which was 2 to 1. Thls agreement is fair
consrderlng that the ratlos were determined by different . i
- methods and in separate experiments. Tpe«ratio of radio- ‘ s
activity in UTP to arTP was 83 to 1, while the ratio of the_ * 5
bo00l 31zes (Table 1) is one-half thls value. This'may in~ }
dicate” @hat the steady-state sp ifig act1v1ty ®f the dTTP | |
pool is lower than that of the UTP pdol. The'ratio of the . :
rad10act1v1ty in CTP to -dCTP was 4 to 1, which agrees w1th'

the ratio of ‘the pool sizes which was 5.5 to 1. ,

Cytidine metgbolism. The cytldlne was labeled in the

5-position, and as a consequence the radloactiv1ty was lost

“oa
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‘a

during thymidine nucleotide synthesis from dCMP and duMmP.
99% of the labeled nucleotides were present as cytidine

nucleotides, indicating that cytidine deaminase\activity
was very low in these cells.
The incorporatian of radioactivity from cytidine into

°

CTP is an example of the very rapid equilihbration of radio-

activity among familieaiof nucleotides. Since the cells

are grown in’hucleoqﬁi&-free medium, the net synthesis of #y-
= ,I\ v . N —— . R .

. -4 \ i .
cytidine compounds§ pWe the pathway UTP - CTP - CDP -

AJ

o AR
dCDP. Nevertheless, when cells were incubated with radio-

.

active cytidine, not only.were both CDP and CTPfrapidly
. N '

labeled, but the radioactivity was predominantly in‘the

triphosphate. As shown in Fig. 2, .the label incorporated
from cytidine into uridine nucleotides can be recycled into
cytidine nucleotides via CTP syﬁ%ﬁétase. Therefore, the

true value for the flow of"cytidiﬁE°into uridine nucleo-~

tides musghPe approximately 22% higher than the measured

value of 0.57%, 51nce,-as shown in Fig. 1, 22% of .the label-

&

ed nucleotides arising from [3H]ur1d1ne as the precursor
! ]

, are converted to cytidine nucleotides.
! Y

The ratio of radioactivity in CTP - to 4ACTP was 4 to 1

v

which is in reasonable agreement with the ratio of the pool
e

81zes (Table 1) which was 5.5 to 1. Thé‘ratio of radio-
»

4

activity in 4CTP + dCDP - dCMP of 68 to 1 1 -to 1 (Table 2)
should equal the ratio of thei;’booi kizes.» §1nce the dcTp

\
pool is 223 pmoles/lps'cells (Tbble-l),?the dCDP pool and
. ) e T .

. - .
L] - .. . 4

“

P ST
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the' dCMP pool should be 3.6 and‘i.B pmoles/106 cells, res-
- (\ -
pectively. i

Deoxycytidine metabolism. Deoxycytidine is converted

to deoxycytidylate by ufﬁdine-cytidine kinase (Fig. 3). 4@g

The fact that these cells readily incorporate deoxycytidine

into DNA will be useful for measuring DNA synthesis under

.conditions where thymidine kinase is inhibited, for example,
t . ‘ ;

by elevated deoxythymidiﬂe triphosphate,  .The ratio of

radioactivity in 4CTP to dACDP to ACMP was 9,6:0.6:1 (Table

Ny

R L}

2).

‘The deoxycytidine was labeled ih the Slposition and
therefore the radioactivity was lost in the conversion of
dUMP to 4TMP. Thus, it was not possible to measure the
rate of deogkycytidylate deamination by simply measuring the
accumulation of radioactivity ih thymiding nucleoti'~s and
in DNA. The amount of radieactivity in the deoxyuriu late
pool 1s really only a reflectlon of the pool sgize and not
the flow through the pool Deoxycytidine labeled in the -

f
6-p051t10n could not be purchased. ',

T

Deoxyuridine‘ggﬁabolism. Deoxyuridine is incaxpo%ated'

into thymidine nucleoéides by thymidine kinase  (Fig. 3) and

‘thymiﬂylate synthetase. The data in Fig; 4 are calculated

from a 65 min incubation and therefure the pr¥pbértion of :
——y o A=

’ labgl in DNA is very high even though the abselute amount

of label in thymidine nucleotides was considerable (Table -

2) . -The radioactivity in 4UMP :fs very low and the chrom-'

atographic location of the dUDP spot was not determined,

s
)
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UdR—m9+dUMP-—~—> dubp
100

dTmMp 120, dTDp 129, dTTeP WDNA T

TdR ——*dTMP-—~—> dtop 22, dTTP -——~>D'}&T

. ’ . ) )
FIG. 3. Metabolisn of radioactive <_ieoxycytidine,
' deoxyuridiwe_ ar%othymidine. - |
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although it probably separates from 4TDP. The relative

sizes of the thymidine nucleotide pools can bercalcdlated
from the ratios of their steady-state radioactivity. The
ratio of radioactivity in dTTP to dTDP to dTMP was 38.5:1:;:1
(Table 2). Since the dTTP pool size is 58 pmoles (Tablé 1),
the 4dTDP and dTMP pool sxzes are calculated to be 1.7 and

1.5 pmoles, respectively.

Deoxythymidine metabolism. Deoxytnyggdlne is metabol-

ized by the same route as deoxyur1d1ne~e&cept that i: by~
3 X
passes the thymjdylate syﬁﬁﬁetase reactf

dq . 3).‘, he
C.;’,"o‘\

ratio of radioactivity in dTTP to JTDP +&% wwas $0.8: "
2.8: l (Table 2), and since the dTTP pool size was 58 pmole

(Table 1)’ the calculated *dTDP and 4dTMP pool sizes are 3, 2'

- \"‘M
and 1.1 pmoles, respectively. These values. areﬁagree- *

ment with those calculated with the [3H]gMR.

. 3 . )

Orotic acid metabolism. Although it has been reported
A .

that orotic acid is readily in!:orpora@unta nucleotides

- by some cultured cells, this was not the case with CHO

cells. No, radioactivity was detected in acid soluble nuc- -
leotides ln CHO calls 1ncubated 30 min w1th [ Hlorotic

acid. This indicates that orotlc ac1d elther does not get

into the cells, or that it is not used by the orotic acid -

phosphoribosyl transferase. Regardless of the cause, it is R

-

unfortunate that»orotic acid'is not metabolized because it \

would provide a good means of assessing the inhibition of

~the orotidylate decarboxylase reaction, which is inhibited

by drugs such as pyrazofurin and G-azauridlne.

f,r L3

~ . - ‘
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In conclusion, this study has provided considerable 1
information on the metabolism .of tracer concentrations of 55“
pyrimidines by CHO cells. The data have also been used '
to calculate certain pool sizes, such as dTM™P, ﬁhich would
be difficult to measure by other meghs, qnd}to estimate

the relati\(‘e efficiency of uptake of the various pr%;\'sors.
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INTRODUCTION

~Measurement of relative rates of RNA or DNA synthesis,

or both, by the incorporation of one or another radioactive

precursor, involves the assumption that, when two or more

xperimental conditions are compared, no other parameter of

precursor metabolism changes except the rate of nucleic

Dy

acid synthesis. However, numerous drugs as well as phys-

iological variables, may directly or indirectly alter eith-

er rates of conversion of precursors to the ribo- and deoxy-

ribonucleoside triphosphates that are the imhediate precur-

e

sors of nucleic synthesis,‘or“the“concentrations and there-

fore the specific activities of the triphosphates. Know-

.
-ledge of the specific activity of the actual precursor

pools of nucleoside triphosphates is therefore necessary

in order to calculate actual rates of nucleic acid synthe-~

sis, in contrast simply to relative rates.

Several investigators have called attention to these

problems. As early as 1965, it was evident from the four-

factor model for thymidine metabolism proposed by Stewart

et al. (1) that changes'in the relative rates of the sal-

vage vs de novo pathways would result in a change in the

speé%Fic activity of the thymidine nucleotides, which in

turn would alter the rate of incorporation of radioactivity -

into DNA. On the basis of experiments using [3H]TdR and

[3H]CdR, Smets cautioned that incorporation rates could

Ehange markedly withoutvcorresponding changes in the actual
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rate of DNA synthesis (2). 1In addition, Tnjeyan et al. (3)
found that growth inhibitory concentrations of hydroxyurea /
produced either stiﬁulation or inhibito:: ot ~'H]TdR incor-l
poration into DNA, depending on.the hydr..yurea concentra-
tion. They concluded Fhat~the increase in [3H]TdR incor-
poration was not A resﬁlt of increased DNA synthesis. Other
‘researchers have also concluded that incorporation of label-
led precursors into RNA could not be directly equated with
the ;ates of RNA synthesis (e.g., 4~6). In a few cases,
nucleic acid incorporation data have been corrected for
changes in the specific activity of the nucleoside triphéé—
phate precursor (7), but this procedure has not been tested
to determine if it actually measures the rate of nucleic -
acid synthesis.

We have attempted to develop a general method for the
measurement of rates of RNA and DNA synthesis, which is in-
dependent of the particular radioactive precursor used and
which corrects for changes in nucleotide concentrations or
other aspectsiof purine or pyrimidine metabolism. This
approach depends on the detefmination of the specific acti-
vity of each ribo- and deoxyribonucleéside triphosphate
under conditions in which the flow of radioactivity through
each Eriphosphate pool is in a steady state. An important
assumption of this approach, whiéh we have attempted to
test, is that no compartmentation or metabolic "channelling”

of nucleoside triphosphates occurs under the conditions

used.
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Finally, we have attempted to determine the rate of
ribonucleotide reduction in intact cells from measurementé

of the actual rate of DNA synthesis.

MATERIALS AND METHODS

-

Sources of materials, and methods for the cuitivation
of CHO-&; cells in aléha-MEM medium containing 10% dialyzed
fetal calf seum,'extraction of nucleotides, measurement of
ribo- aqd deoxyribonucleotide concentrations, incubation
with radioactive precursors, separation of individual acid-
soluble ribo- and deoxyribonucleotides, and nucleotides or
nucleosidgé from RNA and DNA, and the measurement of radio-
aqtivity, are‘described in preceding papers.

The method used to determine rates of DNA and RNA syn-
the31s is based on the fact that when the rate of incorpor-
ation of radioactivity into RNA or DNA becomes linear in
cells grown with radioactive precursors, the specific acti-
vity of the corresponding nucleoside triphosphate pool has
reached a maximum; this is true even when the radioactivity
is incorporated into the product macromolecule from two
different precursors, e.g., ATP and GTP. The rate of DNA
or RNA synthesis, in pmoles per min, is calculated by div-

-1ding the steady-state rate of incorporafion of radioacti-

vity into DNA or RNA, in counts/min, by the specific acti- -

vity of the immediate precursor pool, in counts/min per

pmoles.
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RESULTS

Determination of the actual net rate of DNA or RNA

s

synthesis requires correction of the results of simple in-

- corporation data for dilution of the radioactivity by the

intracellular nucleotide pools. This "specific-activity-
corrected isotope ithrporation' method involves determin-
ing the steady-state specific activity of‘the immediate
precursor of DNA or RNA by measuring both the pool size of
the nucleoside triphosphates and the amount of radioacti-
wity in the pools. These measurements must be made under

a steady-state condition, which is defined as the period - i
when the rate of incorporation of radioactivity into DNA
and RNA is linear,”and therefore when the immediate pre-
cursors have reach§d their maximum specific activities.

The values for the specific activities of the direct pre-
cursors of DNA or RNA, together with the DNA or RNA incor-
poratioﬁ d;ta allow the net rate of DNA or RNA synthesis,
in pmole/min per 106 cells, to be calculated as described

-

in the Methods section.

The results of measurements of the net rate of DNA
synthesis by this method, using control CHO cells and a
variety of radioactive precursors, are shown in Table 1.

These data show that the results were not appreciably dif-

ferent when different precursors were used, or in differ-

ent experiments. It was also established that when ribo-

nucleoside precursors were used, the average steady state
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Rate of DNA synthesis in control CHO cells determined -
using specific-activity—c&'rected DNA incorporation data

Table 1

5. 304

Inmediate pmoles/min per 106 cells

Experiment Precursor | D - Rate of DA

. precursor synthesis
1 [6-2H)uridine acre 3.6
1 [6-3A]uridin® arre 4.2
1 (5-3H}cytidine ace 4.4
1 (3H) quanceine aGTP 2.9
1 (34l adenine . A 1.2
1 *Hldeaxycytidine  dcTP 2.0
1 [3H] thymidine arme 2.0
2 [6—3H]uridine ’ are- - S..2
2 [6->H]uridine arte 2.5
2 . [5-H)cytidine acTe 4.0
2 [*H] hypoxanthine GATP 2.5
3 (Hldeaxycytidine  acme 3.7
3 &) thymidige aw 3.4
4 [6-3H]uridine ar n 1.4
4 [6-3H)uridine TP 3.2
X = 3.1

S.D. = 1.1

S.E.M. = 0.30
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specific activities of the deoxyribonucleoside triphos-
phates were egual to those of the corresponding ribonucleo-
- 8ide triphosphates (&ata not shown).

Two basic assumptions involved in the use of this
method ;re (a) that the pool of each immediate precursor
of DNA is homogenous,;i.e., that there is no cémpartmenta-
tion or metabolic chaﬁneling, and (b) that newly synthesiz-
ed DNA is not degraded. The first assumption is difficult
to test directly; however, the fact that calculated rates
of synthesis (Table 1) were very similar no matter which
¥ibonuc1eoside or deoxyribonucleoside precursor was used,
suggests either that there is no compartmentation or that
any inhomogeneity affects all precursors equally.

In order to determine if the net rate of DNA synthesis
was equal to the actual rate of DNA synthesis, it was nec-
essary to determine the amount of degradation of Hewly syn-
thesized DNA. Cells were incubated with [3H]TdR for 7 min,
and then resuspended in warm thymidine-free me hm: Sam-
ples were removed for up\to 1 h, cqu££§gg£ﬁ, the mediuni
saved for radioactivity measurements, and the cell ﬁéllet
extracted with perchloric acid. Both the total amount of

"zid-soluble and acid-insoluble radioactivity were deter-
mined. The results, shown in Fig. 1, damonsﬁrate thaﬁ once
the fadioactive precursor-was removed, the fadioactivity
in the acid soluble fractiop declined rabidly, as did. the
incorporation of radiocactivity into DNA. After 20 min,

the amount of radioacti#ity in DNA had stabilized,ﬁwhilé

T



4
/
R Y
\,
JoTT o T ‘ T T
30+ ° o o , ? A
[
251 . 4
4
v 201 . 1
o
X
E 15 o “
Q a -
[§) R a .,
=] 4 A
10 s
(]
sk 4
o -
0
° o o )
o 1 L 1 1 -1
e 0 24 48
. 7 - Time (min) .
Figure 1. Temporal changes in the amount of radio-

activity in DNA (o) and in intracgllular (0) and extra-
bellu;;r (a) acid-soluble thymidine compounds. CHO cells
were incubated for 7 min with [3H]thymidine, then collect-
ed by centrifugation and resuspended in thymidine-free

medium. Samples were then removed for up to 1 h.
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"the amount in the medium did not change significantly dur-

iﬁg the entire chase. 1In a subsequent experiment it was
found that the amount of radioactivity in DNA was stable
for at least 3 h,

The séecific activity corrected method was also test-
ed to determine if it could be used to measure the rate of
RNA synthesis. The control results shown in Table 2 dem-
onstrate that while variation from precursor to p;ecursor
was small, the variationrin the three experiments was sub-
stant%el. Since the growth rates were approximately the

same for the cells used in Lll the control experiments,

and the rates of DNA synthesis were the same, there must

'be other factors causing the large variation in the appar-

ent rate of RNA synthesis from:experiment to experiment.
In order to determine if the net rate of RNA synthe-
sis was equal to the actual rate of RNA synthesis, it was
necessary to determine if significant degradation of newly
synthesized RNA was occurring.s Cells were incubated with
[5-3H]UR for 40 miﬁ, the radioactive precursor was removed

*

by centrifugation and resuspension, and samples were taken

~at 30 or 40 min intervals up to 7 h. The net rate of loss

of radioactivity from RNA was 0.1% of the total radioacti-

vity in RNA per min; however, this value is not a measure

of RNA turnover since recycling of the radioactivity prob-

ably occurs. These results show that significant RNA turn-

over does occur; thus, the total incorporafion of radio-

activity into RNA even when corrected for the specific
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Table 2

" Rate of RNA synthesis in control Cip cells determined using

specific-activity-corrected RNA incorporated data

L

7
: ; 6
Immediate pmoles/min per 10 \cells

Experiment Precursor RiA Rate of RNA
precursor synthesis
1 [6~>H]uridine cre 2.5
1 [6->H)uridine UTP 6.4
1 [5-3H) cytidine ce 4.8
1 (3H] guanceine GTP 7.0 .
1 (31 adenine ATP 4.7
2 [6-3H] uridine cTP 22
2 [6-H]uridine TP 15
2 (5-3H] cytidine CTP 13
2 (3] guanosine GTP 27
2 &) hypoxanthme ATP 18
2 [3H) hyposanthine, GTP 24
4 [3H]uridine UTP 22
4 [3H]uridine cre 24
| Bpl: x= 5.1
S= 1.8
Bxp 2: x = 20

S = 5.4
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activity of the precursor is not a mea#ire qf the actual

R 4 ’_lf‘:ﬁ.-\j/dﬂ .
rate of RNA synthesis, but- it-may apg¥okimate the rate of
. ",J : f.": v .
stable RNA synthesis. . - . SN &
DI Xaf, ¥

L ) ‘\\\\.‘ '}.\ '
Having established the basié\ﬁl\ameters of the speci-
)
e N B

fic-activity-correcteq\meihoq, it “was now necessary to com-
pare the rates of nucleic acid syntheéis obtained using it;
with those obtained when'this correction is not made.

To make this comparison, cells were treated:with grow-
th inhibitory concentrations of mycophenolic acid or pyra-
zofurin, and the apparent rates of DNA (Table 3) and RNA
(Table 4) synthesis were determined by each method. These
results demonstrate not only that values for the rates of
DNA and RNA synthesis as determined by the simple ifotope
incorporation method depend on the radioactive precursor
used, but also that with no‘preéursor were the same.re-
Bults obtained as with the specific~activity-corrected
inqorporatioﬁ method.‘

. A;furthe; application of the method applied here, was
to calculate the rate of synthesis of deoxyribonucleotides
from ribonucleotides via ribqnucleotide reductase, from
the corrected rates of DNA synthesis from ribonucleoside
precursors. In order for the rates of deoxyribonucleotide
synthesis de novo to be calculated from the actual rate of
DNA synthesis, the two assumptions that must be made are:
1) there must be no net synthesis of deoxyribonucleotides ,)
via salvage pathways and 2) there must be no net degrada-

tion of deoxyribonucleotides.
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JTable 3

Camparison of apparent rates of DNMA synthesis during drug
treatment detemmined by specific-activity-corrected isotope
incorporation and by simple isotope incorporation measurements

Drug Treatment Pr@rsor

14

Rate of DNA synthesis; § of control

Specific-activity- ‘Simple isotope
corrected isotope incorporation
incorporation

Y

Mycophenolic
acid
(2 uM; 2 hr)

Mycophenolic
acid
(2 yM; 2 hr)

- Mycophenolic
acid
(2 yM; 2 hr)

Pyrazofurin
(0.2 pM; 2 hr)

Pyrazofurin
(0.2 yM; 2 hr)

Pyrazofurin
(0.2 pM; 2 hr)

[H) deckyctyidine

~

(*H) thymddine
[ 3l-l] hypoaxanthine

(8] thymidine

(°H] adenine

[’H) decxycytidine

21 88

17 ¥ 5
22 6
48 100
42 33
30 580




o 178
Table 4
Q:mariaonofapparmt raheoofnmmﬂwsisdurimdmg

treatment determined by specific-activity-carrected isotope
1rm:i:or&ti,on and by simple isotcpg inoptpc;mtim measurements

Rate of RNA synthesis; 8§ of control

Specific-activity- Simple isotope
corrected isotgpe incorporation

Drug Treatment Precursor

incorporation

Mycophenolic :
acid [3H]hypacanthine . 23 10 |

(2 uM; 2 hr) .

Mycophenolic ' |
acid [3H]guanine , 27 \\ 84 i

(2 M; 2 hr) | | |

Mycophenolic , 5
acid [3Hluridine 30 2

(2 uM; 2 hr) . A

Pyrazofurin .

(0.2 o, 2 L) H]uridine | 52 111

Pyrazofurin : '

0.2 1 2 o) CHlcytidine 108 392

Pyrazofurin (3 senine 55 35

(0.2 uM;" 2 hr)
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Assumption 1) was probably trve -ince the oell, were
cultured in deoxyribonucleosideéfree nedium, but it was
necessary to determine experimentally if assumption-2) was

true. For example, it is poasi?}e that the rate of ribo- -

»»»»»

~nucleotide reduction may normally/be greater thun the rate.
of DNA synthesis; the excess deoxyribonucleotidea preaum-
ably would be degraded to deoxyribonucleosides or bases and
be released into the medium. To measure deoxyribonucleoﬂ
tide catabolism, cells were pulaed with [5- ‘60R or [6- H]UR
for 30 min, after which the radioactive pnecursor was re-.

moved by centrifugation and resuspension. . Sampieé were

'removed from the cell buspensien for up to 1 h; centrifuged, ;

the medium saved, and the cell peilet extracted with per-
chloric'acid. The neutralized extract, as well as the
hydrolyzed RNA and lyophilyzed medium, we;e anelyzed by . .-
thin-layer ‘chromatography. ; ‘ o

No labelled deoxyribonucleosides were found in the
cell extracts or in the medium. Since the chromatogra;;
were oxidized to Hzo and CQZ' giving a tritium counting
effic1ency of 32%, small amounts of labelled dequrihonuc-

”“leosides would have been detected
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DISCUSSION

This study has provided direct evidence that the un-
corrected rate of radidactive”pregursor incorporation iﬁto
DNA ahd RNA is not a measure of their actuél rates of\syn—
thesis.  This was not a totélly unexpected result since oﬂ
the basis of indirect evidence, gther reseapchérs hav;‘
cautioned against the use of thié method (2,3).

It will now .be necessary to re-evaluate results pre-
viously obtained with this method to determihe'if apparent
inhibitions or ;timulation of nucleic acid synthesis were
simply a result of differences in tﬁe specific activities
of the immediate nucleic acid precursors between control
and drug t;eated cells, rather than actual differences in
the rates of nucleic acid éynthesis. For example, an
apparent iﬁhibitibn of DNA synthesis during drug treatment
may simply have rgsulted from an inhibition of the phosphor-
ylation of radioactive-thymidine, or a stimulation of the .
éE.BQXQ synthesis of thymidylate. This re;évaluation will
be particularly important in cases where the main evidence
for such drug-induced,phenomepon as "unbalanced growtﬁ"
was an apparent inhibition of DNA synthesis, as measured .
by uncorrected radioactive thymidine incorporation into
DNA, coinciding with little or no inhibition of RNA syn-
thesis, as measured by uncorrected radioactive uridine
incorporation into RNA.

It was concluded that the specific-activity-corrected
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incorporation method meas%;és the net rate bf both DNA and
. .

RNA synthesis; however, e net rate of nucleic acid syn-

thesis is equal to the fotal rate only if there is no sig-

\

\

nificant degradation of é&ly incorporated nucleotides fur-
ing the measurement period.\“ ignificant turnover of eucar-
yotic DNA has not been repor;z;\ﬁnd our results confirmed
that in untreated cells, newly incorporated nucleotides
are stable. However, it is known that some types of RNA,
mainly heterogeneous nuclear RNA, but also some ribosomal-
precursor RNA, are degraded in some cell types (8); von
Tigerstrom observed a rapid degradation of approximately
-50% of the rapidly labelled RNA in Ehrlich ascites tumor
cells in vitro (9). We also observed significant degrada-
tion of ne&ly labelled RNA in CHO cells. Therefore, the
total rate of RNA synthesis cannot be determined by the
specific-activity-corrected incorporation method although
the net rate of synthesis can be measured. If the differ-
ent classes of RNA were sepafated, then the éctual rates
of synthesis could be determined for £he classes in which
the radioactive label was stable. For example, Emerson
and Humphrey have done this in order to measure the rate
of ribosomal RNA synthesis in fibroblasts. They labelled
the cells with [3H]adenosine and calculated an average
specific activity for the ATP pool during the total incu-
bation period. This value plus the total ribosomal in-

corporation allowed them to calculate a value for the rate
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of rRNA synthesis, with their measured value comparing
well with a theoretical value based on the rRNA content of
the cells and thg;r generation time (10).

A major assumﬁtion of the specific-activity-corrected
"method is thaé the entire pool of a given direct precursor
of DNA or RNA is freely mixing, i.e., that there is no
compartmentation or metabolic channelling occurring. 1In
view of the number of reports on.compartmentation of nuc-
leic acid precursors, this assumption cannot be taken for
granted (11-17). Most recently, Reddy and Pardee have re-
ported that in permeabilized Chinese hamster embryo fibro-
blast cells, ribonucleoside diphosphates were incorporated
into DNA 25% faster than deoxyribonucleoside triphosphates.
They concluded that metabolic channelling-occurs, starting
at ribonucleotide reductase, such that compounds entering
the system at or before this step are incorporated in pref-
erence to compounds enterihg after this step (18).

We tested the assumption of homogenqps nucleoside
triphosphate pools in two ways.

First, the rate of DNa synthesis in untreated cells
was measured using both radioactive ribonucleoside and
deoxyribonucleoside precursors. Therefore, if as Reddy
and Pardee have reported for permeabilized cells, prefer-
ential chahnelling of ribonucleotides into DNA occurs, a
significant difference'between the apparent rate of DNA
synthesis as measured using ribonucleosides and deoxyribo-

nucleosides would be expected. No such difference was
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observed in CHO cells. It should be noted that the differ-
ence in incorporation rates of ribonucleotides versus deoxy-
ribonucleotides reported by Reddy and Pardee was only 20-
25%, which is the minimum difference that could have been
detected in our results.

In addition, when radioactive ribonucleoside precur-
sors were used, the specific activiéy of each deoxyribonuc-
leoside triphosphate and the corresponding ribonucleoside
triphosphate precursor were compared. If compartmentation
of the ribonucleotides were occurring, such that one pool
was being used for deoxyribonucleotide synthesis and another
was being used fo; RNA or, if as Reddy and Pardee suggest,
most of the debxyribonucleoside triphosphate pools in cells
are not used for replicative synthesis, one would not ex-
pect the specific activitiés of the ribonucleoside and cor-
respondihghdeoxyribonucleoside triphosphates to be equal.
However, the average specific activity of the ribonucleoside
triphosphate pools for all the experiments was equal to
that of the deoxyribonucleoside triphosphate pools.

The final purpose of this study was to méasure the
rate of ribonucleotide reduction in intact cells. The
épproach uséd was to relate the rate of ribonucleotide re-
duction to the rate of DNA synthesis. Therefore it was
necessary to determine the rates of deoxyribonucleoside
catabolism and synthesis, via salvage pathways. Under con-
trol conditions it was found that no measurable DNA cata-

bolism occurred. Therefore when CHO-K1 cells are cultured
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in deoxyribonucleoside-free medium, there is little or no

flow from the salvage pathways into deoxyribonucleotide

pools. Furthermore, under ‘control conditions, no measur-

I

¢

able net pyrimidine deoxyribonucleotide catabolism to bases’
or nucleosides occurred. Purine deoxyribonucleotide cata-
bolism could not be measured by this method since both
deoXyadenésine and deoxyguanosine are rapidly converted to
ribonucleotides by t;ese cells,

These results indica;e that at 1east for the pyrimi-
dine nucleotides, a simple equafioﬁ can be written as
follows: the rate of ribonucleotide reduction of a given
nucleotide equals the rate of incréase‘in the deoxyribonuc+
leotide pool size plus the rate of DNA synthesis. There-~
fore, using the methods presented here, it is now p0891b1e
to measure the rate of rlbonucleotlde reduction in v1vo
by measuring the rate of DNA synthesis and the rate of
change”in the precursor pools.

In order to measure the individual rates of UDP and
‘CDP reductigﬁi rather than their sum, it will be necessary
also to detefhine the amount of deoxycytidylate reduction

occurring in these cells.




185

REFERENCES

Stewart, P.A., Quastler, H., Skougaard, M.R., Wimber,
D.R., Wolfsberg, M.F., Perrotta, C.A., Ferbel, B. &
Carlough, M. (1965) Four-factor model analysis of: thy-
midine incorporation into mouse DNA and the mechanism

of radiation effects. Radiation Res. 24, 521-537

Smets, L.A. (1969) Discrepencies between precursor up-
take and DNA synthesis in mammalian celis. J. Cell.
Physiol. 74, 63-66 : ,
Injeyan, H.S., Meerovitch, E. & McLaughlin (1974)
Anomalous enhancing effect of hydroxyurea on DNA syn-

thesis. Life: Sciences 14, 1687-1693

Nierlich, D.P. (1967) Radioisotope uptake as a measure

of synthesis of messanger RNA. Science 158, 1186-1188

Nierlich, D.P. & Vielmetter, W. (1968) Kinetic studies
on the relationship of ribonucleotide precursor pools

and ribonucleic acid synthesis. J. Mol. Biol. 32,

~

- 135-147
Salser, W., Janin, 'J. & Leventhal, C. (1968) Measure-
ment of the unstable RNA in exponentially growing cul-

tures of Bacillus subtilus and Esherichia coli. J.

Mol. Biol. 31, 237-266

Bjursell, G. & Reichard, P. (1973) Effects of thymi-
dine on deoxyribonucleoside triphosphate pools and
deoxyribonucleic acid synthesis in Chinese hamster

ovary cells. J. Biol. Chem. 248, 3904-3909

i

o G Mt

B Y YU




10.

11.

12,

13.

14.

\~ 15,

Weinberg, R.A. & Perman, 8. (1970) Processing 05\45 8

von Tigerstrom, R.G. (1973) The degradation of newly

synthesized RNA in Ehrlich ascites tumor cells. Can.

¢

J. Biochem., 51, 495-505

Emerson, C.P. & Humphrey, T. (1971) A simple and sen-
sitive method for quantitative measurement of cellu-

lar RNA synthesis. Anal. Biochem. 40, 254-266 -

Epstein, C.J. & Daentl, D.L. (1971) Precursor pools

and RNA synthesis in preimplantation mouse embryos.

- Developmental Biol. 26, 517-524

Soeiro, R. & Ehrenfeld, E. (1973) Cytoplasmic and

o

nuclear pyrimidine ribonucleotide pools in HeLa cellé.

J. Mol. Biol. 77, 177-187

Plagemann, P.G.W. (1972)‘Nucleotide pools in Novikoff
rat hepatoma cells growing in suspension culture. * '
III. Effects of nucleosides in medium on levels of

nucleotides in separate nucleotide pools for nuclear

and cytoplasmic RNA synthesis. J. Cell. Biol. 52,

131-14¢
Losman, M.J. & Rarley, E.H. (1978) Evidence for com-

partmentatic. of uridine nucleotide pools in rat hep-

. L
agoma cells. Biochim. Biophys. Acta 521, 762-769

Werner, R. (1974) Nature of DNA precursors. Nature

23, 99-103

186

At



lé6.

17.

18,

187

Fridland, A. (1973) DNA precursors in Eucaryotic

cells. Nature 243, 105-107

Mathews, C.K., North, T.W. & Reddy, G.P.V. (1979)
Multienzyme complexes in DNA precursor biosynthesis.

Adv. in Enzyme Requlation 17, 133-156

Reddy, G.P.V. & Pardee, A.B. (1980) Multienzyme com-
plex “for metabolic channeling in mammalian DNA repli-

cation. Proc. Natl. Acad. Sci. USA 77, 3312-3316




CHAPTER 7

N

MODELS OF RIBONUCLEOTIDE REDUCTASE REGULATION

AND THEIR EVALUATION IN INTACT MAMMALIAN CELLS



INTRODUCTION

Models of the structure, mechanism of catalysis and
regulation of ribonucleotide reductase (ribonucleoside di-
phosphate reductase, EC 1.17.4.1), based on enzymological
studies, have been extremely influential since 1966 in dis-
cussions and investigations of deoxyribonucleotide metabo-
lism, deoxyribonucleoside toxicity, and the regulation of
DNA synthesis by the supply of substrates. As studies of
this enzyme have progressed, new models of ribonucleotide
reductase and its regulation have been published., As is
to be expected, these models have been identical or similar
in some respects, and many investigators have in practice
tended to view them all as identical or interchéngeable.

A more detailed stué; of these models, however, reveals
some very significant differences among them, differences
which ought to affect the interpretation of studies of
deoxyribonucleotide metabolism and deoxyribonucleoside
toxicity in intact cells. This review considers the ten
major models of ribonucleotide reductase action and regu-
lation, and indicates both their similarities and differ-
ences.

A relatively small number of studies have also been
carried out to determine how the redﬁction of ribonucleo-
tides is regulated in intact mammalian cells, and these
usually have been influenced by or related to one or

another model of ribonucleotide‘reductase. Thesé“ihVésti-
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gations will also be reviewed here, and the present state

of this question will be summarized.

4y

e

MODELS OF RIBONUCLEOTIDE REDUCTASE REGULATION

Nine of the ten models to be described were based in
whole or in part, on kinetic studies. One, however, was
based entirely on binding and other physiochemical measure-
ments, and such data entered into some of the other models
either explicitly or implicitly.

Most investigators have presented the results of their
studies of ribonﬁcleotide reductase in terms of various
schemes or drawings; these interpretations are what are
here called 'models'.. It is important to note, however,
that:in most cases additional pertinent data were reported
in the various publications, but not incorporated into the
models themselves.

For the present purposes, we have summarized all of
the models based on kinetic studies in a uniform, tabular
format (Tables 1-9). The schemes based on binding and
other physiochemical studies, however, require a separate
format (Figs. 1-5). In the accompanying text, in each
case, other important information given in each study will

be summarized as well.

Model 1
In 1966, Moore and Hurlbert (1) published the first
model depicting the control of ribonucleotide reductase,

based on studies of the partially purified enzyme from
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Novikoff rat hepatoma cells. Their model is summarized
in Table 1.

Other findings which are either not obvious from the
model or which were not included in the model are as
fol lows:

l) 4TTP was required for GDP reduction to occur. The
rate of reduction in the absence of dTTP was less than 10%
of the rate in the presence of d4TTP.

2) Either 4GTP or A4TTP was required for ADP reduction
to occur, with dGTP being much more effective. 1In the ab-

sence of activator, no reduction occurred.

3) 1 to 2 mM ATP was required in order for reduction
of pyrimidines to occur. The rate of reduction wi:;out
ATP was less than 4% of the rate with ATP.

4) The inhibition of CDP reduction by 4ATP or d4dGTP

was reversed by'ATP.

<4

5) ATP was reduced less rapidly than ADP. At equal
concentrations, CDP was reduced 30% faster than CTP.

6) The enzyme preparation coptained nucleoside diphos-
phate kinase activity, which had the effect of lowering
substrate concentrations when nucleoside triphosphates,
especially ATP, were present. No phosphatase activity
was detected.

Model 2

In 1966 Larsson and Reichard (2) published the results

of kinetic studies with partially purified ribonucleotide

reductase from gé_céli. The enzyme was essentially free of

190



191

Table 1

Model 1: Moore & Hurlbert (1966)

Effects of Nucleotides

Substrate @
drTp acTp dGTP dATP ATP

CDP 1 0 1! 11 R
UDP I 0 I I sk
GDP sk 0 I I s
ADP sk o sk I 0

1Inhibition competitively reversed by ATP.

I = inhibitory
S = stimulatory
0 = no effect

R = required



pyrophosphatase and kinase activities. Han# of their find-
ings are summarized in the two schemes shown in Fig.’)/and
Table 2. Figure 1 depicts a model for the conformational
changes induced in ribonucleotide reductase by allos;eric
effectors, while Table 2 represents Reichard's first
attempt to suggest how his enzymoiogical findinés might be
physiologieally significant.

Reicha:d did not state that this model applies to
mammalian cells, but did say that "... a striking pargflel-
ism is observed with the results of Moore with enzymeé
from Novikoff hepatoma”.

Other results of this study which should be noted are
as follows: ‘ |

1) ATP stimulated CDP and uDP reduction, but the rate
of reduction in the absence 8f ATP was approximately 20%
of the rate in this presence. oo

2)‘dTTP stimulated CDP.and UDP reduction in the ab-
sence of ATP, but inhibited their reduction in the presence
of ATP. ' _ ﬁ

~3) 4GTP, in the presence of ATP, inhibited CDP and
UDPvréduction. Thiix;esult was not included in tﬁe model
and wasAnot studied further although it agrees with the
results of Moore and Hurlbert. |

| -4) UTP was the only ribonucleoside triphosphate which
gave a a?iaglation of GDP reduction comparable to the stim-
ulation produced by ATTP or d4GTP. HoweQer, théﬂmaximumi

stimulation by UTP was at 1 mM, which was 100 times the
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State 1
(Inactive)
A
dATP
State 3 qrrp dGTP State 4
(ADP, COP, —P ADP
(ADP. uomt (ADP, GDP)
ATP
State 2
(CDP, UDP)

FIG. 1. Model of Larsson and Reichard (1966; ref. 2).
Schematic interpretation of allosteric effects on ribonuc-

leotide reduction.
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Table 2

Model 2: Larsson & Reichard, 1966

-

Ef fects of Nucleotides

Substrate

dTTP dCTP dGTP  dATP  ATP

S (ATP.) 0 I gf
Cbp 1 (atph) -

S (ATP) r
UDP T (aTp*) 0 0 I S
GDP S , 0 S I 0
ADP ” s 0 s I* 0

r = partially required
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A ’
concentration of 4ATTP or 4dGTP required for maximum stimula-
tion. (These findings also were not included in the model,
although we have found that the concentration of UTP in
cultured CHO cells is ca. 2.4 mM.) .

5) Evidence was obtained that different types of bind-
ing sitesnmight exist for ATP and 4TTP.

6) Some of the data strongly suggested that one enzyme
catalyzed the reductions of all four substrates.

7) UDP was a competitive inhibitor of CDP reduction
and vice-versa. This result was obtained in the presence
of ATP which, according to the model, should make the enzyme
specific for pyrimidine nucleotide substrates (;pyrimidine
specific").

8) In the presence of dTTP, GDP competitively inhibi-
ted CDP reduction, even though the model predicts that
dTTP would make the enzyme GDP specific. In the presence
of ATP, which is predicted to make the enzyme pyrimidine
specific, GDP inhibited CDP reduction less than in the
presénce of 4ATTP. According to the model, GDP and CDP -are
reduced by different allosteric states of the énzyme;
therefore, oné would not expect them to compete for reduc-
tidn.

9) The enzyme did not reduge GMP, and was 5% as active

4

with GTP as with GDP.

Model 3
In 1969, Brown and Reichard (3) published the results

of binding studies with purified ribonucleotide reductase
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from E. coli; no kinetic studies were included. They incor-
porated many of the results of their study into the model
shown in Figure 2.

This model is considerably more elaborate than the
one presented in 1966 (Table 2), which was formulated with-
‘out the aid of binding data. Although other data had sug-
gested the existance of different types of allosteric
binding sites, this was the first time that good evidence
- for their existance was presented. For the sake of sim-
plicity the scheme presented (Figure 2) shows only one 1-
site and one h-site per molecule, but in fact there were
two per molecule. The term "h-site" refers to a "high
affinity site"; while "l-site" refers to a "low affinity
site" for the binding of 4ATP. The diésociation constant
of dATP from the h—siﬁe was 50 nM while the vélue for the
l-site was 210 nM.

Other results which should be noted are as follows:

1) h-Sites had a high affinity for dATP, but also
bound 4dTTP, 4GTP and ATP.

2). The removal of one-half the dATP bound to the h-
sites required a 20-fold excess of ATTP or a 5000-fold

excess of ATP.

3) 1-Sites had a low affinity for 4ATP, some affinity

for ATP and no affinity for 4TTP or 4GTP.
4) The enzyme was relatively inactive in the absence
of effectors, in agreement with Moore and Hurlbert's re-

sults with Novikoff hepatoma ribonucleotide reductase (1).



ATP dATP dATP

Pyrimdi
yimdes (? (z) <:5 e
dGTP  ¢GTP ’
Purine \/ é
Specific

dATP dGTP darrp ,
Inactive @ é é é
dATP dATP dATP

FIG. 2. Model of Brown and Reichard (1969; ref. 3).
Scheme for different forms of protein Bl of ribonucleotide
reductase. The h-sites (specificity sites) are represented
by circles, the l-sites (activity sites) by squares. For
convenience only one site of each class is depicted. Thev

arrows show transitions between active and inactive forms.
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This differé from Reichard's opinion in 1965 when he stated
"The ATP requiremernt was not absolute and was more pro-
nounced at the lower CDP concentration" (4). This differ-
ence may only be a matter of degree, since no numbers were
presehted.

5) With one exception, all the inhibited states of the
enzyme had 4dATP bound to the l-gites. The exception occur-
red wheﬁ dTTP was bound to the h-sites and ATP to the 1-
sites. In contrast, the model of Moore and Hurlbert indi-
cates that this state would preferentially reduce GDP,
since they found that 4TTP stimulated GDP reduction in the
presence or absence of ATP, although less dTTP was required
for maximum stimulation in the absence of ATP.

6) The data indicate that the l-sites probably regu-
late the level of activity of the enzyme, while the h—.

sites regulate substrate specificity.

Model 4

In 1976, von nglen and Reichard (5) published further
binding studies with ribonucleotide reductase from g;_ggli,
this time dealing with substgate binding; some kinetic ex-
periments were also done. The study was complicated by the
fact that the reductase'preparation was contaminated with
kinase activity which, inlthe presence of nJEleoside tri-.
phosphates, converted the added substrates to triphosphates.
Therefore, various nucleoside triphosphate analogues were

used as allosteric effectors. In kinetic studies with



the reductase it was found that these analogues affected

the reaction in ways similar, but not identical, to the
natural effectors. Thus it was found that a 10-fold higher
concentration of dAMP-P-(CH2)~P could substitute for JATP,
a 6-fold higher concentration of dTMP-P- (CH,) -P could sub-
stitute for dTTP, and a 50-fold higher concentration of
dGMP-P- (NH) -P or a 3-fold lower concentration of 4dGMP-P-P-
(S) could sﬁbstitute for 4GTP. None of the analogues -
tested could substitute for ATP. A second complication was
that in order to prevent utilization of the substrates,‘
only the Bl subunit was used in the detailed binding stud-
ies. Subunit B2 was found to bind neither substrates nor
effectors, while Bl bound both; but showed no catalytic
activity by itself. The use of the B1 subunitkalone-brings
into question the relevance of the results both for the

holoenzyme and for the whole cell, especially since von

DSéblen and Reichard concluded that the catalytic site is

‘constructed from Bl and B2 together.

4

The major findings of this study are described below,
and the results of the kinetic studies are summarized in
Table 3. | '

1) The 4rTP analogue and the d4GTP analogue each low-
ered the dissociation constant (Kdiss) for the binding of
GDP to subunit ﬁl, but neither effector competed with GDpP
for binding. These conditions stimulated GDP reduction.
Low concentrations of the dATP analogue did not affect GDP

reduction and at higher concentrations, which strongly
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Table 3

Model 4: von Doblen and Reichard, 1976

Ef fectors
Substrate
' dTTP dCcTP dGTP dATP
CDP-, S 2 sl S
UDE . S 2 0 S
; 2
GDP | S S I
ADP . s 2 S I

£

t

These experiments were performed in the

absence of ATP or an ATP analogue.

1
binding, wab'measured.

2not included in model.

stimulation of binding and enzyme activity

0n
L}

-~
[}

inhibition of binding and enzyme activity

Q
0

= no effect

Effect on enzyme activity, but not substrate

200



inhibited GDP reduction, GDP binding was only slightly
decreased.

2) The dATP analogue and the dTTP analogue each low-
ered the Kdiss for the binding of CDP to subunit Bl1, and
also stimulated the reduction of CDP.

3) At low conceng}ations the 4TTP and the Ji. analog-
ues each increased the binding of ADP to subunit +.  .e.,

the K was lowered). These conditions also stim:lated

diss
ADP reduction. The dATP analogue had no effect on ADF
binding at low or high concentrations. This is not consi -
tent with the model of Brown and Reichard (Model 3) which
predicts that low concentrations of dATP will bind to the
specificity sites and made the enzyme pyrimidine specific,
whereas high concentrations will bind to both the speci-
ficity and activity sites and inhibit the enzyme completely.

4) No S-shaped binding curves were‘observed indic%ting
lack of cooperativity for the binding of allosteric>effec-
tors.

5) CDP and GDP competed for the same sites on Bl. This
result agrees with that of Larsson and Reichard (2) in 1966.
These experiments were carried out in the presence of the
dTTP analogue which should have converted the enzyme to a
GDP specific state. It has been demonstrated that the en-
zyme is inactive in the absence of a positive effector;
therefore, the 4TTP analogue must be bound to the enzyme

but it raises the question why CDP can bind to the enzyme

if it is GDP specific.
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6) It was not possible to demonstrate simple competi-
tion between ADP and GDP although the presenge of one sub-
strate decreased the binding of the other.

7) The Scatchard plots indicated two binding sites
each for CDP and GDP, but the plot suggested at least 4
binding sites for ADP, although it is possible that the ADP

was binding to some effector sites as well as substrate

sites,.

Model 5

Reichard published the next model for the regulation
of ribonucleotide reductase in 1978, in a review (6). The
essential ingredients of the model were described using
the following three.schemes: Figure 3 depicts the physi-
cal make-up of the enzyme; showing the subunit construc-
tion and the location of the allosteric effector binding
sites and of the substrate binding sites. Figure 4 shows
the different allosteric forms of the E. coli reductase,
while Table 4 shows the model presented for the regulation
of ribonucléotide reduction in cells.

It is important to note the differences between the
model presented in 1969 (3) and the one presented in 1978.
Substantial changes occurred over that period although no
data were presented to eiplain the changes. The differ-
ences in the models are as follows.

1) In the 1969 model (Figure 2), the l-sites.(activity

sites) could either be occupied by ATP or dATP, or left
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Substrate
Spaeciticity
(ATP, dATP,
dTTP, dGTP)
B1-Subunit
Activity
(ATP, JATP) SH
SH SSH
l\r/L
Fe3+* Fe3+ B2-Subunit

FIG. 3. Model of Reichard (1978; ref. 6). Model of

E. coli ribonucleotide reductase.
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J

FIG. 4. Model of Reichard (1978; ref. 6). Main allos-
teric forms of ribonucleotide reductase. Binding of ATP to
"activity sites" (m) results in catalytically active forms
of the epzyme. The substrate specificity of these forms is
determined by binding of effectors to "specificity si-es"
(@). Binding of dATP to "activity sites" gives an inactive

dimer.



Table 4
Model 5: Reichard, 1978
Effecfs of Nucleotides
Substrate
dTTP dcTpP dGTP dATP ATP
Chp I (0] 0] I S
UDP I 0 0 I S
GDP S 0 (¢] I S
ADP 0 0] S I S
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¢ : .
unoccupied. All the states with the l-sites unoccupied

were active. 1In the 1978 model the l-sites were always
occupied, either by ATP or AATP.

2) In the 1969 model, dATP, ATP, dGTP, or dTTP com-
pleted for the h-sgsites (specificity sites) on the active
forms of the enzyme. In the 1978 model, dATP was not in-
cluded as a competitor for the h-sites on the active forms
of the enzyme, but was ihcluded as an h-site competitor
on the inactive form -of the enzyme although it was not
really important which effector occupied the specificity
sites on the inactive form of the enzyme. The omission of
dATP as a competitor for the gpecificity sites 6n the
active enzyme is inconsistant with the data which shows
that 4ATP competes well for the h-sites; for example, the
Kdiss'for dATP was 50 nM, and for dTTﬂ was 300 nM (3). As
well, in the 1969 model occupation of the h-site by d4ATP
cauéed the enzyme to reduce pyrimidines specifically.

3) The final difference in the models involves the
activity of the enz yme when 4TTP occupies the h-sites and

ATP occupies the l-sites. 1In the 1969 model this form of

the enzyme was inactive, whereas in the 1978 model this .

»

form specifically.reduced GDP,

One futther point concerning the 197% model is that
Reichard used it to explain the results of expériments,ip
mammalian cells in which deoxyribonucleotide pool size
changes had occurred, even though the model developed from

experiments with E. coli ribonucleotide reductase.
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One possible explanation for the differences between
the‘1969 and the 1978 models is that the 1978 model may
have been influenced by the results of experiments using
intact cells. For example, using the 1969 model, one would
bredict that an increase in 4ATTP in intact cells coula
cause either an increase or a décrease in 4dCTP, depending
on the ATP concentration. Herver, in 1973 Bjursell and
Reichard (7) published results demonstrating that treatment
of Chinese hamster ovary cells with thymidine resu ed in
an 18-fold increase in dTTP and a 30-fold decrease in dCTP/
Perhaps results such as these influenced Reichard to modify
his model to conform more closely to the available intact

cell data.

Model 6

In 1979 Eriksson, Thelander and Akerman (8) published
the results of a study of the allosteric regulation of calf
thxgus ;ibonucleotidelreductase. ‘This w;s the first thor-
ough‘stqdy of the fegulation of a purified mammalian ribo-
nﬁcleotf&e reductase since the work of Moore and Hurlbert
in 1966 (1). The enzyme preparation used in Eriksson et
al.'s study contaiﬁed no detectable phosphatase activity
and only tréce amounts of kinase activity.

R

Their model is summarized in Table 5, and the main
results of their stu are as follows.

1) The reduction of ribonucleotides required the pres-
ence of a positive allosteric effector. No deoxyribonuc-

leotide formation could be detected in the' absence of an



Table 5

Model 6: Eriksson, ‘Thelander & Akerman, 1979

Effects of Nucleotides

Substrate
dTTP  dCTP  dGTP  dQATP  ATP
CDP I 0 I I s
uDP I 0 I I s
GDP s 0 I I s”*
ADP o o0 s I s

* : .
ATP was an activator only in the presence of

dTTP.
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effector, even with high ribonucleotide concentrations.

2) The reduction of CDP specifically required ATP,
with optimal concentrations of 2 to § mM.- Other triphos-
phates, e.g., 4ATTP, 4GTP, dATP and 4CTP, did not substitute
for ATP;‘ |

3) In the presence of 1 mM ATP, CDP‘reduction was
inhibited by dATP, 4TTP, and dGTP, but not by dCTP. dATP
was the most effective inhibitor, while inhibition by 4TTP
and 4dGTP was not evident at high CDP concentrations, but
became pronounced #t CDP concentrations close to the Km
(30 pM). (We have found that the actual concentration of
CTP in CHO cells is 1.2 mM, and the concentration of CDP

is 0.03 to 0.1 fold that of the CTP.)

4) The redﬁction of UDP required ATP; again, optimum
concentrations were 2 to 5 mM.

5) In the presence of 1 mM'ATP, UDP reduction was in-
hibited 50% by 5 pM AATP or by 100 yM 4TTP or d4GTP.

6) Reduction of GDP required 4TTP while other triphos-
phates (e.g., dATP, 4GTP or d4CTP) had no effect as posi-
tive effectors. (In the presence of 4dTTP, ATP was an
activator.) |

7) GDP reduction was inhibited 50% by 1 pM_dATP, in
‘the presence or absence of 4TTP, or by 50 yM dGTP. (We
ﬁave‘found that the actual concentration of 4GTP in CHO
éplls is ca. 10 pM.) .

| 8) The reduction of ADP specifically required AGTP.
ATP, 4dATP, ATTP and A4CTP showed no effect as positive ef-

fectors. A4GTP plus ATP gave a 2-fold higher activity than
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dGTP alone.

9) ADP reduction was inhibited 50% by 50 pyM 4ATP in
the presence of 4GTP plus ATP, or by 300 UM dATTP. These
results differ from Moore and Hurlbert's results Qith
Novikéff'hepatoma reductasé f% which 4TTP stimulated ADP
reduction. Reichard's 1966 model showed a stimulation of
ADP reduction by dTTP but his 1978 model did not.

10) The presence of ATTP at 20 pM and ATP at 1 ﬁM
allowed the reduction of both CDP and GDP, This disagrees
with Brown and Reichard's i969 model in which these condi-
tions produced an 'inactive enzyme. It alsé disagreeé with

+

Reichard's 1978 model in which these conditions produced
a GDP-specific enzyme.

11) GDP and CDP competed for the same catalytic site,
This experiment was carried out in the preseﬁce of 4TTP
and ATP which allowed reduction of both GDP and CDP. A
Lineweaver-Birk plot showed competitive inhibition of cpp
reduction by GDP. The fact that GDP and CDP competed for
reauction is evidence that one enzyme state reduced both
substrates, and not that two states existed, one specific
for CDP and one for GDP.

12) The reductase was 10% as active with CTP as sub-
strate as with CDP with each compound at 500 AM. However,
we have found that in CHO cellé the ratio of CTP to CDP
is more than 10 to 1. Further study is required to estab-

lish the identitiy of the substrates for the reductase in

vivaq.
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Eriksson et al.'s model is very similar to Reichard's
1978 model, although the féllowing important difference
should be noted: Reichard's model did not show inhibition
of CDP, UDP or GDP reduction by dGTP, while Eriksson et
al.'s did. It should also be noted that both models repre-
sent a selection of the data; for example, Eriksson et

al.'s madel did not include inhibition of ADP reduction by

dTTP although they found this to occur.

Model 7
In 1979 Thelander and Reichard (9) published another

model forfthe regulation of ribonucleotide reductase 5
in intact cells. The model was presented in a review

- which contained little new data, yet it was different

from- Reichard's 1978 model and from Eriksson et al.'s 1979
model. The new model appears to be a composite of the
other two models for E. coli and calf thymus ribonucleotide
reductase. In fact the authors state .Eﬂ vitro, the acti-
vity and substrate specificity of the reductases from E.
coli and mammalian sources behave similar (sic) towards
allosteric effectors. The data can be integrated into a
scheme that links ribonucleotide reduction to DNA synthe-
sis.”™ It appears that this new model is meant to describe
the behaviour of both E. coli and calf thymus ribonucleo-
tide reductases. Thi; model is shoﬁn-in Figure 5 and

Table 6.

Although most of the models for the regulation of
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Substrate
Specificity
(ATP, dATP,
dTTP, dGTP) h-Site
lB1-Subunlt
B2-Subunit

FIG. 5. Model of Thelander and Reichard (1979; ref.

9). Model of ribonucleotide reductase’ from E. coli.
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Table 6

"Model 7: Thelander & Reichard, 1979

Effects of Nucleotides

Substrate
dTTP dCTp dGTP dATP ATP
CDP I 0] I I S
UDP I ) i I S
GDP S 0] i I S

*  ADP ) o) S I S
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deoxyribonucleotide synthesis in vivo or in intact cells
have come‘from Reichard's group, other models have been
proposed which are based to varying degrees on either
Reichard's models or Moore and Hurlbert's model. The con-
tributors of these "second gene}ation" models to fhe ribo~
nucleotide reductase story are sufficiently important to
justify dicussing their development separately from the

evaluation of Reichard's models.

Model 8

One such model was proposed by Werkheiser et al. in
1973 (10) (Table 7). It was based very loosely on both
the 1969 model of Brﬂwn and Reicﬁaﬂﬁ and the model of
Moore and Hurlbert. \ ‘

The following details of the model should be noted:

1) The model is an open steady~state system sych that
the concentrétions of CDP, UDP and ADP are constant, and
the product, DNA, is an irreversible sink.

2) The synthesis of 4CTP, d4TTP, dATP and d4UMP is regu-

lated by feedback inhibition of ribonucleotide reductése,

.

which is represented as three separate enzymes. .

3) The metabolism of guanine nucleotides is not in-

cluded in the model.

4) Ribonucleotide reductase has a constant Vm for

ax
each substrate.

Obviously, there are large differences between this
model and any of the models proposed by Reichard or Moore

and Hurlbert., The major differences are as follows:
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Table 7
Model 8: Werkheiser et al., 1973
Effects of Nucleotides
Substrate ‘

dUMP dTTP dCTP dGTP dATP ATP
CDP I
UDP I G
GDP *
ADP I I

*
Not included in model.



1) Werkheiser et al.'s model does not include stimu-
lation of ribonucleotide reductase, either by deoxyribo-
nucleotides or by ATP.

2) This model does not include the reduction of GDP,

' nor the effects of dGTP on other reductions.

3) This model includes only oneAinteraction_between
different families of deoxyribonucleotides.

4) It includes a feedback inhibition role for 4CTP
and 4QuUMP,

5) One final important difference among the models is
that Werkheiser et al.'s model treats ribonucleotide reduc-
tase éé three seps “t¢ .nzymes, and hence does not include
an inhibition of re... *ior by substrate competition for a
siqgle catalytic site, “he models of Reichard and Moore
and Hurlbert include this feature.

Werkheiser et al. recognized these differences and
stated that the true pattern of feedback .inhibition was
probably quite different from their model. Nevertheless,
they.uséd thei: model to predict the effect of pairs of
drugs on DNA synthesis, ahd therefore on growth rate. All
the drugs used were specific inhibitors of deoxyribonucleo-
tide or DNA synthesis. They compared their results with
the results obtained by Grindey and Nichol (11) in cultured
L1210 cells, and concluded that 'Tﬁe over-all agreement is
good and suggests that this model does .n some sense mimic
actual events in the intact cell." They also noted that

the deoxyribonucleotide pool size changes predicted by their
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model agreed with some results of other researchers using
intact cells. It is interesting that although this model
is very simple and quite different from Reichard's models
it still appears to mimic the situation in intact cells.
Nicholini et al. (12) have used Werkheister et al.'s
model to analyze the effects of combinations of the anti-
metabolites, hydroxyurea, FUdR, ara-A, éra~c and methotrex~
ate, on deoxyribonucleoside triphosphate concentrations.
Their study was limited to computer modelling and unlike
Werkheiser et al.'s study (10), did not includé a compari~-
son of the results generated by the computer model with

results obtained in cultured cells.

Model 9

In 1975, Grindey, Moran and Werkheiser (13) published
a much more complicated version of_their previous model;
this is summarized in Table 8. This model resembles more
closely the models of Moore and Hurlbert and Reichard then
did Werkheiser et al.'s 1973 model. The major differences
between this new model and Reichard's models are as follows:

1) Grindey et al.'s model represents\the reductase as
four separate enzymes.

\\\?) The model includes dCMP deaminase, which is stim-

ulated by dCTP and inhibited by 4TTP.

3) ATP does not act as a general activator of all
reductions or as a 'specific activator of pyrimidine reduc-

tion.
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Table 8
Model 9: Grindey, Moran & Werkheiser, 1975
Effects of Nucleotides
Substrate
dUMP dTTP dCTP  d4GTP dATP ATP
CDP I I 0 I I (0]
upp I I (0] I I (0]
GDP (0] S 0] I I 0
ATP 0] ) 0] O I 0]
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As with Werkheiser et al.'s 1973 model, this model was
used to predict the effects of pairs of drugs oﬁ DNA syn-
thesis and thus on cell growth. The results compared very
- well with the results obtained in cultured L1210 cells by
Grindey and Nichol (11). In a few cases this new model
predicted drug effects better than Werkheiser's original
model, but in most cases there was little room for improve-
ment. Therefore, both very simple and more complicated

models could be consistent with data from intact cells.

Model 10

The most comprehensive mathematical modkl of cellular
metabolism to date has been developed by Jackson (14). The
entlre model includes 63 reactions which have been grouped
wnder the 'ieadings of "folate dependent reactions", "re-
actions of nucleotide metabolism"™ and "reactions involving
membrane transport and activation of drugs". The portion
of, the model dealing with ribonucleotide reduction is sum-
mafized in Table 9. This part of the model is based on
the model of Moore and Hurlbert, althoﬁgh the following
differences should be noted: |

1) Jackson included one result of Moore and Hurlbert

which they had not included in their model. That is, Jack-

son defined low and high concentrations of 4TTP as activat-

w

ing and as inhibitory, respectively, for GDP reduction,

whereas Moore and Hurlbert included 4TTP only as an acti-

vator.



-Table 9

Model 10: Jackson, 1980.

Effects of Nucleotidés

Substrate , A
aTTP  4dCTP  dGTP  dATP  ATP

CDP I 0 I I 1 0

UDP *

GDP s/1** 0 I I 0

s I 0

ADP S 0]

*Not included in model.

*%
4TTP was defined as an activator at low

concentrations and an inhibitor at high concen-

trations.



2) Jackson represented ribonucleotide redgctase as
three separate enzymes, thus omitting substrate competiti-
tion, whereas Moore and Hurlbert included substrate inhibi-
fion. ‘

3) Jackson omitted UDP reduction as a source of dTTP.
All ATTP was thus derived via dCMP deamination.

4) He did not include ATP either as a general acti-
vator of all reductions or as a specific activator of pyri-
miaine reduction. -

5) One final point which cléarly distinguishes this
model from either the Moore and Hurlbert model or the
Grindey et al. model, is that GDP and ADP reduction obey
Michaelis-Menton kintetics. Thus at substrate concentra-
tions which are similar to or 1es§ than the Km, the rate
of the reacéion is propq;tional to the substrate concentra-
tion. For simplicity, the CDP concentration was maintained
in a steady state. This is the firstJmodel in which the |
law of mass action plays a role in regulating ribonucleo-
tide reduction.

Jack son Gsed-this model to predict deoxyribonucleo-
tide pool sizes and cell growth rates, in cultured N1S1
cells, follo;ing drug treatment. The qualitative agree-
meﬁt of the model with the data from intact éells was ex-
cellent but the quantitative agreement was not good. 1In
‘two of the tests the model was qualitatively incorrect an@i;
the aut@or pointed out that this could be a result of errqté

either in the rate equation itself, or in the kindtic para-
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meters of the reductase as determined by Moore and Hurlbert.

Summary and Conclusions

Models 1 to 7 can bé described as "first-generation"
models in that they are based mainly Bn enzymological stud-
ies of ribonucleotide reductase. Models 8 to 10 .can bé
termed "secqnd-generation' models in that they are based to
varying degree§ on the "first-generation” models, and as
well on the results of studies in intact cells, Finally,
there are other madels which are not discussed here, but
which are best described as "illegitimate" in that they
claiﬁ to be derived directly from a "first-generation"
model, but in fact are misrepresentations of these models.
= In order to compare the differences and éimilarities
among the ten models described above more easily, Tables 10
to 13 consider each of the four ribonucleotide reduction
reactions séparately. As these Tables illustrate, the
models often disagree on the effects of a given nu | >tide
effector on a particular’reaction; however there are excep-
tions. For example, with one exception, all the m?dels
agree that 4CTP has no effect on the reduction of any of
the substrates. As well, ATP is not an inhibitior of any
of the reactions,.wﬁile\dATP is always an inhibitor of ADP
and GDP reduction and usually an inhibitor of CDPp and UDP

. ‘

reduction as well. In the majority of the models, dTTP is

an inhibitor of CDP and UDP reduction and a stimulator of

 GDP fgduction, but never an inhibitor of ADP reduction.

e
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Téble 10

Effects of nucleotides on CDP Reduction

Nucleotide
Model *

dTTP dCTP dGTP JdATP  ATP
1 I 0 0 I sR
" 1 (aTel) 1 (ael) | oF

S (ATP ) S (ATPT)
3
4 S N.D. S S N.D.
5 I 0 0 I S
6 I 0 I I S
7 I 0 I I S
8 o 1 0 0 0
9 1 0 I I 0

/

10 / I -0 I I 0 Y

4% N.D. - not éétermined 7

N, -
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Table 11

Effects of Nucleotides on UDP Reduction

Nucleotide
Model
dTTP dCTP  dGTP  dJATP  ATP
1 I o) I I s
- »
2 i ::gl‘} ; 0 0 I s
3
4 s N.D. O S  N.D.
5 I 0 0 I S
6 I 0 I I S
7 I CB 0 I I S
8 I o 0 0 0
9 I 0 I I 0
10 * * * * *

*
UDP not included in model.
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Table 12

Effects of Nucleotides on GDP Reduction

Nucleotide
Model
dTTP dCTpP dGTP dATP ATP
1 S 0] I I S
2 S 0} S I o)
3
4 S N.D. S I N.D.
5 S 0] 0 I S
6 S o I I s
7 S o I I S
a 8 * * * * *
9 S 0] I I 0
10 s/1l 0 I I 0 .

*
Not included in model. .

1dTTP was defined as an activator at low con- \

centrations and an inhibitor at high ones.



Table 13

Effects of Nucleotides on ADP Reduction

Nucleotide
Model
dTTP dCTP  dGTP dATP ATP
1 S o] S I 0
| 2 S o] S I o]
3
4 S N.D.. s I N.D.
5 o} o s I S
6 0 o} s I S
7 o] o] S I S
8 0 o} o I 0
9 0 o] S I o]
10 S 0 S I 0

226
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Finally, 4GTP is almost always a stimulator of ADP reduc-

tion. Nevertheless, the amount of disagreement among these
models demonstrates thé need for further study. Aside from
settling the above disagreements there are other enzymolog-
ical questions which need to be answered, such as: "what

is the effect of varying the concentration of one effector
then all the known effectors are present at physiological

concentrations?" Previous enzymological studies have only

dealt with the effects of the presence of two effectors, at

most.

EVALUATION IN INTACT MAMMALIAN CELLS

Four types of evidence have been adduced to support the
idea that one or another enzymological model of ribonucleo-
tide reduc;ase regulation is indeed applicable to deoxyribo-
nucleotide synthesis in intact mammaliah cells. These are
the following:

1) The toxicity of purine or pyrimidine deoxyribo-

nucleosides. The toxicity of thymidine, deoxyadenosine,

deoxyguanosine, etc. often are "explained" on the basis of
models of ribonucleotide reductase regulation. Thus if the
added deoxyribonucleoside is converted to the triphosphate,
if the concentrafion of the triphosphate is elevated, if
the additional triphosphate inhibits ribonucleotide reduc-
tase in the cell, if the synthesis of &nother deoxyribo-

nucleoside triphosphate is blocked as a result, and if the

227
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concentration of this triphosphate becomes limiting for DNA
synthesis (or if DNA synthesis is inhibited due to an im-
balance in concentrations of different triphosphates), then
one could conclude that such toxicity provides evidence for
the models described above.

At least in the case of purine deoxyribonucleoside
toxicity (review: 15),‘the full chain of events has not
been demonstrated, and in lieﬁ of this all one can conclude
is that deoxyribonucleoside tokicity is consistent with
these models-(or at least potentially consistent because
of differences among them). At the present time observa-

tions of toxicity by themselves constitutes no proof of the

models whatsoever.

2) Protection against deoxyribonucleoside toxicity by.

deoxycytidine. In many cases, purine and pyrimidine deoxy-
ribonucleoside toxicity c:1 be pfevented by simultaneous
addition of deoxycytidine and sometimes of other deoxyribo-
nucleosides as well (alone or in combinations) (review: 15)2
Again, if the toxigity is in the first place in accord with
one or another modéi of ribonucleotide reductase regulation,
as described above, then concentrations of dCTP may “fall
and this may lead to inhibition of DNA synthesis. The ef~-
fect of the added deoxycytidine, if it replenishes 4CTP
pools and thefeby circumvents the inhibition of ribonucleo-
tide reductase, would be in agre@ment with some or all of

the mbdels described above.

oy AR A S A e s s e e
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Again, however, this whole chain of events hés not
been demonstrated, and alternative explanations are pdssi—
ble. All one can conclude is that deoxycytldlne protection
is consistent with the models. At the present time, obser-
vations of deoxycytidine protection by themselves consti-

tute no proof of the models.

3) Studies of the synthesis of radioactive deoxyribo- -

nucleotldes from labeled ribonucleotides. To elevate the

concentrations of individual deoxyribonucleopide triphos-
phates in a controlled and quantifiable fashion, and then .
to study the rates of reduction of all four radioactive
rlbonucleOSLde diphosphates in intact cells would provide
the most direct and clear cut evidence for or against any
of the models of ribonucleotide reductase regulation. Un-
fortunately, this approach is technically difficult to do
well, and it has been attempted only in a few cases (16,

review: 15) the results so far have not been conclusive,

4) Studies of the concentrations of deoxyribonucleoside

- - -

triphosphates. Relatively recent improvements in the meth-

odology of deoxyribonucleotide measurements have led to a
number of studies in which the concentration of one deoxy-
;r;ponucleoside triphosphate has been altered (usually incre-
;éed) by one or another technique, the concentrations of

one or all of the other triphosphates have been measuredt

and the results obtained have been compared with one or

another of the models of ribonucleotide reductase regula-

-~
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tion described above.

Complications and Assumptions

Though some useful data has been gathered in studies
such as those mentioned above, a number of real or poten-
tial complications often have not been taken into account.

1) The differences among the various enzymological
models of ribonucleotide reductase regulation usually have
neither been recognized, nor the consequences of having
multiple models found.

2) In order for these data to be used to test the

model, the data themselves should be evaluated using the

following criteria:

a) Ail the deoxyribonucleoside triphosphate pools
should be actually méasured. Often it is assumed that, for
example, addition of AdR or GdR to cells results in an in-
crease in dATP or d4GTP, respectively (16). This is not wi?“
true in CHO-K1l cells Qhere AdR and GdR are readily convert-
ed to ATP and GTP resbectivelyz(D. Hunting and J.F. Hender-
son, unpublished).

b) All the ribdhucleggide triphosphate pools should
be measured. ATP plays an important role in the ribonuc-

leotide reductase modeléxdeveloped by Reichard by regulat-
ing both the general activity of the enzyme and the sub-
strate specificity. Therefore, any test of the model must

consider the possible effects of changes in ATP. As well,

the possibility that changes in the other ribonucleoside
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triphosphate pools affect the deoxyribonucleotide pools

should be considered.

c) In long term experiments under growth inhibitory

conditio_;_j

shouldf§§;;‘ gt;cause shifts may occur, and cells in
dlffegé}i e
rlbonucleot 5’4& SLzJi (17; J.F. Henderson, unpublished).

3) As mentf%ned above, the most commonly used appro-
ach to the evaluation of models of the regulation of ribo-~
nucleotide reduction using intact cells is to measure con-
éentrations of the deoxyribonucleoside triphosphates when
the pool size of one or another of these is deliberately
perturbed. 'This approach, however, really involves an
important underlying assumption, namely that deoxyr ibonuc-
leoside triphosphate concentrations reflect the rates of
ribonucleotide reduction and thfs process only. In order
for this to be true, three conditions must be met.

a) The rates of deoxyribonucleoside diphosphate phos-
phorylation must be equal to or greater than the rates of
ribonucleotide reduction.

b) Deoxyribonucleotide catabolism must not compensate
for changes in the rate of ribonucleotide reduction.

c) Deoxyribonucleotide consumption, via DNA synthesis

or via catabollsm, must be constant and must be sufficient

-

to cause a trlphOSphata pool to decline if its synthesis
is inhibited. Obviogsly if the rate of deoxyribonucleo-

tide consumption responded immediately to decreases in

-

iR e WO e ranas
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the deoxyribonucleotide pools then large drops in pool
size would not be‘observed.

These basic assumptions have not been tested directly,
though there is some evidence available that peftains to
l each. Assumption a) seems reasonable in view ofdthé fact
that the deoxyribonucleoside diphosphate concentrations
are a fraction of the triphosphate concentrations in cells,
indicating that the equilibria favour the triphosphates.
Furthermore, radloactlve precursors such as [3H]TdR and
(3 H]CdR are readily phosphorylated to the triphosphate
level, with less than 108 of the label being present as
diphoséhates.

We were unable to find published evidence relating to
assumption b), and further study is required. We have
found, using pulses of [3H]CR and [3H]UR, that deoxyribo-
nucleosides do not accumulate in cells or in the medium
either under control conditions or wheh-the cells are pre;
treated with thymidine to perturb the deoxyribonucleotide
pools.

There is good evidence that assumption c) is justified.
Bjurséll and Reichard have found that although the rate of
DNA synthesis in S-phase CHO cells declined as the size of
the dCTP pool declined during thymidine treatment, DNA syn-
thesis continued even when the d4CTP éool had decreased’by
87% (7). Also, CHO cgf&s continue to multiply, and there-
'fore to'synthesize SNA, even when the 4CTP pool is 3% of

control values (D. Huntiﬁg and J.F. Henderson, unpubliéhed). .

o
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The Experimental Evidence

With these caveats in‘mind, it is now possible to re-
view and evaluate critically the available experimental evi~
dence that relates measurements of deoxyribonucleoside tri-
phosphate concentrations to models of ribonucleotide reduc~
tase regulation. In the following discussion, the model of

Thelander and Reichard (9) has been taken as the basis of

comparison,

Lowe and Grindey (18) found that in L1210 cells treat-
ed with thymidine an inc;gase in dTTP corresponded to a de-
crease in dCTP, but the dCTP éonc'ntration leveled off at
ca. 708 of control values and remained constant up to the
maximum value for 4TTP achieved (500% of control). They
found that a 4GTP concentration of 150% of control corres—
ponded to a 4TTP concentration of 300% of control, Further
increases in 4TTP, up to 500% of contral, had no further
effect on‘dGTP. Although these results appear fo agree
with the model, it should be noted that these experiments
were long~term, under growth inhibitory conditions, and
ribonucleoside triphosphate concentrations were not meé~
sured. .

Gfith$§§§ al. fl9)eobtained similar results with
CCRF-CEM cells treated with thymidine (21). They found
that a ATTP concentration of 800% of control corresponded
to a 4CTP concentration of 58% of control, a dGTP concen-
tration of 500; of control, a 4ATP concentraé&Sn of 380%

of control and an ATP concentration of 245% of éomtrol.
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Unfortunately the increases in ATP and AATP make interpre-
tation of the results difficult‘beceuse Reichard'snmore
receht rioonucleotide reductagse Models state that it is the
ratio of ATP/JATP that determines the overall activity of

the enzyme, but as well, an incréase in ATP is predicted to

increase pyrlmidine reduction (6,9). Pool size measurement

>

in these experiments were made after 45 hours under growth

inhibitory conditions.

Tattersall et al. (20) using PHA-stimulated human

— c——

blymphocytes.treated with thymidine, found that a dTTP con-
centration'of 600% of control corresponded to a dCTP con-
centration of 65% of control, a dGTP Concentration of 118%
of control and a 4ATP concentra%ion of 0% of controlr
These results.do not agree weli with the model. The dras-
.tic oecrease in the d4ATP concentration in pqrtlcular is
not explalned by the model. W1th deoxyadenosine treatment
‘they found that a copcentration of dATP of 570% of control
corresponded to’ a dTTP concentratlon of 22% of control and
- gCTP and dGTP concentratlons of 0% of contrgl These re-
;zns agree with the model. Treatment w1th deoxycytldlne
increased the dCTP pool to 89'~'pf control and had no
effect on the other deoxyrlbogicleoside trlphosphate pools.
Again, these results agree with the model w?;ch a381gns no
regulatory role to dCTP. The treatment t in these ex-
‘periments was one hour, therefore signifi;: cell syn- |

chronization could not have occurred- hoﬁévet, ribonucleo-

. tide concentrations were not measured.

R .
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Lowe et al. (21), using L5178Y cells treated Qith .
deoxyadenesine plus deoxycoformycin, found that 4ATP coh-
centrations of 400% of gonerol corresponded to d4CTP conc;n-
trations of 45% of control and dGTP and ‘dCTP concentrations
of 100% of contﬁgl. Ribonucleoeide Friphosphate‘pools were
unchanged. These result’s do not agree with the model which
predicts an increase in dATP to inhibit reduction of all
substrates. THese data were obtained ysing short-texrm %n-
cubations under growth inhibit ry .onditions. The cell

cycle distribution, as measured by S&ow cytofluorometry,

had not changed significantly. -
1

Conclusions

Some experimental results appear to be consistent
with the predictidhs of one or another model of the_regﬁ¥

lation of‘ribonucleotide reductase based on enzymological

»

studies. However, not all of the data fit these models,

and the ba31s and significance for these dev1at10ns are not

yet known. The extent to which any of the médéls accurate-

’;ﬂ
N '% ly portray the actual mode of regulatlon of ribonucleotide.
? ?" reduatase in intact cells has yet to be determlned

& ’ - ,'p\‘.
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CHAPTER 8

EFFECTS OF ALTERED RIBONUCLEOTIDE CONCENTRATIONS
ON RIBONUCLEOTIDE REDUCTION IN INTACT

CHINESE HAMSTER OVARY CELLS
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. INTRODUCTION

The reqgulation of the enzyme ribonucleotide reductase
(ribonucleoside diphosphate reductase, E.C. 1.17.4.1) and
the regulation of ribonucleotide reduction in intact cells
has been thought of mainly in terms of allosteric inhibition
or stimulation by.deoxynucleos@de triphosphates (reviews: 1,
2). Several lines of evidence, however, indicate that ribo-
nucleotide concentrations may also influence the rate of
ribonucleotide reduction, whether in intact celis or puri-

fied enzyme’ preparations.

ggical studies have shown that

ATP stimulates ribonucleotide réﬁthase activity, mostly

First, a number of enzymo

with respect to the reduction of CDP and UDP. . Thus, Moore
and Hurlbert found that reduction of CDP, UDP and GDP was
stimula;ed by ATP (3), while Larsson aﬁd Reichard observed
stimulation of CDP and UDP reduction by ATP (4). Tbe
stimulation of pyriﬁidine reduction by ATP was also included
in the models of the regulation of this enzyme proposed by 45%
Reichard (review: 1) and by Thelander and Reichard (5).
The only other ribonucleotide which, based on. enzymological
studies, aéfects ribonucleotide reduction is UTP; in one
study (4) it wa's fownd to stimulate the reduction of GDP.
Studies of. ribonucleotide reductase have also shown
that whereas dATP was an inhibitor of the reduction of all

four substrates, this effect could be overcome by ATP.
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Reichard has therefore proposed that the enzyme contains an
allosteric "activity" site that binds either ATP or JATP
(1). : .

Another type of evidence for the role of substrates in
the regulation of ribonucleotide reduction is provided by
competition experiments between subsﬁrates. Thus Larsson
and Reichard, using purified E. c011 reductase, found that
UDP was a competitive 1nh1b1tor of CDP reduction and vice-

. &,\

versa, while GDP was. a. ‘competitive inhibitor of CDP reduc-

tion (4). As well, wEriksson et al. using purlfled calf
thymus reductase (6), and von Ddblen and Reichard using
purified E. coli reductase (7), found that CDP and GDP com-
peted with each other for the same catalytic site. There-

fore, even in the absence of other effects, one might expect

that an increase in the concentration of one substrate

could increase its rate of reduction while inhibiting the

reduction of other nucleotides.

In addition, the apparent Michaelis constants for the
four ribonucleoside diphosphate substrates are in the range

of intracellular concentrations of these nucleotides. Thus

Km's of 20 to 80 pM and 40 to 100 HM have been reported for

enzyme preparations from Novikoff hepatoma (3)¢ E. coli (4),
and calf thymus (6), respectively, while values for ribo-

nucleoside diphoéphate concentrations have been reported to
Jary from 30 to 1700 pM (review: 8). It is therefore p0351-

ble that mass action plays a role in determining the rate
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of ribonucleotide reduction in intact cells, especially if
nucleotide concentrations are altered by drug treatment.

Studies of some drugs that lower concentrations of
certain ribonucleotides (methotrexate (9) , mycophenolic
acid (10), 6-methy1mercaptopurine ribonucleoside (11})),
‘'showed that concentrations of the corresponding deoxyribo-
nucleotide(s) were also reduced.

Finally, while studying the allosteric regulation of
ribonucleoside reduction in intact cells, we noted that
some deoxyribonucleotide triphosphate pool size changes
did not correlate with changes in other deoxyribonucleoside
triphosphaté‘pools, but did seem to correlate with chanc s
in the corresponding ribonucleoside triphosphgﬁe. This
prompted further investigations to aeterminé ?ﬁe effect
of changes in each ribonucleoside triphosphate concentra-
tion on the concentration of the corresponding deoxyribo-

nucleosideftriphosphate. The results of this study are

pPresented here.
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MATERIALS AND METHODS

(3H1aaTP, 11 Ci/mmol, [3H]dTTP, 14 ci/mmol, [3H)acTe,
16.8 Ci/mmol, and [3H]dGTP, 15 Ci/mmol, were obtained from
ICN Pharmaceuticals, and [8~3H]adenosine, 24 Ci/mmol, from
Amersham-Searle. Poly[d(IC)]) was purchaséd from Miles
Laboratoriés, poly[d(AT)], and non-radioactive purine and
pyrimidine bases, nucleosides, nucleotides and”6~azauridine,
from Sigma Chemical Co. Mycophenolic acid, pyggzéfurin,
3-deazauridine and PALA (N-phosphonoacetyl—L~asparf‘tey
were gifts of the U.S. Natio?al Cancer Institute.

The experimental &pproach used was to manipulate intra-
cellular conéentrations of ribonucleotides using drugs of
high specificity. Conditions were chosen, by trial and
error, such that no significant changes in cell volume or
cell cycie‘distribution occurred. Changes in ribonuéleq@f
side triphdsphate concentrafion were plotted against: the
corresponding deoxyribonucleotide concentration. In order
to determine the temporal relationship of the pool size
changes, changes in ribo- and deoxyribonucleoside triphos-
phate concentrations were plotted against time.

Cell culture. Chinese hamster ovary-K1l cells, obtained

from Dr. G; Whitmore (Ontario Canéer Instituté, Toronto,
Ontario), were grdwn in alpha-MEM medium containing 10%
dialyzed fetal calf serum (Grand Island Biological Co.).™
The cells were grown .in 125 ml bottles on a Model G-2 |

gyrorotary shaker (New Brunswick Scientific Co.) at 200



rpm.\\The average doubiing time was 12 h and the growth
rate was exponential té 0.8~1.0 x 106 cells/ml. The cells
were routinely tested for mycoplasma by the Department of
Medical Bacteriology, University of Alberta, Edmonton,
Alberta,'and found to be negative.

Biological parameters. Cell density and population

volume distribution were determined using a Model Zp
Coulter®Counter equipped with a 100-channel Coﬁlter Channel -
yzer II. The cell cycle distribution was determined by

flow microfluorometry using a Bio/Physics Model 4800A Cyto-
fluorograph equipped with a 100-chag?e1 Model 2100 pulse
height analyzer. The cells were collectéd in a clinical
centrifuge, resuspended to 400,000 cells/ml in 0.05 mg/ml
propidium iodide in 0.1% sodium citrate, and stained for 20
to 40 min on ice. “$ﬂ an;péiven experiment, the staining
time was identical ;6r all the samples.

Cell extraction. ‘°reparation of extracts for nucleo-
7

tide pool size measurement was as follows: 0.25-4.0 x 10
cells were centrifuged at 1000 g for 2 min at 4°C. The
medium was aspirated anqﬁthe tube recentrifuged gt 1000 g
for 5 sec to remove medium from the centrifuge tube wall.
The pellet was extracted on ice with 0.4 M PCA containing
[3H]ader®lle- for determination of dilution. After 30 min
the extgﬁbt was centrifuged and the%fupernatant was removed
and neutralized by extractioﬁ with O.S{gj Alamine 336 (tri-
capryl tertiary amine) in Freon-TF (trichlorotrifluoro-

ethane) (12). Supernatants were stored at -20°C. Analysis
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by HPLC of samples stored for several weeks showed no nuc-

leotide bréakdown.

Ribonucleotide concentrations. Ribonucleotide con-

centrations were measured by HPLC using a modified Varian
Aerograph 1000 liquid chromatograph equipped with a
Spectra~-Physics Model 740P pump, a Waters Associates U6K
injector, and a Spectra-Physics Autolab Minigrator. A
i\Partigil lb SAX anion exchange column (Whatman) was used,
and the nucleotides were routineély =luted isocra }y at
38°C wiw‘o.zs M KH2PO4, 0.5 M KC1, pH 4.5 atlmin.
This allowed quantitation of ADP and the triphosphates.
When values for the mono-, di- and ériphosphates were
required, a linear g;adient from 0.015 M KH2P04, pPH 4.0 to
0.5 ﬁ KH PO4, 1.0 M kCl, pPH 4.5 was used. Detectiqn was

2
at 254 nm and at’ 0.02 absorbance units full scale. The

kY
peaks were automatically integrated and also checked by
planimetry. The absolute amounts of nucleotides in the
sample were calculated og{the basis of peak areas of

nucleotide standards .which were chromatographed frequently.

Deoxyribonucleoside triphosphate concentrations. The

following components were common to both the dATP and d4TTP
assay in a final volume of 180 pl: 0.02 A260 units pély—

[d(AT)], 1.8 pmoles MgClz, 1.8 pmoles dAMP, 18 umoles

Hepes buffer, pH 7.4, and 0.75 Richardson units of DNA
polymerase I’ (13). As ual?,ifhe dATP assay contained 100

pmoles (0.5 uCi) [3H]dTTP, and 0 to 75 pmoles 4ATP stan-
5" SR

M

L i .G“
“ 1 imeennfo



dard, while the 4TTP assay contained 100 pmoles (0.5 pCi)
(3H]AATP and 0 to 75 pmoles ATTP standard. '

The following components were common to both the dGTP
ahd the 4CTP assays in a final volume of 180 pl: 0.02
Aseo units poly[d(IC)], 1.8 pmoles MgCl,, 1.8 umoles dAMP,
and 18 pmoles Hepes buffer, pH 7.4. Aas welf, the dGTP . ~
assay contianed 100 pmoles (2.2 uCi) [RH]dCTP, 0 tc 10
pmoles 4GTP standard and 1.9 units DN* »olymer ase I. The
dCTP assay contained 240 pmoles (0.5 uCi) [3H]dGTP, 0 to
200 pmoles 4ACTP standard and 3.0 units DNA polymerase I.

The reaction was started by the addition of the DNA
pélymerase I, followed by incubation at 37°C. At each
time point aliQuots were removed and spotted on squares
of Whatman 3MM filte£ paper which had been wetted with 200
pl of 2% sodium pyrophosphate. The squares were washed
(% x 15 min) with a solution of 5% TCA and 1% sodium pyro-
phosphate (20 ml/square), then rinsed once with 95%
ethanol and finally washed (1 x\}s min) with 95% ethanol.
The dried filters were éounted in toluene scintillation
sglution containing 4 g PPO and 0.1 g POPOP per liter
'toluene.

Results were corrected for the washing background and
fdr the effects of the dilution of the specific activity

of the labeled deoxyribonucleotide by the sample on both

3

« the sample incorparation and the background incorporation.
3 ;

- Purity of reagents. The purity of the unlabeled

deoxyribonucleoside triphosphates was 90-98 molar % as
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determined by HPLC. The impurities were deoxyribonucleoside
mono—- and diphosphates, which have the same extinction
coefficients.as the triphosphates. The concentrations of
the standard solutions were determined by measuring the

uv absorbance and cofrecting for the presence of mono-
an¢\diphosphate§. The standard nucleotide solutions were
stable for several months at -20‘&.

DNA polymerase I was supplied and stored in 50% gly-
cerol, pH 7.0. i working solution was prepared by diluting
. the stock solution with 50 mM Tris-HC1l, pH 7.8 containing
12 mg/ml bovine serum albumin. This solution was stored
not longer”tgan 1 month,

The (E. coli) DNA polymerase purchased from Boehringer
Mannheim Corp. was not contaminated with phosphatase
activity, but samples obtained from other sources have
-beén. Each new batch of enzyme was checked for phosphatase\
activity.

The following controls.were performed: background
incorporation (i.e., in the absence of the limiting non-
bradioactive deoxyribonucleotide) was always measured. In
addition, standards were added to cell extfacts to deter-
mine if ﬁhe assay was affected by the extra%ts,‘and checks
were made to determine that the assays were independent -
of the amount of extract used. Finally, time dburses were
always performed both with standards and wiﬁh each’celJ

; | R
. extract to ensure that the maximum inco: ation was

“x

reached at the same time under all dondii&ﬁhs. g
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Manipulation of ribonucleotide concéntrations. Cells
were incubated with naturally occurring bases and nucleo-
sides or with drugs in order to raise and lower ribonuc- '’
leotide'conaentrations. Bases and nucleosides used in-
cluded cytidine, urldlne, deoxycytldlne, thymldine, adenine N
and guanosine. Drugs used included mycophenolig acid,
which inhibits.inosinate dehydrogenase (14,15); pyrazo-
furin, and g~azauridine, which inhibit orotidylate de;ar—
baxylase (16,17): PALa; which inhibits aspartate trans-
carbamylase (18); 3—deazaur1d1ne, which 1nh1bits CTP syn- __
thetase (19); and tetrahydrourldlne, which. 1nL1b1ts
cytldine—deoxgcytidxne deaminase (20). In*queral in=-
stances, secoﬁdary effects of the,drugs were made use of
in order to manipulaté ribonucleotide pools:%
' CTP concentratlons were Jowered by 1ncuBat1ng cells
9ath 2, 5 and 10 puM 3< deazauridlne fot 2, {&and 6 h; with
0.1 yM. G—azauridlne for 6 h; w1th 500'pM PALA for 2, 4 and
6 h; or with 0.01 and 0.2 pM pyralufuri;'?;r.ﬁ, 4 and 6 h.
CTP concentratlons were elevated 081ng 2.0 puM mycophenollc ¥
acid for 2 to 6 h; 600 pM cytldlne for 20 40 60, 80 and
100 min; 1000 pM cytidine for 12 h; 1008 pM cytldlne plus .
100 pM tetrahydrouridine for 12 and 21 h; or 2.0 pM myco- ) '
ph_enoli.c .acia plus 0.1 pM 6-azauridine for 6 h. @
UTP»cohcentrations were loﬁered by incubating cells
with 0.01 and 0.2 yM pyrazofurin for 2, 4 and 6 h; with O,
500 uM PALA for 2, 4 and 6 h; with 0.1 .pM f-azauridine fbr-
4, 6 and 18 hours; with 1000 pM deoxycytidiye plus IQOpr]f
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. tetrahydrouridine for 12 h; and-&ith 1000 pM cytidine pltg N
. 100 pM tetrbhydrouridine for 12 h. UTP concentratlons were -
elevated when cells were incubated with 900 pM uridine for
20, 40, Gb 80 and 100 min; 0.5 or 2.0 prﬁycophenollc acid
for 2 to 6 h; and with 2.0 pM mycophenolic acid plus 0.1 pM
6-azauridine for 6 h.

ATP concentrations were lowered in the presence of

1000 pM cytidine for 12 h; 1000. WM cytidine plus 100 M
tetrahydrourldlne for ¥2 h; 1000 pM de * vCy tldlne plus %00

-

;pM tetrahydrouridlne for 12 ht, 2 5 or'10 uM B/deazaurldlne

faor 4 h; and of 100 or 2000 KM deoxytH&midlne r 4 and 6 rﬁ LI
¥ - s N . .
h. ATP concentrations were. elevated Ry treatment with = - ¥

200 pM adenlne for 20, 40 60, 80 and 100 min¢ 0.01 M T
N o

pyrazofurin for 4 and 6“9’ 0.1 puM 6—azaur1d1ne for 4, and

18 h; and w1th 2. 0 M mycophenkllc acid plus . 0.01 pM pyra-

zofurln for 6 h. ¢

~ GTP eonCentraeions were lowered by treating ceils
with 0.5 and 2.0 uM mycophenoiic acid for E 4 and 6 h;
2.0 pM mycophenollc ac1d plus 0.01 puM pyrazofurln for 6 h; | 5

_w1th 2.0 pM mycophenollc acid plus 0.1 pM 6-agzauridine for
h with

6 h; with 2.0 uM 3- deazaurlplne for 4 and 6 h
1000 UM cytldlne for 12 h. GTP concentratlons were ele- .
vated by incubatien with 500 pM4guano§ine for 20, 40, 60,

T

80 and 100 ‘min. -3
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' v ¥ RESULTS
" The Etionship between ribonucleotide concentrations

and rates of reduction of ribonucleoside dlphosphates to

Ixﬂé&*onucleotldes was assessed by measurlng deoxyribo-

nucleoside triphosphategconcentratlons in. cells that con-

tained a range of concentratlonggbfieach rlbonucLeOSlde

g: 0 i . W
trlphosghate. (Trlphosphate concentggxlons Qre teported

Sy
i'n each case because they are more easxdx a&& more accu-
(‘\

rately measured xhan the dlﬁﬁﬁsphatesljnd because concen-

art k\:\

-;ratlons of r1bonuc1e031de dlphosphates weré cgnslstently

ca. 10% of those of the tEiphbsﬁhetess Likéﬁfse, the

phbsphorylatlon of the deoxyrgggpudle051de dlphb:phates to

f‘" '\ng
id; thlS is tru also of

&

g%e convérsion of dUDP to d“T”:) .
N P | v

_ 7o
" To raiseﬂor lower ribonucleotide poolgc Chinese

s

hamster ovary cells were inbubated with eppropriate drugs

or substrates' the conditions- chosea'were based on a broad

survey of condltlons that will &alter nucleotlde concentra-

tions. The data reported here were obtained either under
. - N 4 .

-

cOnditions that.oAused ho-gr0wth inhibition, or using
short-term 1hcubatlons {2- 6 h) under conditions which at
24 h were growth lnhlbltory, in the lattegﬁnnses the con-

ditions used caused:no alteratlons in mean cell volumes or
: >

<

in cell cycle dist: . bution. o ) 7

"

R ‘Resultsare presehted both to show ctorrelations bet-

weenkflbo- and deoxyribonucleotide concentrations, and to

N | ~;§?ngal

3*
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show time cdﬁrues of changes in each type of poo%. Data
are expressed a§ percentrof control values,-andfﬁgithe
correlation plote only ribonuéleoside triphosphate concen-
trations tﬁht had changed q#% Or more are plotted; there-

fore, controiavalues ate qnt ;ncl ded in these plots.
. - “‘ ‘ .

.CTP and dcTpP Concentrat

Flgure'{ shows the rél&tloﬁﬂzlp between C?s»and dCTP

overia‘w1de rahge of CTP concentratlodg’ Theseddata show

By v
Egat 4acrtp concentratlons g@flected thgse of CTPJ whether

v'*the 1a%ter had been incxeased ofaﬂecreased relé&lve to 4

control valuég The p}obability that tﬁe correlation co-,
“éﬂq # - % 3 4
eff1c1ent wascéero was - less than 1 x 107 7, as determlhg
- »&l Jr
using a t-test 3n the correlatlon coeff1c1eﬁ¥

USJ.ng a dlfferent typeQd/ata presentatlon, given in

¢ &
Figur v C!. concentratlons are shown to decrease with’

~l

fime in celyf trea%ed with PALA (Figure 2a), gyrazofurln

1

® ,
"(Figure 2b) and 3-deagaur1d1ne (Figure 2c), and to ‘deécrease

+

and increase in cells. treated with mycophenolic acid (Fig-
;ure 24) . The concentrations of dCTP in each case change
at almost tHe same rate, and to almost the same extent, as
do those of CTP. -The ba81s for the biphasic changeJ in
nucleot;de coqcentratlons in eells treated with mycopheno-
lic acid is noe known. (Though growth inhibition was
demonstrated at the longer'timee shown here, the major
changes in nucleotide concentrations occ'tfed before any

v )
changes on cell cycle or growth parameters were noticeable.)

%
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UTP and dTTP Concentrations

8
Figure 3 shddL the relationship between UTP angd_dTTP

over a wide range of UTP concentrations. These data show

that dTTP concentrations reflected those Qf UTP, though
the relationship was not as direct or Smele as with CTP

and d4dCTP. ‘Nevertheless, both IncreaseS'and decreases in

n\

UTP led to corresponding qganges 1n dTTP The probability
3

thqg theret!s no correlation is less than 1 x lO 7

¥

Figures 4a and 4b show that when cells were treated

with en}her.PALA{or pyrazofurin, UTP cbncentrations de-
creased raoiQQyi ough pyrazofurin wag slightly more
effective than PALA. Thougﬂgyks; concentrations- also de—
clined, this occurred more sl?hly and to .a lesser extent,
than did UTP Figqfe 4c shows changes in UTP and dTTP
during treatment of cells with mycophenolic acid. 'UTP
reached a maximum value of 145% of cbntrol w1thin 4 h,
whereas d4TTP cdﬂtinued to increase as long as 24 h; "dGTP

' ) . . o/
concentrations reached.their minimum value after 4 K of

"treatment. ‘ . '
S
ATP and JATP' @Encentrations = )

PR ) v I ,
o JThe data in Figure 5 demonstrate a significant corre-
;afnen betyeen changes inégwmfconcentration and those of

L\

dATP, though there was more scatter in the data and the

range of ATP concentrations attained was less than those

used ‘for CTP and’UTP the probability that the correlation

coeffic1eht is zero is less than 1 x 10'4 &

-
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GTP and dGTP Concentrations -

.Only limited data were available for ATP and dATP, and in

fact the data appear to fall in two clusters.. The most

|

g : i | i
‘ences werke gited among the four "famjlies" of nucleotides. !
: !

f

}

The relationship between concentrations of GTP and
those of dGTP fs shown in Figure 6. Again: both increases
and decreases in GTP were associated.with corresponding
changes in dGTP concentrations. Figure 7 shows’that cTp &%
concentrations fell rapidly in cells treated with myco-

phenolic acid, and that those of dGTP decreased to the

same relative extent and at the same rate.

DISCUSSION

-
"

.réia hip between ribonucleo-
$ ‘k‘s .

The question

*
<

s
tide concentrations: hOSe of the correspondlng d!oxy—

ok

4
ribonucleoside triphosphates, may be thought of in terms

of two related but distinct questions: (a) do deoxyribo-
4 . .
nucleoside concentrations increase when that of the corres-
Yy

ponding ribonucleotide is elevated? (b) do deoxyribonuc-
leoside triphosphate-conceﬂtr%gloﬁs¢6gﬁrease when that of R

the corresponding ribonucleotide is lowered? S {‘

Basica%ly, the results obtained in tNis study answer
: \

both questions  in the affirmative. However, some differ-

Pl . - q ) : -

The most linear relationship &ver a wide range of concen- '
- . LY f

trations was obtained witﬁ\CTP and 4CTP. The relationship *n ;
between GTP and dGTP concentrations was also relatlvely ' ' i

direct, though the range of GTP concentration was narrower.

]

“ ’ o §
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dGTP: (0) durihg‘tfeatggnt with mycophenolic acid. -
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;WdeoxyrlbonucleOSLde trlphosphatps has mgt’becn studied.

obscu;ed or digtpriﬁea‘v' the results. Thoﬁgh this question - -~

‘considered is that changes in the eon?entration of one .

260

interesting results were obtained with UTP and afTP, in
which case phanges in 4TTP were,not as great nor a8 rapid 7 O}
as those in UTP. Whether this is because dCMP deamin~
ase plays an important role in thymidylate synxhesis,
or for some other iipson, remains to be lnvestlgated
further. e ‘
" The mechanism or'mechanisms by which changes‘in ribo-
nucleotlde concentriglonsbled to. changes in those :e o
.
The possibility must be ponsxdered that the considerable

.2

'rlgty in. exper1menta1 conditions used to ralse “and - 7

wer rlbonucleotlde concentrations, eSpec1a11y through

_th %%e'bfidrugs, mayqﬁave had secondary consequences that

e,

must to a certéin'eitent always remain open in this type
b . T ' _ 4
of study;'the/%act that the results obtained generally
. o 1
X 8
were Eonsistbnt»frdm one set of conditions to_angther,

¥4

N . . . IR )
- tends' to suggest that this was not a major problem. .

' The most simple explanation for these results is
simply based on mass action; the rate of ribonucleotide

reduction is dependent on the concentration of the sub- »

n

~strates. This 6onciqsidn of course needs to be tested by

more direct measurements of rlbonucleotlde reduction u81ng

{

radioactlve precursors. a coo -
' ”

. -+ .
The‘principal alternative explanation that must be

deaxyripomucleosidé triphosphate may lead to Changes'in' S
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that of another deoxyribonucleoside through allosteric in-

hibition or inhibition of ribonucleotide reductase. For
»

example, according to the Thelander and Reichard model (S), :v

CDP reductlon should be inhibited by elev?ted dATP, dGTP or
dTTP. At the lowest concentrations of dCTP achieved, using
PALA, pyrazofurln or 3- deazauridlne, the allosteric ;nhl-,
bitors ofﬁgDP reduction were generallx)not appreclably o
elevat, _.’ For example, w1tq93 deazauridine treatment, dTTP
‘was the only allosteric effector that was elevated, and
.values of dCTP of. 5 and 7% of control correspohded to dTTP

concentrat1ons bf 111 and 123% of control respectlvely.ﬂ
3

| wfth pyrazofurin treathent, dAT§ was the only. allosterlc - ‘g',

:';/“
effector that was elevated, and a dCTP concent§atlon of

13% of control corresponded to dATP Joncentratlons of 109" *
and 113% of control. None ‘of . the allosterlc effectors were
elevated with PALA treatmem: and in fact at 3 dCTP‘ concen-
tration of 2;; of control, dGTP’ and dTTP ywere SL/and 77% b‘
of controlz) Thls is contrary to the allosterlc/model be—7?.
cause 16wer1ng the concentratlon of 1nh1b1tors/should stim-

ulate CDP reduction. B - ‘/K»;,, ‘ RN

Accord:ng to the Thelander and Relchard/model CbP

reductlen ‘should be stimulated by a slight elevatlon of .

| dATP, or by decreases in dGTP or dTTP The hlghest ooncen--

trations QE dCTP were achleved w1th cytldlne and tetra-
hydrodéid é plus cytidlne. Under qhese conditlons, dGib

was the. only allcsteric effecton-that,was significantly -
- . i
lcuered.. For exanplv, cOncentrationl of dCTP of 190! and

-,,' B . e
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264% of control corresponded tc 4GTP concentrations of 41%
qnd.26%, respectively, and to CTP concentratiops of 244%

and 343% of control, respectively. 1In this case, it appears
that the results are consistent with the allpsteric model

as well as with the law of mass-action; however, situations
where dGT§ is low (i.e. 42% of control) and dCTP is not.
elevated (as octurs during pyrazofurin treatment) argue
against dominant control by the allosteric effectors under

these conditions.
. The data presented in Figure 5 can be lumped into two:
groups - slightly elevateé dA%P,'achieved by treatment with
adenﬁpe, pyrazofurin, 6-azauridine and mygophenolic acid
plug pyrazofuriﬁ, and slightly lowerea dATP, achieved by
treatment with cytidine, cytidine plus tetréhydrouridine,
deoxycytidine‘plus tetrahydrouridine, 3-deazauridine, and
thymidine. The allosteric model predicts that elevated
dATP could be caused by an elevation of dGTP. Th¢ treat-
ments which resulf in elevated dATP actually. lower dGTP
significantly (79 to 41% of control) and therefore, this
situation cannot be explained by the allosteric model, but
can be explained'By the law of mass action. The treatments
which lower 4ATP have no coﬁsistent effect on 4GTP, and in
fact, dATP concentrations of 83% of control correspdnd to
dGTP concentrations of 1908 of control while ATP concen-

trations are 75% oX control. 1In other cases, dATP concen-

trations of 85% of control correspond to dGTF concentra-



tions of 85% of control and to dATP co:.entiations of 79%
) /

of control.
~
The allosteric model of Thelander and P~ichard pre-

dicts that a-decrease in 4dTTP or a large increase in 4dATP

would result in a‘éecrease in dGTP. 1In fact, the lowest
concentration of 4GTP (15 £o 21% of control) corresponded
to substantially elevated concentrations of 4dTTP (137 to
214% of control) and to dATP concentrations of 82 to 163%

of control. None of the treatments which resulted in

" lowered dGTP, caused an elevation of 4TTP, and the majority

did not elevate dATP. Thus, under these conditions the
allosé%ric model, aﬁ proposed by Thelander and Reichard,
does not explain the changes innthe dGTP concentration.
Clearly, further .studies needﬁto be undertaken of the
specific mechanism(s) by whicn changes in nibonucleotide
concentrations influence the concentrations of the Qdeoxy-

ribonucleoside triphosphates.

Ys
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CHAPTER 9

REGULATION OF RIBONUCLEOTIDE REDUCTION BY
DEOXYRIBONUCLEOTIDES IN INTACT

CHINESE‘HAMSTER OVARY CELLS

<
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INTRODUCTION
uc N

Ribonucleotide reductase (ribonucleoside diphosphate
réductaae, EC 1.17.4.1) is essential for the synthesis of
the substrates for DNA synthesis in most mammalian cells.
Numerous enzymological studies have sh;wn that its -activity
is regulated by deoxyribonucleoside triphosphates and by
some ;ibonucleotides, and a number of models of the action
and regulatign of this enzyme have begn formulated.

One model for the in.vivo regulation of ribonucleo-
tide reductase from Novikoff hepatoma cells was published
by Moore and Hurlbert in 1966 (1), and in the same year a
model fex the in vivo regulation of the E. coli enzyme was
published bx;Larsson'and Reighard (2,3). Superficiaily,
the two models mere similar, but there also were many im-
portant differences( In 1969, Brown and Reichard substan-
tiated many of the features of the previous E. coli model
by carrying out binding studies on highly purified ribo-
nucleotide geductase (4). Up to 1978, these two models,
especially the E. coli model, provided the major basis for
thinking not only about the regulation of ribonucleotide
reduction in vivo, but also about the control of DNA syn;
thesis, and abou£ mechanisms of toxicity of compounds such
as deoxyadenosine, deoxyguanosine and deoxythymidine. Then
in 1978, Reichard published a new modei for the E. coli
reductase which differed substantialiy from his earlier

model (5). Subsequently, Eriksson, Thelander and Akerman

,
/
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published a model for the in vivo regulation of the reduc-
tase from calf thymus, which shared many of the features of
Reichard's 1978 model but alsé showed significant differ-
ences (6). Finally Thelander and Reichard recently have
Published a model that appears to be a composite of the E.
coli and the calf thymus reductase models (7). These
authors state: "In vitro, the activity and substrate speci-
ficity of the reductase from E. coli and mammalian sources
behave similar (sic) towards allosteric effectors. The
data can be integrated into a scheme that links ribonucleo-
tide reduction to DNA synthJsis.' Other models have also
been described, based usually on one or anothér of the 1
abéve-mentioned schémes, or on combinations of several
models (e.g., 8-10). .
Several studies that have measured deoxyribonucleo-
side triphosphate concentrations in mammalian cells grown
or incubated under various’conditions have obtained results
which at least in part are in general accord with one or
agother model ;f ribonucleotide reduc?ase (e.g., 11-15).
In general these studies either were not specifically de-
signed to test models of ribonucleotide reductase regula-
tion, or were inéomplete in some way. ‘
In thfgkgtudy an attempt has been madé to assess the
extent to which the recent Thelander-Reichard model of
ribonucleotide reductase regulation by deoxyribonucleoside
triphosphates (7) applies to ribénucleotide reduction in

cultured Chinese hamster ovary cells.
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The results of the experiments indicafe that: 1) por-
tions of this model of ribonucleotide reductase regulation
may apply in intact cells, 2) other components of this
model have no relevance to CHO cells, and 3) the mbdel is
not sufficient to explain all deoxyribonucleotide pool sizé™

changes in vivo.

MATERIALS AND METHODS

Sources of materials, and methods for the culture of
CHC—Kl cells in alpha MEM medium containing 10% dialyzed
fetal calf serum, for the extraction of nucleotides, and
the measurement of ribo- and deoxyribonucleotide conceﬁtra-

tions, are described in the preceeding paper.

Manipulation of Deoxyribonucleotide Concentrations

Cells were incubated with naturally occurring'nucleo-'
sides or with drugs in order to raise or lower deoxyribo-
nucleotide concéntrations. Nucleosides used included
cytidine, deoxycytidine and thymidine. Drugs used includ-
ed nycophenolic acid, which inhibits.ino;inate dehydrogen-
ase; 6-azauridine and pyrazofurin, which inhibit orotidy-
late decarboxylase; PALA, which inhibits aspartate trans-
carbamylase; 3-deazauridine, which inhibits CTP synthetase;
and tetrahydrouridine which inhibits cytidine-deoxycytidine
deaminase. In several instances, secondary effects of the
drugs were made use of in order to manipulate‘the deoxy-

ribonucleotide pools.
The effect of changes in dTTP concentrations on d4CTP
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concentratioﬁa was studied unq:f'the ggkféiﬁngrconditions:
0.5 uM and 2.0 pM m?éophenolic 5éi§;§§£§§<§§w 6 h;y 2 mM
deoxycytidine for 21 hrfAO;hl‘uH ﬁ¥%§&§turiﬁ'plus 2 uM
mycophenolic acid for 6 h; é@?l UM gigé;%ridine plus 2 uM
mycophenolic acid for 6 ‘h; AndQO.l,:b.S and 2.0 mM thymi-
dine for 2; 4 and 6 h, - |

These conditions did not cause significant changes in
CTP concentratioqa}

The effect of changes in ATTP concentrations on 4dGTP
concentrations was studied under the following conditions:
0.01 and 0.02 pM pyrazofurin for 4 and 6 and 2, 4 and 6 h,
respectively; 500 pM PALA for 2, 4 and 6 h; 1.0 mM deoxy-
cytidine for 21 h; 1 mM deoxycytidine plus 0.1 mM tetyra-
hydréuridine for 21 h; 2, 5 and 10 uyM 3-deazauridine for
2, 4 and 6 h and 0.1, 0.5 and-2.0 mM thymidine for 2, 4
and 6 h.

These conditions did not cause significant changes in
GTP concentrations. It was not possible to achieve very
low concentration of d4TTP usiﬁg short-term incubations with
pyrazofurin or PALA. Attempts to lower ATTP concentrations
with 6-~azauridine, to study its effect on dGTP concentra-
tions, were abandoned when it was found to inhibit GTP
synthesis.

The effect of changes in AGTP concentrations on 4CTP
concentrations was studied under the following conditions:

0.1, 0.5 and 2.0 mM thymidine for 2,4 and 6 h; 2 yM 3~

deazauridine for 2 h; 0.1 mM tetrahydrouridine for 6, 10

270
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N
and 24 h, 1 mM deoxycytidine plus 0.1 mM tetrahydrouridine

for 12 h; and 1 mM deoxycytidine for 12 and 21 h., Deoxy-

cytidine caused a substantial increase (>200%) in 4GTP con-

centrations and lowered ACTP concentrations. This makes it

seem unlikely that deoxycytidine was contributing signifi-

cantly to the 4CTP pool.

These conditions did not have a significant effect on
CTP concentrations.

The effect of changes in 4GTP concentrations on ATTP
concentrations was studied under the following conditions:
0.5 and 2.0 uM mycophenolic acid for 6 ag? 2 hr, respec-
tively; 1.0 mM cytidineﬂfor 12 h; 1.0 mM deoxycytidine plus
0.1 mM tetrahydrouridine for 12 and 21 h, 2.0 yM mycopheno-
lic acid plus 0.01 pM pyrazofurin for 6 hr, and 2, 5 and
10 yM 3-deazauridine for 2, 4 and 6 h.

These conditions did not have a significant effect on
UTP concentrations. .

grrhg effect of changes in AGTP concentrations on dATP
concentrations was studied under fhe following conditions:
‘0.5 and 2 pM mycophenolic acid for 2, 3, 4 and 6 h; 500 uM
PALA for 2, 4 and 6 h; 1.0 mM deoxycytidine for 21 h; 1.0
" mM deoxycytidine plus 0.2 mM tetrahydrouridine for 12 and
21 h; 2.0 pM mycophenolic acid plus 0.01 yM 6-azauridine
for 6 h; 2, 5 and 10 pM 3-deazauridine for 2, 4 and 6 h;
and 0.1, 0;5 and 2.0 mM thymidine for 2, 4 and 6 h.

These ébndi;ions did not hav; a gignificant effect on

ATP concentrations. It was not possible to increase A4GTP

271




cqno.ntratiqns using dooxyguahoninc because it was rapidly
phosphorolysed. Therefore, the highest concentrations of

-dGTP were obtained using thymidine.
The effect of changes in JdATP contentrations on ACTP

concéntrations was studied under the following conditions:
0.5 and 2 pM mycophenolic acid for 2, 3, 3.5, 4 and 6 h;
1.0 mM deoxycytidine for 21 h; 1.0 mM deoxycytidine plus
0.1 mM tetrahydrouridine for 12 h; é QM mycophenolic acid
plus 0.01 pyM pyrazofurin for 6 h; 2 pyM mycophenolic acid
plus 0.01 pyM 6-azauridine for 6 h; and 2 yM 3-deazauridine

for 2 h. —
These conditjions did not have a significant effect

on the CTP pool. |
None”of the conditions described above had a signifi-

cant effect on cell volume, as determined on a Coulter

Channelyzer, or on cell cycle distribution as determined

by flow microfluoromctry:

' RESULTS ,

The experinental approach used to test the Thelander-
Reichard model of the re?ulation of ribonucleotide reduc-
tion by deoxyribonucleoside triphosphates was to treat
cultured Chinese hamster ovary cells with drugs or with
naturally occurring deoxyribonucleosides in order to alter
the concentration of a particular deoxyribonucleoside
triphosphate. Concentrations of all ribo- and deoxyr ibo-

nucleoside triphosphates were then measured. Data‘(cxpres-

272
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sed as percent of control values) are presented (a) fo show
the correlation between the concentrations of two doauy— N
sibonucleoside triphotphatoo (vsual ly without rtgltd tor’
the conditions through which conq'ptrationl u-rq tchiev.d),
and (b) to lhow the time coursed of nucleotide concontra-

tion changes under a few selected conditions. %

Effect of drip on CDP Reduction
Ther?hc!andor‘haichaxﬁ*.bdﬁl of tibonuclqgtide reduc-
< \ v
tase regulation predicts that an increase in dTTP concensy

tration will inhibit the'rodnction of COP. TherefQre, as ‘\
dCTP is consumed through 1ncorporation into DNA, the con-
‘centration of ACTP will decrcale.  o

The, data in Pig. 1 show that there was an inverse re-
lationship between ATTP and db1g concgntqg&iop-. At arre
concontraiions less than 6008 of control Qaluoq{ acre cdﬁ;
centration appeared to vary -arkodly with chnnqos in dTTP,
whereas at higher levels of dTTP, dCTP concentrations \ "//
appeared to be much less umitive to dncreases in dTTP. Q
Even at very high arTP conccntrations (2700% of gontrol), °
dCTP was still present at levels of 3% of cohtrol. The ; .
conditiona used in these experiments caulcd ‘DO changes'&ﬁ
the concentration of CTP. , a

In order to dete:uinc the temporal rclétion.hip beé-
woon dTTP and dCTP pool lizc changcl, cells were txoated
wvith several concentzatiaps ot thynidine in order to in- €

crease .\i dT!P pool. .. The results of treat-ent with 2.0
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\
\§”§§Pymidine are shown in Fig. 2, and it is seen that a

very rapid drop in 4dCTP occurred as ATTP increased. A q‘\
similar experiment using 100 pyM thymidine (not shown) pro-
duced similar deoxyribonucleoside triphosphate pool size |
changes, in that dCTP declined to 13% of control values and
dTTP rose to 500% of control values within 2 h. 1In a sep-
arate experiment, 4.0 mM thymidine caused the 4CTP pool to

fall} to 15% of the control by 0.5 h and to 6% of the control
by 1 h,

Ef fect of ATTP on GDP Reduction

The model of ribonucleotide reduction predicts that
an increase in 4TTP concentrations will stimulate the rate
of reduction of GDP, and that a decrease in d4TTP will |
effectively inhibit its reduction. Changes in the rate of:

reduction of GDP should therefore be reflected in changes

§

in the concentration of d4dGTP.
The data in Fig. 3 indicate a direct correlation bet-

ween the concentrations of 4TTP and those of dGTP. Under

these conditions, the GTP concentration did not change.

The lowest values presented for 4TTP were 70 to 80% of

control valueé, which correspondéd to 4GTP values of 50 to

55% of control. Lower dTTP concentrations would be neces-

sary to properly determine the effect of a decrease in 4TTP

on dGTP. ‘ !
Time course experiments.using 2 mM thymidine also

demonstrated that an increase in dGTP levels coincided

)

with an increase in 4TTP (Fig. 4). 100 pyM thymidine pro-
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[

duced a similar pattern of results, although the increases
in ATTP and dGTP were 500% and 270% of control values, res-

pectively.

Ef fect of AGTP on CDP Reduction

The model of ribonucleotide reductase regulation pre-
dicts that an increase in the concentration of 4GTP will
inhibit the reduction of CDP, while a decrease will stimu-
late CDP reduction. These changes should be reflected in'
the intracellular.concentration of 4CTP.

The data in Fig. 5 show that an increase iA dGTP cor-
related with a decrease in ACTP. As well, a decrease in
dGTP to 508 of control values corresponded to a substantial ;
increase of 4ACTP to Z00% of gontrol values. These condi-
tions did not chahée CTP concentrations.

The data in Fig. 6 show the:temporal relationship
between éhe increase of 4dGTP and the decrease in 4CTP in
the presence of 2.0 mM thymidine.. 100 pM thymidine pro-
duced similar results (not showﬁ);ﬁﬂith dGTP levels at

2708 of control and dCTP levels at 13% of control after 2

h. b

Effect of AGTP on UDP Reduction

The ribonucleotide reductase model predicts that a
decrease in dGTP concentrations should stimulate the re-
duction of UDP, thus causing an increase in . dTTP concen-

trations.

The data in Pig. 7 indicate that a decrease in the
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dGTP concentration did not correlate with a change in the
dTTP pool. The conditions used had no effect on the UTP

" pool.

Ef fect of 4AGTP on ADP Reduction

The model being evaluated predicts that an increase
in AGTP concentrations will increase the rate of reduction
of ADP, while lowered dGTP concentrations will decrease the

reduction of ADP. The changes should be reflected in the

concentrations of J4ATP. .
The data in Fig. 8 are more easily analyzed i&rthey
are identified as to the drug used to obtain them. When
thymidine was used to manipulate the dGTP concentration,
" there was no increase in dATP with increasing dGTP' concer.
tration; When 3-deafauridine was used, 4dGTP concentrations
of slightly less than control were obtained, but the points
fall on a line parallel to the Y-axis, which actually indi-
cates that a change in 4ATP had no effect on the 4dGTP con-
centration. Finally, when mycophenolic acid was used to
lower 4GTP concentrations, the pointg also fél; on a line
parallei to th- V-axis and again indicate that a change in
dATP did not correlate with a change in 4GTP. None, of

these manipulations caused a change in ATP concentrations.

Effect of dATP on CDP Reduction.

The final question posed in this study was: What is

the effect of a change in 4ATP concentrations on 4dCTP con-

centrations? The ribonucleotide reductase model is not
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easy to interpret on this point since it appears that an
increase in 4ATP, with no change in ATP, could cause an
increase, a decrease, or no change in the d4dCTP leveis. This
ambiguity arises because the model predicts that an increase
in AATP levels increases the reduction of pyrimidines rela-
tive to purines, while it also decreases the overall acti-
vity of the enzyme.

The data presented in Fig. 9 are too scattered to allow
a conclusion to be drawn as to the correlation or lack there-
of between changes in dATP and changes in 4CTP. Identifica-
tion of the conditions used to manipulate J4ATP concentra-
tions did not clarify the situation.

a
The conditions used had no effect on CTP concentra-

tions.

DISCUSSION

A

This attempt to evaluate the relevance of the
Thelander-Reichard model.fand of other models) of ribon-
ucleotide reductase regulation by deoxyribonucleoside tri-
phosphqtés, for the reductiof processbin intact CHO cells,
is based on the assumption that changes in deoxyribonucleo-
side triphosphate concentrations reflect changes in the
rate of ribonucleotide'reduction.' Though reasonable in
general terms, it must be pointed out that this assumption
really has not been unequivocally proven. .

The results shown in Fig. 1 and 2 are consistent with
<

"the model, which states that an increase in 4TTP will ih-
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Ay

hibit CDP reduction, However, under these cAnditiona, both
the 4TTP and the 4GTP pools are slevated; therefore it )-
possible that ATTP or 4GTP or both inhibit CnPp reductfzz.
Even 1f elevated levels of 4ATTP result in a decrease
in ACTP concentrations, possible causes other than inhibi-
tion of ribonucleotide reductase must be congidered. Ele?
vated dATTP might stimblate catabolism of 4CTP or conversion

of 4CMP to JUMP. The latter possibility is unlikely since

A\l

purified dCMP deaminase is'inhibited by 4TTP (16).

It is interesting that it was not possible to reduce
the 4ACTP pocl to less than 3% of control values, which in 
absolute vaiues is approximately thevsame size as the son-
trol dGTP pool. The most likely explanation is that ;hén
dACTP concentrations decline to a certain level, inhibition
of DNA synthesis result;;and a new steady-state 4ACTP con-
centration is established. |

Lowe and Grindey (12) using L1210 cells, Grindey et
al. (13)‘using CCRF-CEM cells, and Tattersall et al. (14)
using PHA-stimulated human lymphocytes, all found that ele- .
vation of dTTP was correlated with a decrease in 4CTP.

Tﬁe results shoﬁg in Pig. 3 and 4 are consistent with -
the model which states that an increase in dTTP will stimu-
late reduckdpn of GDP, while a decrease in dTTP will inhibit
GDP xgduétion . |

The plot of quP(ve}sus dGTP (Fig. 3) is steep at 4TTP
concéﬂ:;ations less than 600% of control -and then begins

to level off. There are three plausible planations for
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the leveling-off;of the curve:

1) 4GTP may inhibit GDP reduction. This is consistent

e
with the model under consideration and also agrees with the
model proposed by Moore and Hu:lbe;t (1) and Eriksson et
al. (6), but is not consistent either with the model pro-
posed by Larsson and Reichard (2,3) in which 4dGTP stimulates
GDP reduction, or with the model proposed by Reichard (5)
in which 4GTP has no effect on GDP reduction. If 4GTP does
inhibit GDP reduction, one could not describe this as a
tightly regulated system since dGTP reaches concentrations
400 to 560% of control.

2) The maximum rate of GDP reduction may have been
reached.'

3) dGTp catagolism may ihcrease at high dGTP concen-
trations.

Others have also found that an increase in 4ATTP concen-
tration correspoﬁd to an increase in dGTP concentration (12,
13,14).

The results shown in Fig. 5 and 6 are consistent with
the model which states that an increase in dGTP will inhi-
bit CDP reduction while a decrease in dGTP will stimulate
CDP redUétion. As discussed above, it was not possible to
distinguish between the effects of elevated .dTTP and ele-
| vated dGTP on.the d4CTP pool.

The results shown in Fig. 7 Are not consiétent with
the model, which states that. a deckease in AGTP will stimu-

late UDP reduction. This does not necessarily mean that
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the model is incorrect because there are more factors affect-
ing the 4TTP poél size than there are affecting the other
deoxyribonucleoside triphosphate pools. Deoxyuridylate, the
precursor of deoxythymidylate, is synthesized both from UDP
and from 4CMP. Allosteric reéulation of thymidylate syn-
thetase has not been reported, but purified dCMP deaminase

is inhibited by 4ATTP and stimulated by 4CTP (16). There-
fore, it is possible that 4dGTP does inhiBit UDP feduction

in vivo, but that increased deamination of 4ACMP counteracts

a———

this effect. 1In a study of the reversal of deoxyguanosine
toxicity by deoxycypidine in L5178Y cells, Theiss et al.
concluded that 4GTP inhibited UDP and CDP reduction and
that addition of deoxycytidine supplied the dTTP pool via
dCMP deaminase and thymidylate synthetase (17). However,
this .study was comrlicated by the fact that pool size mea-
surements were not made,

The results shown in Fig. 8 alsé are not con: stent
with the model, which states that an increase in dGTP will
stimulate ADP reduction whereas a decredase in 4GTP will
inhibit it. The possibility was considered that changes
in dTTP)might cause changes in dATP because the ribonucleo-
tide reductase models of Moore & Hurlbert (1) and Larsson &
Reichard (2,3) included a stimulation of ADP reduction by
dTTP. However, no correlation waéyfound (ﬁot shown). We
have concluded that in CHO cells the concentration of JATP

is not controlled by that of d4dGTP.
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Grindey et al. (13) observed that in CCRF-CEM cells,
elevated AdGTP coincided with elevated dATé, whereas Tdtter-
sall (14) using PHA-stimulated human lymphocytes, found‘
that a slightly elevated dGTP concentration corresponded
to very low dATP concentrations.

The data obtained with 3-deazauridine and mycopheno-
lic acid, which are also presented in Fig. 8, indicate that
a change\in,dﬁTP\aoes not cause a change in 4dGTP. This is
contrary to the ribonucleotide reductase hypothesis which
states that an increase in 4dATP will inhibit GDP reduction.
These results diffef ;rom those of Tattersall et al. (14)
who-found/that'elevated dATP éorresponded to lowered d4GTP,
but agree with those of Lowe et al. (12) who found that
elevated dATP corresponded to control concentration of
dGTP.

Finally, the results shown in Fig. § do not allow the
model to be tested as to whether or not dATP affects CDP
reduction. The extent of scatter of the daga probably
indicates that there are other variables on which the 4CTP
and/or dATP concentrations depend. Lowe gﬁ al. (12) and
_ Tattersall et al. (14) found that elevated JATP correspond-
ed to lowered d4dCTP.

In this study we have attempted to dissect one of the
recent/ models for the regulation of ribonucleotide reduc-
tase;, namely that of Thelander and Reichard (7), and to)test
each part of the model separately, in cultured cells.

There were several problems with this approach, including



the difficulty in choosing conditions which allow relative-
ly specific manipulations of a given pool. Another problem
concerns ribonucleotide feductase itself, in that if part
or all of this m%del is correct, a change in the concentra-
tion of one effector may cause a chain reaction.of.events,

the final outcome of which may not be intuitively obvious

by considering the model. For example, if the model were

. correct, an increase in d4TTP concentration wouLdfxagnLJr’
decrease<§Q/dCTP and an increase in dGTP, and thé\iygrease

in dAGTP would cause an increase in AATP. 1If the incrghse
in dATP‘were relatively small, the enzyme would become

pyrimidine‘specific and thus stimulate CDP andvUDP reduc-
tion; however, if the increase in dATP were larger, all ‘
reductions would be inhibited. We have hot observed this

chain reaction in CHO cells since 4GTP does not stimulate

ADP reduction.
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CHAPTER 10

RELATIONSHIP BETWEEN RIBO- AND
DEOXYRIBONUCLEOTIDE CONCENTRATIONS AND BIOLOGICAL

PARAMETERS IN CULTURED CHINESE HAMSTER OVARY CELLS

N
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~ INTRODUCTION

Inhibition of cell growth and loss of cell viability
are associated with altered intracellular nucleotide con-
centrations following treatment with a number of purine and-
pyrimidine antimetabolites, some naturally occur .n. purines-
and pyrimidines, and other agents that afféct pur. e« 4 1
pyrimidine metabolism. This'qualitative relationship be- ~
ween nucleotide cbncentrations and‘important biological
parameters has been extended in some cases to a guantita-
tive or semi-quantitative relationship between changes in
concentrations of one or another nucleotide and inhibition
of growth (e.g., ref. 1-4); however, only in recent years
have concentrations of all the purine and pyrimidine ribo-
and deoxyribonucleotides been regularly measured in such
studies. 1In contrast to studies that have measured growth
inhibition, few if any detailed investigations have been
made of the relationship(s) between nucleotide concentra-
tions and loss of cell viability.

In an attempt to study the quantitative relationships
among nucleotide concentrations, cell growth and cell via-
bility, we have studied growth rate, cloning efficiency,
nigrosin exclusion and progression through the cell cycle,
in cultured Chinese hamster ovary cells in which nucleotide

concentrations were altered in several different ways.
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MATERIALS AND METHODS

Materials. Mycophenolic acid was a gifé of Dr. T.J.
Franklin, PALA'(phosphonoacetyl-L-aspartate),;nd pyrazo-
furin were obtained from the Division of Cancer Treatment,
U.S. National Cancer Institute. Purine and pyrimidine
bases, nucleosides and nucleotides were obtained from the
Sigma Chemical Co. [8-3H]AATP (10 Ci/mmole), [8-3H]dGTP
(19 Ci/mmole), [5-3HldcTP (20 Ci/mmole) and [methyl-3mjarTP
(17 Ci/mmole) were purchased from Schwarz-Mann. Poly [d(AT)]
and poly [d(IC)] were purchased from the Sigma Chemical Co.
and from Miles Laboratories, respectively. E. coli DNA
polymerase I (E.C.2.7.7.7; 2500~5000 units/mg) was purchas-
ed from Boehringer Mannheim Corp.

Cell Culture. Chinese hamster ovary-K1 cells, obtain-

ed from Dr. G. Whitmore (Ontario Cancer Institute, Toronto,
Canada), were grown in alpha~-MEM medium containing 10% dia-
lyzed fetal calf serum (Grand Island Biologicai Co.). The
cells were grown in 125 ml bottles on a Model G-2 Gyrota-
tory'shaker (New Brunswick Scientific Co.) at 200 rpm. The
average doubling time was 12 hr and the growth rate was
exponential to 0.8-1.0 x 10’ cells/ml. The cells were
routinely tested for mycoplasma and found to be negative.

Biological Parameters. Cell density and the popula-

tion volume distribution were determined using a Model Zp
Coulter Counter equipped with a 100-channel Coulter Channel-
yzer II. The cell cycle distribution was determined by

flow microfluorometry using a Bio/Physics Model 4800A



Cytofluorograph equipped with a 100~-channel Model 2100 pulsge
height analyzer. Cells were collected in a clinical- cen~
trifuge, resuspended to 400,000 cells/ml in 0.05 mg/ml op-
idium iodide in 0.18% sodium citrate, and stained for 20¥do
40 min on ice. 1In any given experiment, the staining tim
was identical for all the samples.

Cell viability was determined using a simple colony
forming assay as follows: cell dengity was measured, fol-
lowed by three serial dilutions using warm, gassed media,
to give a final cell density‘of 50-100 cells/ml for untreat-
ed cells. When necessary, higher final densities were used
for drug-treated cellé to'allow accurate determination of
cell kill. 2 ml of cell suspension were added to each of

2 plastic tissue culture flasks.

3 warmed, gassed 25 cm
After incubation for 7 days at 37°C in a humidified atmos~
phere of 5% CO2 in air, the medium was poured off, the
colonies stained with 0.1% crystal violet in physiological
saline for ca. 30 min, and then counted. Control cloning
efficiencies were routinely greater than 90%.

Cell integrity at the time of cloning was determined
for each drug treatment condition by measuring nigrosin
exclusion.

Nucleotide Concentrations. Methods for the extraction

of nucleotides from cultured cells, and for the measurement
of ribonucleotide and deoxyribonucleotide concentrations

have been described previously.

297



RESULTS

)

In order to study rel&tionships between changes in
nucleotide concentrations agd biological parameters, it was
necessary first to establish conditions under which both
nucleotide concentrations and growth inhibitioﬁ varied over
a wide range. Nucleotide pools were therefore manipulated
using mycophenolic acid, an inhibitor of inosinate dehydro-
genagse (E.C.1.2.14) (5,6); pyrazofurin, an inhibitor of
orotidylate decarboxYlgse (E.C.4.1.1.23) (7); PALA, an
inhibitor of aspartate transcarbamylase (E.C.2.1.3.2) (8);
and thymidine.

Table 1 shows the amount of growth inhibition and loss
of cell viability caused by these agentﬁ at several concen-
trations-of these agents. At the time of cloning nigrosin
exclusion was also measured and it was found thaﬁxmore than
90% of the cells excluded dye under all conditions; this
demonstrates that the cells being cloned Qere intact. as
well, the\debris peak on the Coulter Channelyzer was approx-
imately the same size in both treated and control cells
indicating that cell lysis was not occurring. Finally,
ﬁhe ratio of ATP to ADP was determined by HPLC on cell ex-
tracts prepared at the time of cloning; it was-approximate~
ly the same for bbth control and treated cells (>10:1),
thus indicating that the energy status of the cells was
normal. The treatment conditions chosen for more detaided

study were: 2 uM mycophenolic acid; 0.2 yM pyrazofurin,
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Bf fect of several drug treatment conditions on

growth rate and viability of CHO cells

Treatment condition

Growth

rate

Cloning
efficiency

(Percent of control)

| 0.1 pyM Mycophenolic acid;
0.5 pM Mycophenolic acid;
1.0 pyM Mycophenolic acid;
210 UM Mycophenolic acid;

10.0 pyM Mycophenolic acid; 25 hr

0.01 pyM Pyrazofurin; 24 h
0.04 pyM Pyrazofurin; 20 h
0.1 yM Pyrazofurin; 20 hr
0.2 pM Pyrazofurin; 22 hr
2.0 yM Pyrazofurin; 24 hr
100 uM PALA; 24 hr

500 pM PALA: 22 hr

100 yM Thymidine; 24 hr
500 uM Thymidine; 24 hr
2.0 mM Thymidine; 24 hr

25 hr

25 hr

24 hr
.22 hr

X

r

100
67
21
17

0
83
71
56
30
35
84
40

100
79
63

100
78
32

4
0
95

N.D.

N.D.
49
25
89
41

N.D.

N.D.

86




o

4

(cont'd from Table 1 ces).

For all treatment conditions more than 90% of the cells

excluded dye at the time of cloning.

Growth rates are expressed as the average growth rate

from the time of addition of drug. ' i,

The values for untreated cells for growth rate and

cloning efficienpy were 1 doubling per 12 hr and 90%, res-

pectively.
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500 pM PALA, and 2.0 mM thymidine.

The next step was to relate nucleotide pool sizes to
growth rate and cell viability. Table 2 compares these
parameters determined during treatment of CHO ceilskwith
2.0 yM mycophenolic acid. Changes occurred in all the nuc-

leoside triphosphate pools, with the largest changes in the

GTP, dGTP, dTTP and dATP pools. The GTP and dGTP pool

sizes changed very little after the first 2 hr of treatment,
whereas the 4TTP pool continued to increase after 6 hr of
treatment. A sﬁbstantial change also occurred in the dATgf
pool between 6 and 22 hr of treatment with a decrease from
163% to 57% of control. The cell viability was not affect-
ed after 2 hr of treatment, only decreasing to 86% of con-

trol after 4 hr.

The only pool size change which correlated well with
the decrease in viability was the increase in dTTP. The
linear correlation éoefficientvfor this relationship was
0.996. ~In order tp determine if the loss of viability_
could be related to an increase in dTTP, the 4TTP pool was
elevatéd to 400-500% of control using 100 pM thymidine;
however this condition was not growth ihhibitory;_therefore
the loss of cell viability caused by mycophenplic acid can-
not be explained simply on the basis of an increase in the
dTTP pool. .

In order to détermine the effect of the nucleotide

?oql size changes caused by mycophenolic acid on the pro-

gression of cells through the ce}l cycle, the cell cycle
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distribution of the population was measured. After 2 hr
of treatment, there was a very small increase in the number
of cells in Gl and a small decréase in the number of cells
in GZ' By 6 hr of treatment, more than 70% of the cells
had accumulated near thele/s border, and by 22 hr, this
increased to 80% with most of the remaining cells in S
phase.

No change in modal cell volume of the population had
occurred by 6 hr of treatment; \however, by 22 hr the vol-
ume had increased to 167% of control.

Table 3 compares nucleotide pool sizes with cell grow-
th rate and cell viability during treatment with 0.2 pM
pyrazofurin.. Changes occurred in all the nucleoside tri-
phosphate pools with the largest changes occurring in the
CTP, UTP and 4CTP pools. The changes in these pools were
small after the first 2 hours of treatment. As obgerved
with mycophenolic acid tfeatment, the dATP pool decreased
between 6 and 22 hr of treatment. The growth rate was un-
affected at 6 hr of treatment, but the clonihg efficiency
had decreased to 78% of control.. Between 6 and 22 hr both
the growth rate and viability decreased substantially, and
the largest nucleotide pool size change was the dacrease
in dATP. None of the changes in the nucleotide pools cor-
related well with the lpss of viability over the period
studied.

Flow microfluorometry showed only small changes in

the cell cycle distributidn during the first 6 hr of treat-

mmadaann ol o L
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ment, with a small decrease (ca. 6%) in the proportion of

cells in léte S and G2 and a corresponding increase in
cells in Gl or early S‘phase. Since there was no growth
inhibition during the initial 6 hr of treatment, the cells
must have been dividing at control rates but not progress-
ing as fast tﬁrough 5 phase. There was little or no change
in the distribution between 6 and 22 hr. Therefore, unlike
mycophenolic acid, pyrazofurin did not cause substantial
synchronization of the cellé; probably because cell growth
was not completely inhibited.

‘ No changes in modal cell volume had ocgurred after 63
hr of treatment and by 22 hr the modal‘volume had only in-
creased to 125% of control.

| Table 4 compares nucleotide pool sizes with growth
rate and cell viability during treatment with 500 pM PAND-
As with pyrazofurin treatment, the largest changes were in
the CTP, UTP and 4CTP pools, but substantial decreases also
occurred in the 4GTP and ATTP pools; tﬁése decreased to 21%
and 41% of control, respectively. Again as with pyrazofur—
in treatment, the growth rate was unaffecsyé after 6 hr of
treatment, but the viability had decreased to 67% 6f con-
trol. Between 6 and 22 hr, both the growth rate and via-
bility declined to approximately 40% of control.

- Both pyrazofurin and PALA inhibit pyrimidine synthesis
de novo and, although the results from the two drugs were
qualitatively similar, there were gquantitative differences

between them; thus under pyrazofurin treatment, a growth
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rate of 17% of control corresponded to a cléning efficiency
of 41% of control, whereas under PALA treatment, a growth
rate of 40% of control corresponded to 40% cloning efficien-
€cy. In addition, the minimum value for the dGTP pool size
was 42% of control with pyrazofurin treatment, twice the
minimum value achieved with PALA treatment. Pyrazofurin was
much more potent than PALA in CHO cells; 0.2 UM pyrazofurin
reduced the UTP pool to 25% a:i At 2 hv and 22 hr of
treatment, respectively, while -u0 UM cALA reduced the UTP
pool to 62% and 9% of control at 2 hr and 22 hr, respective-
ly. ‘

Unlike pyrazofu:in, PALA caused no change in cell byc-
le distribution at 6 hr of treatment, probably because of
the slower rate of decrease in the concentrations of CTP,
UTP and dCTP in PALA treated celié. By 22 hr, there was a
small decrease (ca. 6%) in Fhe proportion of cells in the
late S and G2 phases with a corresponding incre;se in Gl
or early S.
| There was little (40%) increase in modal cell volume
even after 22 hr of treatment.

In order to determine the effects of varying only deoxy-
ribonucleotide concentrations on cell growth rate and via-
bility, cells were treated with thymidine (Table 5). The
main effects observed were very large increases in ATTP and
dGTP, and a large decrease in AdCTP concentrations. Although
2 hr treatment produced lower dcrTp le§els than were achieved

'
at any time with pyrazofurin or PALA, the minimum growth

5\

,

N
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rate achieved was still 63% of control, and the viability
was still 86% of control after 22 hr of treatment., As well,
it should be noted that Y00 pM thymidine (which is not .
growth inhibitory), resulted in 4ATTP and 4GTP concentrations
of 5008 and 200% of control, respectively, and dCT? concen-
trations of 12% of control; this was the lowest level of
dCTP achieved by pyrazofurin and PALA treatment,.

2.0 mM thymidine inhibited the progression of the
cells through the cell cycle with most of the cells in G1
or early S phase; however, between 6 and 22 hr the cells
obviously overcame the block because by 22 hr the ce c cle
distribution was similar to control with only a slightly
smaller prbportion of cells in the G1 and G2 phases.

After 6 hr of treatment, there was no change in the
modal cell volume of the population, alfhough substantial
synchronization had occurﬂbd; however by 22 hr the modal

cell volume was approximately 180% of control.

DISCUSSION

N~

The relationship between nucleotide conc-ntr S

and biological parameters bpviously is comple. and appears

to vary both with respect to the nucleotide changes involv-

ed and with respect to the biological parameter studied.

However, inhibition of cell growth can be correlated,
at least in general terms, with decreases in the concentra-

tion of one or another ribo- or deoxyribonucleoside tri-

phosphate. Thus treatment with a growth inhibitory concen-



tration of mycophenolic acid resulted in substantial de-

creases in both the GTP and dGTP pools, which logically may
be expeceed to have consequences for both RNA and DNA syn-

thesis. We have found that after 2 hr bf treatment with 2

MM mycophenolic acid, DNA and RNA synthesis were inhibited

by 80 and 73%, respectively (D. Hunting and- J.F. Henderson,
unpublished)

The growth inhibitiqn caused by pyrazofurin and PALA
can also be rationalized in terms of an inhibition of DNA
and RNA synthesis, since both these drugs caused large de-
creases in the concentrations of CTP, UTP and dCTP. We
have found that a' :r . hr of treatment with 0.2 uM pyre-
zofurin, DNA and ™A npthesis were inhibited by 60 and 46%,
respectively (D. Hunting and J.F. Henderson, uhpublished)
Finally, the slight inhibition of growth caused by 2.0 uM
thymidine could Be a result of an inhibition of DNaA synthe-
sis causeﬁ by the large decrease in the concentration of

dCTP (3,9-11), although it is equally plausible that the

elevated 4rTP ani(ggTP inhibit DNA synthesis. The fact

that 100 uM thymidlne/ sed large changes in the concen-~

trations of daTTP, QETP anhd 4dCTP without 1nhibit1ng growth
may iqdicate that these calls are relatively insensitive

to changes in deoxyribonu?ieotide concentrations in the -
3

absence of changes in ribokhe%éﬁtide~concentrations.
The effects of the various treatment conditions on

progression through the cell cycle are not as readily ex-

plained in terms of changes in nucleotide concentrations.
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Thus mycophenolic acid caused an accumulation of cells in
late G, or early S phase, while pyrazofurin caused little
synchronization under strongly growth inhibitory conditions.
PALA also caused little synchronization under growth inhij
bitory conditions. These results suggest that a decrease:
in the concentrations of GTP and dGTP may inhibit a gpeci-
fic step in the progression of cells through the cell cycle,
while a decrease in the concentration of pyrimidine ribo-
and deoxyribonucleoside triphosphates causes a relatively
non-gpecific inhibition of‘ﬁrogression through the cell
cycle.

Thymidine, however, caused substantial ‘synchronization
at early treatment times, but much less synchronization at
later times. This change in the degree of synchronization
corresponded io relatively minor changes in nucleotide con-
centrations. It seenms likely that time was an important
variable, but further study will be necessary to determine
- which time-dependent process allowed the cells to overcome
the specific block in progression through the cell cycle.

The relationship between nucleotide concentrations and
loss of cell viability is complex. First, in no case
studied were altered nucledtide concentrations associated
wit:\aeereased dye exclusjon. This finding probably is
related to the observation that under none of the conditions
used was the ATP:ADP ratio lowered appreciably. A reason-
able interpretation of thgs§>resu1ts is that at the time of’

cloning all the cells were metabolically healthy, but that
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the cells with low cloning efficiency had suffered perman-
ent damage to their reproductive capacity during drug treat-
ment.

Although in the case of mycophenolic acid treatment,
the loss of viability correlated with increases in 4TTP
concentrations, such a simple cause and effect relationship
is unlikely; thus much larger increases in ATTP produced
during thymidine treatment, had little effect on cloning
efficiency. No other correlations of nucleotide concentra-
tion changes with cloning cificiency were observed, and it
seems likely that cell death is related not only to changes
in the concentration of one or another nucleotide, but also
to the length of time that the‘nucleotide pool imbalances
are abnormal. |

" Lowe et al. concluded that mycophenolic acid induced
"unbalanced growth®™ in L5178Y cells because protein and
RNA synthesis were inhibited less than DNA synthesis (1).
This explanation does not apply to cell death in CHO‘cells
as induced by mycophenolic acid since RNA and'DNA are - in-
hibited by similar amounts.- As well, the phenomenon of
"unbalanced growth® resulting in cell death is in itself

not understood.

Clearly, further studies of the relationship between

nucleotide pool size changes and cell death are required.
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