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ABSTRACT 

The ability to measure intracellular deoxyribonucleoside triphosphate (dNTP) pool sizes is important for understanding the in- 

tracellular metabolism of DNA synthesis and repair. We have developed an improved method for measuring intracellular dNTP pool 

size by high-performance liquid chromatography (HPLC). Previous methods have enabled accurate measurement of dNTPs only in 

concentrations greater than approximately 10 pmol per lo6 cells due to the inability to partially purify cell extracts, to the inability to 

apply extracts from extremely large numbers of cells, to the lack of efficient columns, to the presence of incompatible solvents, and to 

the inability to inject large volumes. We have modified a low-pressure strong anion-exchange column pre-step developed by others to 

concentrate and partially purify oxidized cell extracts while at the same time eluting them in a more compatible solvent for HPLC 

injection. The HPLC column is a YMC ODS-AQ column operating in a combined hydrophobic-interaction chromatography-reversed- 

phase chromatography mode. The injection and elution solvents are both phosphate-based. Using this method it is possible to measure 

intracellular dNTP levels well below 0.5 pmol per lo6 cells or at the sensitivity of the DNA polymerase assay. 

INTRODUCTION 

We have been interested in modeling the use of 
hydroxyurea and other ribonucleotide reductase 
inhibitors in combination and sequential chemo- 
therapy for malignant diseases [l-4]. These drugs 
apparently exert cytotoxic antineoplastic effects 
at least in part by reducing intracellular deoxyri- 
bonucleoside triphosphate (dNTP) pools [5-81, 
thereby inhibiting DNA synthesis and possibly 
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repair. The ability to measure low dNTP levels 
with greater accuracy would improve the utility 
of our in vitro and in vivo models. Consequently 
we set out to develop an improved high-perform- 
ance liquid chromatographic (HPLC) procedure 
based upon recent technical improvements to 
permit rapid, simultaneous and reliable measure- 
ment of low levels of dNTPs. 

The use of HPLC for determining dNTP pool 
sizes has proven to be the most simple and rapid 
method of measuring all of the dNTPs at the 
same time. However, the available HPLC meth- 
ods for measuring low levels in cell extracts still 
have some limitations. Interference by ribonucle- 
otides, which are present in much greater 
amounts than dNTPs, has been limited by re- 
moving ribonucleotides by periodate oxidation 
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procedures to which dNTPs are resistant [9]. 
However, the determination of low dNTP levels 
in the oxidized extracts has been hampered by the 
lack of adequate procedures for the clean-up and 
concentration of the periodate-oxidized cell ex- 
tract before it is injected onto the HPLC column. 
A method involving the use of a miniature low- 
pressure strong anion-exchange (SAX) column 
has partially solved this problem [lo]. 

The use of SAX columns for the high-pressure 
analysis step, however, have significant limita- 
tions including low resolution using isocratic elu- 
tion, baseline difficulties and long run times using 
buffer gradient elution, and poor separation of 
nucleotides from each other and from the void 
volume. Reversed-phase chromatography (RPC) 
has not solved these problems. 

A recently developed octadecyl silica (ODS) 
RPC column with hydrophilic end-capping 
groups (YMC) allows greater interaction of the 
ODS groups with the nucleotides in the aqueous 
mobile phase resulting in greater retardation of 
early eluting nucleotides. Further retardation 
permitting complete separation from the void 
peak may be able to be accomplished using 
hydrophobic-interaction chromatography (HIC) 
[l l-171. High salt-containing eluents have been 
used to retard nucleotides on RPC columns in an 
isocratic mode [18,19] but on these columns high 
salt causes the ODS side-chains to flatten out 
against the silica surface and not interact as well 
with the nucleotides. Thus the use of an RPC 
column with hydrophilic end-capping in a com- 
bined HIC-RPC mode should allow the devel- 
opment of a rapid sensitive analysis of low levels 
of dNTPs. A recently described low-pressure 
SAX column sample preparation step should al- 
low significant concentration and decontamina- 
tion of the samples, further increasing sensitivity 
and specificity [ 10,201. 

EXPERIMENTAL 

Chemicals 
Nucleotides, potassium hydroxide, Freon 

(1,1,2-trichlorotrifluoroethane) and Histopaque 
1077 were obtained from Sigma (St. Louis, MO, 

USA). Nucleotides were shipped on dry ice and 
solids and solutions were stored at - 80°C. 
HPLC-grade monobasic potassium phosphate, 
HPLC-grade 85% phosphoric acid, 60% per- 
chloric acid, and concentrated hydrochloric acid 
were from Fisher Scientific (Plano, TX, USA). 
Tri-n-octylamine was practical grade from East- 
man Kodak (Rochester, NY, USA). Bond Elut 
SAX columns (100 mg packing, 1 ml reservoir) 
and phenylboronic acid columns (500 mg pack- 
ing, 2.8 ml reservoir) were from Analytichem In- 
ternational (Harbor City, CA, USA). RPM1 
1640 medium and Dulbecco’s phosphate-buff- 
ered saline were from Gibco (Madison, WI, 
USA). Penicillin-streptomycin solution was ob- 
tained from Hazelton (JRH Biosciences, Lenexa, 
KA, USA). Bovine calf serum was from Hyclone 
(Logan, UT, USA). 

Cells and extraction procedure 
L1210 cells were grown as suspension cultures 

in RPM1 1640 supplemented with 15% bovine 
calf serum and 50 U/ml penicillin-streptomycin 
solution: 1 . lo5 cells were initially seeded in 20 ml 
of the above medium and allowed to grow in a 
humidified 5% COZ atmosphere at 37°C. After 
three days the cells were spun at 900 g for 5 min. 
The old medium was aspirated, replaced with 5 
ml of fresh medium, and the pellet resuspended. 
The cells were then counted and then seeded at 
densities of 1 . lo6 and/or 10 f lo6 cells/ml. After 
6 h in the fresh medium cells were harvested and 
extracted. Final cell density was calculated as 
1.27 . lo6 cells/ml for exponentially growing cells 
and 10.3 . lo6 cells/ml for cells approaching sta- 
tionary or plateau phase. Preparing extracts from 
cells that have not been washed and concentrated 
eliminated the risk of artifactual reduction in 
dNTPs during preparation [2 1,221. 

An approximately 50:50 mixture of human 
lymphocytes and monocytes was isolated from 
heparinized blood by the Histopaque method 
provided by Sigma. The mixture of lymphocytes 
and monocytes was washed according to the Sig- 
ma procedure with Dulbecco’s phosphate-buff- 
ered saline. 

The nucleotide extraction procedure was that 
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of Hunting and Henderson [ 191 with minor mod- 
ifications. In a typical extraction, the pellet of l- 
10. lo6 L1210 cells or 4. lo7 human lymphocytes 
and monocytes was resuspended in 0.5 ml of cold 
0.4 M perchloric acid in a microfuge tube and 
kept on ice for 30 min. After centrifugation to 
remove the insoluble material the supernatant 
was removed to a second microfuge tube where 
the perchloric acid was neutralized by adding 0.5 
ml of cold 0.5 M tri-n-octylamine in Freon (1,1,2- 
trichlorotrifluoroethane) and vortex-mixing for 
10 s. Microfuge centrifugation for 3 min resep- 
arated the mixture leaving the dNTPs in the neu- 
tralized aqueous upper layer. 

Periodate oxidation of cell extract 
The oxidation procedure of Garrett and Santi 

[9] was used to remove ribonucleoside triphos- 
phates. Attempts to remove ribonucleotides by 
use of a phenylboronic acid column at pH 7 or 8 
were not successful. 

Preparation of the oxidized cell extract for HPLC 
analysis 

This procedure is a modification of methods of 
Harmenberg et al. [lo] and Bode11 and Rasmus- 
sen [20]. Briefly, the SAX column was equilibrat- 
ed in 0.01 A4 KHzPO~-KZHPO~ pH 6, approxi- 
mately 46 ml of the diluted oxidized cell extract 
(diluted ten-fold with water to bring the concen- 
tration of dissolved salts down to 0.02 M) was 
applied at a rate of about 1 .O ml/min, the column 
was washed at about 1.0 ml/min with 0.8 ml of 
0.01 M KH2P04-K2HP04 pH 6, and 0.8 ml of 
0.1 A4 KH2P04-K2HP04 pH 6, then the dNTPs 
were released by elution with 0.4 ml of 0.5 M 
KH2P04-K2HP04 pH 6 by gravity flow. This 
gave a dNTP fraction volume of about 0.4 ml 
with quantitative recovery of dNTPs. Elution at 
higher rates with either 0.5 or 1.0 M potassium 
phosphate pH 6 did not completely remove the 
dNTPs. 

Chromatography 
The HPLC system was a Hewlett-Packard HP 

1090 Series M equipped with a HP 9000 Series 
300 computer and 9153C disc drive, PV5 solvent 

delivery system, temperature-controlled auto- 
sampler, autoinjector, heated thermostatically 
controlled column compartment, HP 79880A 
diode array detector module with a November 1, 
1989, firmware update for more sensitivity and a 
ThinkJet printer. The computer software was up- 
date 5.1, November 1, 1989. 

The column used was a 250 mm x 4.6 mm 
I.D., 5-pm ODS-AQ reversed-phase column 
(YMC, Morris Plains, NJ, USA) utilized in a 
combined HIC-RPC mode,with a high concen- 
tration of phosphate in the elution buffer. The 
number of theoretical plates using naphthalene 
as a reference peak was 20 192 when new and 
used for these studies. The column temperature 
was 40°C. 

A linear gradient from 0 to 30% methanol was 
used. The total run time was 16 min with a post 
run time of 13 min for reequilibration. The potas- 
sium phosphate, pH 6.0, concentration was 0.200 
M. The increase in’ methanol concentration 
caused a moderate increase in ultraviolet baseline 
absorption. The flow-rate was 1.0 ml/min. Sol- 
vent bottle A contained 0.200 M potassium phos- 
phate pH 6, made from 0.400 M phosphate pH 
6.00. Solvent bottle B contained a mixture of 
0.200 M potassium phosphate, made from 0.400 
M potassium phosphate pH 6.00-30% methanol 
so that the apparent pH is 6-7. Solvent bottle C 
contained 30% methanol. The gradient went lin- 
early from 100% A to 100% B over 15 min and 
then linearly back to 100% A over 1 min. Ex- 
tending the run time of solvent B or running the 
gradient to 40% methanol may improve column 
cleaning between runs. At the end of the day the 
column and pump were washed at 1.0 ml/min 
from bottle C and then overnight at 0.05 ml/min. 

Levels of the four dNTPs of DNA were deter- 
mined by the external standard method. dIMP 
and dAMP were added to the 0.5 M SAX column 
fraction of dNTPs as reference peaks. Cordyce- 
pin-5’-triphosphate (3’-deoxy-ATP) should 
prove useful as an internal standard and refer- 
ence peak since its retention time is toward the 
end of the chromatogram and is different from 
that of the nucleotides studied here or many oth- 
er nucleotides such as some of those that are 
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methylated or the tetraphosphates of deoxyade- 
nosine and adenosine; however, the material we 
used contained an impurity that had the same 
retention time as dGTP, which prevented us from 
using it as an internal standard. It should be sta- 
ble to periodate oxidation since it lacks a 3’-hy- 
droxyl group. 

RESULTS AND DISCUSSION 

Analysis of low levels of nucleotides 
A chromatogram of low levels of dNTPs and 

NTPs is shown in Fig. 1. The five dNTPs and 
four NTPs are all resolved except for GTP which 
remained incompletely resolved from dUTP. 
Based upon the assumption of detection at a sig- 
nal-to-noise ratio of 2: 1, detection limits for 
dCTP, dTTP, dGTP, and dATP are 1.4, 1.3, 1.3, 
and 0.5 pmol, respectively, at the wavelength of 

I.2 1 
I.0 1 

Fig. 1. HPLC gradient separation of (from left) phosphate buffer 

(P) from injected sample, CTP, UTP, dCTP, GTP and dUTP 

(merged), TTP, ATP, dGTP, dIMP (reference peak), dATP, and 

dAMP (reference peak); 5 pmol of each dNTP and NTP were 

injected in 10 ~1 (A) or 50 pmol in 100 pl (B) of approximately 

0.36 M K,HPO,-KH,PO, pH 6. UV absorption at 252 nm is 

plotted. 
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maximum absorption for each dNTP. Since an 
extract from more than 10’ cells can be reduced 
to a loo-p1 injection volume using the SAX col- 
umn concentration and purification step, the 
lower limit of detection of dNTPs in cells is well 
under 0.5 pmol per lo6 cells or at the detection 
limit of the DNA polymerase assay [22]. Use of a 
0.200 M phosphate elution buffer rather than an 
even higher concentration appeared to be opti- 
mum because the dCTP peak was retarded and 
resolved sufficiently and GTP was almost re- 
solved from dUTP. Use of a 0.260 M phosphate 
buffer at pH 6.0 improved separation of the GTP 
and dUTP peaks but moved ATP and dGTP 
closer together. 

Enhanced resolution of dCTP peak using high 
phosphate concentration 

When large volumes (greater than 10 ~1) of nu- 
cleotides were injected on the HPLC column us- 
ing water as a solvent, peak broadening or, at 
larger volumes, splitting of one peak into two or 
three peaks occurred. This problem was over- 
come by injection in phosphate buffer of pH 6.0. 
This broadening and splitting apparently results 
because the nucleotides exist in a mixture of ionic 
species in the water solution which differs from 
that in the phosphate buffer and injection of large 
volumes of water solutions does not allow ade- 
quate mixing with the phosphate elution buffer. 
Even in phosphate buffer injection of a large vol- 
ume caused considerable broadening of the 
dCTP peak. Increasing the concentration of 
phosphate in the sample sharpened this peak pre- 
sumably by inducing hydrophobic interactions 
between the nucleotide and the ODS groups on 
the silica packing of the HPLC column, thereby 
causing binding and concentration of the peak 
(Fig. 2). Thus larger volumes can be injected. Us- 
ing a higher concentration of phosphate in the 
HPLC elution buffer may cause a similar effect. 

Concentration andpartialpu@ication of dNTPs in 
oxidized cell extracts 

Monophosphates, some diphosphates, and ox- 
idation products were removed by the SAX col- 
umn. On the basis of integration of the HPLC 
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Fig. 2. Effect of increasing potassium phosphate concentration 

in the sample injected on peak widths during HPLC gradient 

separation of (from left) dCTP and dUTP. A IOO-~1 aliquot of 

sample solution was injected. (A) 0.500 M, (B) 0.985 M, and (C) 

1.92 Mpotassium phosphate, pH 6. UV absorption at 267 nm is 

plotted. 

elution peaks a 500- to 1500-fold purification was 
obtained. Using deoxyribonucleotide standards, 
recovery of the triphosphates was greater than 
95%. Use of 1 A4 hydrochloric acid to elute the 
dNTPs as was done by Harmenberg et al. [lo] 
could not be used for it caused the dATP peak to 
disappear over a period of 2 h and formation of a 
large void peak. Utilization of the SAX column 
permitted efficient extraction of large numbers of 
cells (greater than 107), since the resultant extract 
is concentrated on the SAX column and the 
dNTPs eluted in a small volume. Measurement of 
ribonucleoside triphosphate levels should be pos- 
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sible by chromatographing the unoxidized cell 
extract on the SAX column under the same con- 
ditions used for the dNTPs [20]. 

dNTP levels in cell extracts 
Fig. 3 shows a chromatogram of the dNTPs in 

a cell extract of exponentially growing and nearly 
stationary phase L1210 tumor cells that contain 
low to high levels of dNTPs. All of the dNTPs 
that are components of DNA appear to be com- 
pletely resolved. The dNTPs were identified by 
their retention times and by the wavelengths de- 
pendence of the heights of their chromatographic 
peaks. NTPs appear to be absent. More conclu- 
sive identification of the dNTPs would require 
spiking of the extracts with dNTP standards or 
use of HPLC-mass spectrometry. At least 100 ~1 
of the 0.5 M SAX column fraction can be in- 
jected, producing fairly sharp peaks. dNTP levels 

Fig. 3. HPLC gradient separation of dNTPs in periodate ox- 

idized and SAX column pre-purified extracts of (A) 1.27 lo6 

exponentially growing or (B) 10.3 lo6 plateau phase L1210 

cells. UV absorption at 252 nm is plotted. A lOO+l aliquot of the 

0.38 ml of 0.5 M potassium phosphate pH 6.0, strong anion- 

exchange (SAX) column fractions was injected. Thus the injec- 

tion volumes contained the entire extract of 3.3 10’ or 2.7 lo6 

cells for exponential and plateau cultures, respectively. 
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TABLE I 

dNTP POOLS IN L1210 CELLS AND IN HUMAN PERIPHERAL BLOOD LYMPHOCYTES 

Nucleotide dNTP content (pmol/106 cells) 

L1210 

Log 
phase” 

Plateau 

phase* 

Human peripheral blood lymphocytes 

Present study Literature values [22,23] 

Non-stimulated Stimulated 

dCTP 25.5 9.0 0.07-0.2 334 

TTP 56.7 14.2 0.014.06 7-11 

dGTP 12.1 2.1 0.7-1.0 0.05-0.13 1.5-2.3 

dATP 14.1 6.6 0.46 0.2-0.3 335 

’ 1.27 lo6 cells/ml in culture. 

b 10.3 lo6 cells/ml in culture. 

are shown in Table I. The reduction in dNTP 
pool size when the cells approach stationary 
phase is as expected. 

Fig. 4 displays a chromatogram of the dNTPs 
in a cell extract of human lymphocytes, which 
contain extremely low levels of dNTPs when the 
percentage of cells in S phase is very low [23,24]. 
Only dGTP and dATP could be resolved and 
identified by retention time and wavelength de- 
pendence of their chromatographic peak heights 

due to the presence of other compounds having 
peaks at the same retention times as dCTP and 
TTP. The peak very close to and at a slightly 
longer retention time than dATP also exhibited a 
wavelength dependence characteristic of dATP, 
but observation of the complete absorption spec- 
trum using the diode-array detector and accurate 
comparison to the absorption spectrum of stan- 
dard dATP was not possible due to the small 
heights of the peaks. 

n.5 

n.r, 

0.3 

2 
0.2 

0.1 

0.0 LM 
-0.1 j 

2 4 6 
Time 8hin.;o 

12 14 

Fig. 4. HPLC gradient separation of dNTPs in a periodate oxidized and SAX column pre-purified extract of an approximately 50:50 

mixture of 3.8 10’ human lymphocytes and monocytes. UV absorption at 252 nm is plotted. A 100~~1 aliquot of the 0.39 ml of 0.5 M 

potassium phosphate pH 6.0, strong anion-exchange (SAX) column fraction was injected. Thus the injection volume contained the 

entire extract of 1.0 10’ cells. 
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The pool sizes of dGTP and dATP found are 
shown in Table I and compared with levels found 
in phytohemagglutinin-stimulated and non-stim- 
ulated human lymphocytes using the DNA poly- 
merase method [23,24]. It should be noted that 
the value for dATP that we found agrees fairly 
well with the value for non-stimulated cells from 
those studies. The fact that the dATP peak in 
Fig. 4 is much larger than the baseline noise 
shows that this HPLC assay is as sensitive as the 
DNA polymerase assay, which has a detection 
limit of 0.1 pmol per lo6 cells [21]. Because some 
of the cell extraction procedures used for the 
DNA polymerase assay extract some kinases and 
phosphatases and a nuclease, this method can 
overestimate or underestimate the levels of the 
dNTPs. 

In summary, we have defined a rapid and re- 
liable HPLC method for measurement of dNTP 
(and other nucleotide) pool sizes which is as sen- 
sitive as the polymerase method. With very low 
levels of dNTPs in the cell extracts, other com- 
pounds present in the extracts interfere with the 
observation of some of the dNTPs even though 
we use a SAX column pre-step and an efficient 
ODS column. Varying HPLC assay conditions 
such as mobile phase composition, pH, and col- 
umn temperature change the sensitivity and reso- 
lution of the column for specific nucleotides, 
which may allow even lower limits of detection or 
greater resolution of single compounds. Adding 
electrochemical detection may increase the sensi- 
tivity further for purines [25,26]. Current work in 
our laboratory will extend these data to antineo- 
plastic drug-treated cells, other cell lines and cells 
collected from in vivo models. 
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