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ABSTRACT

Information about the intracellular concentration of
dNTPs and NTPs is important for studies of the mech-
anisms of DNA replication and repair, but the low
concentration of dNTPs and their chemical similar-
ity to NTPs present a challenge for their measure-
ment. Here, we describe a new rapid and sensitive
method utilizing hydrophilic interaction liquid chro-
matography coupled with tandem mass spectrome-
try for the simultaneous determination of dNTPs and
NTPs in biological samples. The developed method
showed linearity (R? > 0.99) in wide concentration
ranges and could accurately quantify dNTPs and
NTPs at low pmol levels. The intra-day and inter-day
precision were below 13%, and the relative recov-
ery was between 92% and 108%. In comparison with
other chromatographic methods, the current method
has shorter analysis times and simpler sample pre-
treatment steps, and it utilizes an ion-pair-free mo-
bile phase that enhances mass-spectrometric detec-
tion. Using this method, we determined dNTP and
NTP concentrations in actively dividing and quies-
cent mouse fibroblasts.

INTRODUCTION

The balance and the overall concentration of the four
dNTPs are tightly regulated by multiple mechanisms (1).
Defects in dNTP metabolism lead to increased mutation
rates (2-5) and are associated with various human disor-
ders (6,7). The overall concentration of dNTPs is very low
in non-dividing cells, where dNTPs are used primarily for
DNA repair or mitochondrial DNA (mtDNA) synthesis,
but it increases in dividing cells in S phase, when dNTPs are
used for the replication of nuclear DNA (8). However, even
in actively dividing budding yeast cells, the concentration
of dNTPs is still between ~40- and ~200-fold lower than
the concentration of the corresponding NTPs, depending
on the individual ANTP/NTP pair (9). This difference in the
concentrations of ANTPs and NTPs presents a challenge for
DNA polymerases, which incorporate significant amounts
of NTPs into DNA (10,11). The amount of ribonucleotides
incorporated into DNA directly depends on the individual
dANTP/NTP ratios (10). Therefore, information about the
cellular concentration of the four canonical ANTPs (dCTP,
dTTP, dATP and dGTP) and four canonical NTPs (CTP,
UTP, ATP and GTP) both in dividing and in quiescent cells
is important for the analysis of the biochemical properties
of DNA polymerases and the studies of incorporation and
repair of ribonucleotides in DNA.

Several analytical methods have been established to
quantify cellular ANTPs and NTPs. Nevertheless, the iden-
tification and the quantification of cellular dNTPs and
NTPs remain challenging, and surprisingly little is known
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about dNTP and NTP concentrations in various organ-
isms and tissues. Although enzymatic DNA polymerase as-
says used for measurements of dNTPs are sensitive (12-14),
the presence of cellular metabolites, including NTPs, can
inhibit DNA polymerases and influence the results. Fur-
thermore, this approach cannot be used for the simultane-
ous quantification of NTPs. The current HPLC-based ap-
proaches have other limitations. The reverse phase chro-
matography methods with conventional mobile phases for
separation of ribo- and deoxyribonucleotides (15-17) have
poor separation of dNTPs and NTPs due to their high
hydrophilicity. Strong anion exchange methods (18,19) are
not compatible with mass spectrometry (MS) because these
methods require high concentrations of non-volatile salts
in the mobile phase. Other concerns are interference from
baseline noise and low sensitivity, which require the use of
a large sample size and large injection volumes. Further-
more, the sample extraction and the chromatographic sep-
aration in these methods are time-consuming. Although
HPLC-MS/MS methods have been used for the specific
measurement of intracellular ANTPs with high sensitivity,
these methods used ion-pair interactions (20,21). However,
ion-pair reagents in the mobile phase (e.g. heptafluorobu-
tyric acid or phosphoric acid) are rarely volatile acids and
can affect the performance of MS in ionization suppression
of the analytes and can contaminate the ion source as well
as the HPLC systems.

Polar compounds can be efficiently separated by hy-
drophilic interaction liquid chromatography (HILIC)
where a polar stationary phase is used together with a
mixture of water or aqueous buffer solutions and organic
solvents (mainly acetonitrile or low molecular alcohols
such as MeOH) as the mobile phase. The HILIC separation
mode allows polar compounds to be successfully retained
on the stationary phase and eluted by increasing the
aqueous portion in the mobile phase. Depending on the
stationary phase properties, it is also possible to utilize un-
derlying electrostatic interactions of either weak or strong
character. (22-25). Many volatile buffers or acid/base
modifiers can therefore be used as mobile phase additives
to improve the chromatographic behavior of the analytes,
especially for ionizable compounds. Another advantage of
HILIC is the compatibility of its mobile phase with elec-
trospray ionization. Johnsen et al. reported a method using
two polymer sulfobetaine-based ZIC-pHILIC columns in
tandem for the simultaneous separation of eight dNTPs
and NTPs in Escherichia coli cell samples with an analysis
time of ~70 min (26). However, because the detection was
UV-based, the sensitivity and specificity of the method
were not sufficient for the analysis of samples with low
dNTP concentrations, e.g. quiescent mammalian cells. An-
other recently developed ion-pairing-free HPLC-MS/MS
method detects the four ANTPs and ATP, but not the other
three NTPs (27).

In the current study, we developed and validated a fast,
sensitive, and simple ion-pairing-free method for the de-
termination of the eight canonical dNTPs and NTPs us-
ing a silica phosphorylcholine-based ZIC-cHILIC column
coupled with tandem mass spectrometry, and we used this
method to determine the concentrations of dNTPs and
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NTPs in actively dividing and in quiescent mouse Balb/3T3
fibroblasts.

MATERIALS AND METHODS
Chemicals

dNTP and NTP standards, including 2’-deoxyadenosine 5'-
triphosphate (dATP); 2'-deoxythymidine 5'-triphosphate
(dTTP); 2'-deoxyguanosine 5'-triphosphate (dGTP);
2'-deoxycytidine 5'-triphosphate (dCTP); adenosine 5'-
triphosphate (ATP); uridine 5'-triphosphate (UTP); guano-
sine 5'- triphosphate (GTP); and cytidine 5'-triphosphate
(CTP) were from Thermo Fisher Scientific. Stable isotope-
labeled internal standards, including adenosine-'>Co,"* N
5'-triphosphate ~ (ATP'3Cy(,'’Ns);  uridine-13Cy,"" N,
S'-triphosphate  (UTP'3Cy,’N,); guanosine-'*Cyy 5'-
triphosphate (GTP'3Cyg); cytidine-""N3 5'-triphosphate
(CTPN3); 2'-deoxyadenosine *Cyo, "N 5'-triphosphate
(dATP3C,’Ns);  2'-deoxyguanosine 3Cjo,°Ns  5'-
triphosphate ~ (dGTP'3Cy,°Ns);  2'-deoxythymidine
13Cy,°N, 5'-triphosphate (dTTP!3Cyy,"’N,); and 2'-
deoxycytidine *Cy,'’N3 5'-triphosphate (ACTP!3Cy,'°N3),
were from Sigma-Aldrich (part of Merck Life Science,
Darmstadt Germany). Trichloroacetic acid (TCA) and
magnesium chloride (MgCl,) were from Scharlau (Scharlab
S.L., Spain), and HPLC-grade acetonitrile and methanol
were from Thermo Fisher Scientific. Deionized water was
produced with the Milli-Q Q-POD system (Merck Life
Science, Darmstadt Germany). Freon (1,1,2-trichloro-
1,2,2-trifluoroethane),  trioctylamine, = LC-MS-grade
ammonium hydroxide solution (25%), LC-MS-grade
acetic acid, LC-MS-grade ammonium acetate, phosphate-
buffered saline (PBS), horse serum, and Dulbecco’s
Modified Eagle’s Medium (DMEM) were all from Sigma-
Aldrich (part of Merck Life Science, Darmstadt Germany).
Penicillin/streptomycin, L-glutamine, and trypsin/EDTA
were from Gibco Life Technologies. The Oasis WAX solid
phase extraction (SPE) cartridge, 30 mg, 60 pm was from
Waters, and the chromatographic column ZIC-cHILIC, 3
pm, 150 x 2.1 mm PEEK was from Merck Life Science,
Darmstadt Germany.

Standard solutions

Stock solutions of each standard were prepared at a con-
centration of 10 mM in water and stored at —20°C until
use. The working solutions were prepared by diluting stock
solutions to 100 nM, and 600 .l were loaded onto the Oasis
WAX SPE cartridge. The different solutions for calibration
curves were made fresh by serial dilution of stock solutions
with water. The isotope-labeled internal standard solution
was freshly mixed and diluted with water to a concentration
of 10 mM for dNTPs and 100 mM for NTPs.

Chromatographic and mass-spectrometric analysis

Intracellular concentrations of dNTPs an NTPs were ana-
lyzed on an LC-MS/MS system composed of an Agilent
1290 UHPLC (Agilent Technologies, Waldbron, Germany)
coupled with an Agilent 6490 triple quadrupole mass spec-
trometer (Agilent Technologies, Santa Clara, CA, USA).
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Figure 1. ZIC-cHILIC-HPLC multiple reaction monitoring (MRM) chro-
matograms of all ANTP and NTP analytes in a standard mixture solution
and in extracts from Balb/3T3 fibroblasts and their '*C!>N-labeled inter-
nal standards. The MRM transitions are shown for each of the target an-
alytes.

The analytes were separated on a 150 x 2.1 mm ZIC-
cHILIC column with 3 wm particles. A stepwise gradient
program was applied with mobile phase A (10 mM ammo-
nium acetate, adjusted to pH 7.7 with aqueous ammonia so-
lution, in 90/10 water/acetonitrile) and mobile phase B (2.5
mM ammonium acetate adjusted to pH 7.7 with aqueous
ammonia solution in 90/10 acetonitrile/water) delivered at
a flow rate of 200 wl min~! (Table 1). The HPLC eluate
was introduced into the mass spectrometer through an elec-
troionization spray interface in which analytes and internal
standards were ionized and carried a positive charge. The
injection volume was 5 pl, and the separation was carried
out at 35°C. The LC-MS/MS instrument was operated in
multiple-reaction-monitoring (MRM) mode. MRM transi-
tions (precursor ions and product ions) are listed in Figure
1 and Supplementary Table S1, which also lists the collision
energies. The in-source parameters were set as follows: gas
temperature 200°C; gas flow 14 1-min~'; nebulizer pressure
20 psi; sheath gas temperature 320°C; nebulizer gas flow 10
l-min~!; capillary voltage 4000 V; and nozzle voltage 400 V.
Each HILIC-MS/MS run was divided into three sections,
in which the eluent from the column was diverted to waste
from 0 to 7 min and from 19 to 23 min in order to minimize
the contamination of the ion source.
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Cell culture

Mouse Balb/3T3 fibroblasts (ATCC CCL-163) were main-
tained in DMEM supplemented with 10% horse serum. For
unsynchronized samples, cells were seeded and collected
the following day. For serum-deprived samples, cells were
seeded in DMEM with 10% horse serum. On the following
day, cells were washed twice with PBS and then cultured in
DMEM with 0.6% horse serum for 24 or 48 h.

For analysis of ANTP and NTP pools in logarithmically
growing cells, 6 x 10° cells were seeded onto 10 cm plates in
triplicate. For the quiescent, serum-deprived cells, 4 x 10°
cells were seeded onto 10 cm plates in triplicate. For cell
cycle analysis by flow cytometry, cells were seeded on one
10 cm plate in the same way and in parallel with the cells
seeded for nucleotide pool measurements. The cells were
trypsinized, counted, and collected by centrifugation. The
nuclei were extracted and stained using the CyStain DNA 2
step kit (Sysmex Partec GmbH) and analyzed on a CCA-I
flow cytometer (Sysmex Partec GmbH).

Preparation of ANTP and NTP extracts

Cells were washed twice with ice-cold sodium chloride (9
g/1) and harvested using a cell scraper in 550 wl of ice-
cold 15% TCA supplemented with 30 mM magnesium chlo-
ride. The resulting solution was pulse-vortexed (Intellim-
ixer) at 99 rpm for 10 min at 4°C and centrifuged at 20
000 x g for 1 min at 4°C, and the supernatant was ex-
tracted twice with 1.4x the volume of Freon (78% v/v)-
trioctylamine (22%, v/v). After Freon extraction, 5 1 0.5%
acetic acid and 5 pl isotope-labeled internal standards were
added, and the mixture was loaded onto an Oasis weak an-
ion exchange (WAX) SPE cartridge. Interfering compounds
were eluted off the cartridges in two steps with 1 ml am-
monium acetate buffer (pH was adjusted to 4.5 with acetic
acid) and 1 ml 0.5% ammonia aqueous solution in methanol
(v/v), and the analytes were eluted from the cartridge with
2 mL methanol/water/ammonia solution (80/15/5, v/v/v)
into a glass tube and then evaporated to dryness using a
centrifugal evaporator at a temperature below 37°C. The
residue was reconstituted in 50 pl sample injection solution
(acetonitrile/water/100 mM ammonium acetate, 30/9/1,
v/v/v) for the HILIC-MS/MS analysis.

Quantitative method

Calibration curve samples and quality control (QC) sam-
ples for all ANTPs and NTPs were prepared in aqueous
matrix (28). The concentration of intracellular compounds
was calculated using calibration curves and was expressed
as pmol/10° cells. A calibration curve for each ANTP and
NTP was obtained by quadratic regression analysis with
1/X? weighting based on the peak area ratio of the analyte
to the internal standard. Calibration curves with a coeffi-
cient of determination (R?) higher than 0.99 were accept-
able. The quantitative analysis of intracellular ANTPs and
NTPs in Balb/3T3 cell extracts was based on the peak area
ratio of the analytes to the internal standard.
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Table 1. HPLC gradient for the separation of dNTPs and NTPs on the ZIC-cHILIC column

Time (min) Mobile phase A (%) Mobile phase B (%) Flow rate (ul min~—)
0.0 20 80 200
7.0 20 80 200
12.0 40 60 200
17.0 40 60 200
19.0 20 80 200
23.0 20 80 200

Method validation design

The developed method was validated in terms of linear-
ity, precision, lower limit of quantification (LLOQ), rela-
tive recovery, and stability. Considering the different levels
of dNTPs and NTPs in biological samples, the calibration
curves were constructed in two different ranges against five
calibration levels by plotting the peak area ratios of ana-
lytes to each of their corresponding isotope- labeled inter-
nal standards. The intra-day precision was assessed with QC
samples containing isotope-labeled dANTP and NTP inter-
nal standards at three concentration levels by injecting three
times during the day, while the inter-day precision was as-
sessed by injecting samples for three consecutive days. The
relative recovery was tested by the spiking experiments with
the QC sample at a medium level into the Balb/3T3 sam-
ple as follows: 450 wl cell extracts were spiked with 50 wl
pure water (blank sample) or 50 pl standard mixture at
medium QC level (spiked sample), and 450 pl pure water
was added with 50 pl standard mixture to calculate the
amount spiked. The resulting solutions were loaded onto
the WAX SPE cartridges after adding isotope-labeled inter-
nal standards and acetic acid. The relative recovery was cal-
culated as [(amount found in the spiked sample — amount
found in the sample)/amount added] x 100. The LLOQ was
chosen as the concentration of the lowest calibration stan-
dard. The analysis of ANTP and NTP stability during stor-
age was performed independently at —20°C in Balb/3T3
cell samples spiked with standards at medium QC level.
Spiked Balb/3T3 samples were analyzed fresh and after 24,
48 and 72 h of storage.

Microscopic analysis of cell size

Cells were seeded onto 12 mm poly-D-lysine-coated cov-
erslips (Neuvitro Corporation). After 24 h in 10% horse
serum DMEM, cells were rinsed with PBS and either
fixed in 3% paraformaldehyde for 20 min or grown for
an additional 48 h in 0.6% horse serum DMEM fol-
lowed by paraformaldehyde fixation. Paraformaldehyde-
fixed coverslips were washed with PBS, blocked in 5% goat
serum/0.05% saponin in PBS, and incubated with primary
anti-CD44 antibody (Abcam) at 1:400 dilution in 1% goat
serum/0.05% saponin in PBS for 1 h at room temperature.
After washing three times for 5 min in 1% goat serum/0.05%
saponin in PBS, coverslips were incubated with secondary
Alexa Fluor 568—conjugated antibody at 1:300 dilution and
DAPI at 1:50 000 dilution for 1 h. Confocal Z-stacks were
obtained from 12 representative cells using a Zeiss Cell Ob-
server Spinning Disk Confocal controlled by the ZEN inter-
face with an Axio Observer.Z1 inverted microscope with a
63 x lens (Plan-Apochromat 1.40 Oil DIC M27) equipped

with an iXon Ultra EMCCD camera from ANDOR. Seg-
mentation of the CD44 and DAPI signals and subsequent
cell volume analysis was performed using the surface anal-
ysis tool Imaris V7.5 (Bitplane).

RESULTS
Sample preparation

To wash the cells and to quench cellular metabolism, we
used ice-cold saline (0.9% [w/v] NaCl) (29). TCA was used
to lyse the cells and to extract ANTPs and NTPs (30). Meth-
ods using two-step SPE procedures with reverse phase (RP)
C18 SPE and WAX SPE have been reported for the pre-
treatment of biological samples before ANTP and NTP
analysis (20) The RP C18 SPE step was intended to remove
the less polar compounds, while the WAX SPE step was for
retaining the negatively charged compounds. To simplify
the experimental procedure, we only used the WAX SPE
step, but used 0.5% aqueous ammonia solution in methanol
(v/v) instead of pure methanol for washing off the inter-
ferences because the interaction between the triphosphate
group and the WAX functional group was strong enough.

Separation and detection of dNTPs and NTPs by cHILIC-
MS/MS

The first step in our evaluation was to identify and develop
an effective HPLC separation. A silica phosphorylcholine-
based ZIC-cHILIC stationary phase provided the best re-
sults in terms of selectivity. The initial efforts involved the
optimization of mobile phases (in terms of organic content
and salt concentration), loading buffers, flow rate, and gra-
dient profile. The choice of the optimal mobile phases was
related not only to electrospray ionization and MS compati-
bility, but also to separation efficiency and chromatographic
resolution. All compounds were detected with good peak
shapes, the separations among the eight ANTPs and NTPs
were sufficient, and no isotopic interference was observed
(Figure 1 and Supplementary Figure S1).

Method validation

Based on the results of the analysis of standard solutions of
dNTPs and NTPs at five concentration levels, the method
was shown to exhibit good linearity in the concentration
range with coefficients of determination (R?) greater than
0.99 for all ANTPs and NTPs (Table 2). The intra- and
inter-day precision values, expressed as CV%, are summa-
rized in Table 3. The within-day coefficients of variation
(CVs, n = 3) were <12.7% and 8.1% for dNTPs and NTPs,
respectively, and the inter-day precision was <10.5% and
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12.7% for dNTPs and NTPs, respectively. The stability of
dNTPs and NTPs in extracts from Balb/3T3 cells at —20°C
was tested for a 72 h period, and no significant differences
were found among mean values of ANTPs and NTPs using
Student’s t-test. Thus, dNTPs and NTPs in extracts from
Balb/3T3 cells are stable at —20°C for at least 72 h.

Measurement of ANTP and NTP concentrations in Balb/3T3
mouse fibroblasts

The levels of ANTPs in eukaryotic cells vary according to
the cell cycle, whereas the levels of NTPs are relatively con-
stant (1,5). The dNTP levels are high in S phase—when
DNA synthesis occurs—and low in G; phase and in qui-
escent cells (8). To test the sensitivity of the developed LC-
MS/MS method on biological samples, we measured dNTP
and NTP amounts in logarithmically growing cell cultures
with a mixed population of cells in all different phases of the
cell cycle and in serum-starved quiescent cells that are pre-
dominantly in G/Gy. The cell cycle profiles were verified
using flow cytometry analysis (Figure 2A). The cells were
counted and the amount of dNTPs and NTPs were deter-
mined (Figure 2B and C and Table 4). The dNTP pools in
quiescent cells were on average only 14% of those in the ac-
tively dividing cells, whereas the NTP pools in the serum-
starved cells were on average 70% of the actively dividing
cells. Because the NTP pools are less affected by the cell
cycle phase, the ratios between the NTPs and the corre-
sponding dNTPs increased between 2.5- to 10-fold in qui-
escent cells compared to logarithmically growing cells (Ta-
ble 5). To calculate the actual concentration of dNTPs and
NTPs in the cells, we measured the average cell volume in
a mixed population of logarithmically growing cells as well
as in quiescent cells using confocal microscopy. The outer
membrane of the cells was visualized using fluorescently la-
beled antibodies, and the nuclei were labeled with DAPI.
The average cell volumes were 3026 wm? for the logarith-
mically growing cells and 3212 wm?® for the quiescent cells
(Figure 2D). Using the average cell volumes, we calculated
the dNTP and NTP concentrations in the cells (Table 6).

DISCUSSION

The fidelity and processivity of DNA polymerases are af-
fected both by the overall ANTP concentration and by the
balance among the individual dNTPs that are present in vivo
or in the test tube (3,4,31-38). Furthermore, these processes
are also affected by the presence of NTPs (9,10). Therefore,
knowledge about the intracellular concentrations of both
dNTPs and NTPs is required both for in vivo and in vitro
studies of DNA replication.

Here, we report a method for direct and simultaneous
determination of all eight canonical dNTPs and NTPs.
We show that this method is sensitive enough for quan-
tification of dNTPs in quiescent Balb/3T3 fibroblasts that
are known to have very low dNTP levels. The sensitiv-
ity of this method is expected to be high enough to mea-
sure dNTP concentrations in other types of non-dividing
cells such as neurons, biopsies of differentiated tissues, and
even mitochondria (provided that nucleotide concentra-
tions do not change during isolation of mitochondria). Fur-
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Figure 2. Determination of the dNTP and NTP concentrations in actively
dividing and quiescent mouse Balb/3T3 fibroblasts. (A) Flow cytometry
histograms of actively dividing and quiescent cells. The percent of cells in
each cell cycle phase is shown above the peaks. (B) Amounts of dNTPs in
actively dividing and quiescent cells presented as the mean = SEM mea-
sured in three independent Balb/3T3 cell extracts. (C) Amounts of NTPs
in actively dividing and quiescent cells, presented as the mean + SEM mea-
sured in three independent Balb/3T3 cell extracts. (D) Cell volumes of ac-
tively dividing and quiescent cells. The horizontal lines indicate the mean
+ SEM.
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Table 2. Calibration range, coefficient of determination (R2), lower limit of quantitation (LLOQ), and relative recovery (%) of standard solutions of dNTPs
and NTPs

Calibration range (pmol) R? LLOQ (pmol) Relative recovery (%)

dCTP 0.625,1.25,2.5,5, 10 0.99 0.625 102
dTTP 0.625,1.25,2.5,5, 10 0.99 0.625 92

dATP 0.25,0.5,1,2,4 0.99 0.25 106
dGTP 0.25,0.5,1,2,4 0.99 0.25 104
CTP 12.5, 25, 50, 100, 200 0.99 12.5 108
UTP 25, 50, 100, 200, 400 0.99 25 107
ATP 62.5, 125, 250, 500, 1000 0.99 62.5 102
GTP 12.5, 25, 50, 100, 200 0.99 12.5 96

Table 3. Intra-day and inter-day precision of measurements of standard solutions of ANTPs and NTPs

Amount

(pmol, 5 pl injected) Intra-day precision Inter-day precision
Spiked Found 4+ SD %CV Found + SD %CV
dCTP

1 0.86 £ 0.06 7.3 0.86 &+ 0.01 1.6
2 1.86 £ 0.09 5.1 1.83 £0.03 1.8
8 7.16 = 0.26 3.7 6.88 £+ 0.40 5.8
dTTP

1 1.20 £ 0.04 3.0 1.13 £0.05 42
2 1.95+0.03 1.8 1.93 £0.01 0.4
8 8.73+£0.39 4.5 8.15+£0.51 6.3
dATP

0.4 0.43 +0.01 2.0 0.33 £ 0.01 3.2
0.8 0.82 4+ 0.06 7.4 0.82 £0.05 5.5
2.5 2.75 £ 0.10 3.7 2.55+0.12 4.5
dGTP

0.4 0.34 £0.04 12.7 0.35+0.04 10.5
0.8 0.83 £0.04 4.7 0.79 £ 0.02 2.5
2.5 2.39+0.15 6.2 2.35+0.05 2.0
CTP

20 18.0 £ 0.6 3.1 18.6 £0.3 1.6
40 36.8 £3.0 8.1 36.6 24 6.6
150 136 £2 1.5 135+ 4 2.6
UTP

40 36.8 £1.1 2.9 38.8 £0.9 2.5
80 76.2+2.9 3.9 82.1 £8.0 9.8
300 289+ 6 2.2 303+ 15 5.0
ATP

100 104 +£ 5 4.7 106 +£ 5 4.5
200 180 £7 3.7 173 £2 1.0
750 684 + 34 49 654 + 28 4.3
GTP

20 17.0+0.8 4.6 18.7+24 12.7
40 37.6 £ 1.6 42 346+ 1.1 3.1
150 154 £ 6 3.6 152+£1.2 0.8

Table 4. Amounts (pmol/10° cells) of dNTPs and NTPs in actively dividing (log) and quiescent (24 and 48 h) mouse Balb/3T3 fibroblasts. Quiescence
was achieved by serum starvation for 24 or 48 h

CTP dCTP UTP dTTP ATP dATP GTP dGTP
Log 1955 70 4095 92 7454 44 1531 18
24h 1110 15 2300 14 6059 5 1389
48 h 960 13 2070 10 5848 5 1417 1.6

Table 5. Ratios of NTP/dNTP in actively dividing (log) and quiescent (24 and 48 h) mouse Balb/3T3 fibroblasts. Quiescence was achieved by serum
starvation for 24 or 48 h

CTP/dCTP UTP/dTTP ATP/dATP GTP/dGTP
Log 28 45 169 85
24h 74 160 1173 483

48 h 75 204 1150 870
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Table 6. Concentrations (wM) of dNTPs and NTPs in actively dividing (log) and quiescent (24 and 48 h) mouse Balb/3T3 fibroblasts. Quiescence was

achieved by serum starvation for 24 or 48 h

CTP dCTP UTP dTTP ATP dATP GTP dGTP
Log 647 22 1353 29 2463 14 506 5.6
24h 367 4.7 760 4.5 2002 1.6 459 0.9
48 h 318 4.0 685 3.2 1932 1.6 468 0.5

thermore, this method can be easily adapted for the mea-
surement of non-canonical minor dNTP species such as
dUTP, dITP, 8-0xo-dGTP, and other physiologically rele-
vant dNTPs (39,40). It will be interesting to analyze dNTP
and NTP concentrations in various cancer cells, especially
in those with mechanistically unexplained mutational sig-
natures, because it might well be that some of such can-
cer cells have defects in nucleotide metabolism causing in-
creased mutation rates.

The amounts of ANTPs and NTPs per one million mouse
Balb/3T3 fibroblasts measured in our study were very
close to those previously reported by Ferraro et al for
human fibroblasts, including both logarithmically grow-
ing and quiescent cells (13). The latter study relied on a
DNA polymerase-based assay for determination of dNTPs
and on an HPLC-UV-based method for the determina-
tion of NTPs. Because the in vitro biochemical studies of
DNA polymerases require information about the molar
concentrations of nucleotides, we went on to measure the
cell volumes of the logarithmically growing and quiescent
mouse Balb/3T3 fibroblasts and calculated their intracel-
lular ANTP and NTP concentrations (Table 6). We hope
that these values will be useful for researchers characteriz-
ing mammalian DNA polymerases in vitro.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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