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ABSTRACT

Information about the cellular concentrations of de-
oxyribonucleoside triphosphates (dNTPs) is instru-
mental for mechanistic studies of DNA replication
and for understanding diseases caused by defects
in dNTP metabolism. The dNTPs are measured by
methods based on either HPLC or DNA polymeriza-
tion. An advantage with the HPLC-based techniques
is that the parallel analysis of ribonucleoside triphos-
phates (rNTPs) can serve as an internal quality con-
trol of nucleotide integrity and extraction efficiency.
We have developed a Freon-free trichloroacetic acid-
based method to extract cellular nucleotides and an
isocratic reverse phase HPLC-based technique that
is able to separate dNTPs, rNTPs and ADP in a single
run. The ability to measure the ADP levels improves
the control of nucleotide integrity, and the use of
an isocratic elution overcomes the shifting baseline
problems in previously developed gradient-based re-
versed phase protocols for simultaneously measur-
ing dNTPs and rNTPs. An optional DNA-polymerase-
dependent step is used for confirmation that the
dNTP peaks do not overlap with other components
of the extracts, further increasing the reliability of the
analysis. The method is compatible with a wide range
of biological samples and has a sensitivity better
than other UV-based HPLC protocols, closely match-
ing that of mass spectrometry-based detection.

GRAPHICAL ABSTRACT

INTRODUCTION

Balanced pools of deoxribonucleoside triphosphates
(dNTPs) are important for DNA replication fidelity (1–4).
The levels of dNTPs vary between different species, cell
types, and growth phases, but in mammalian cells they are
typically 2–3 orders of magnitude lower than the corre-
sponding ribonucleotides (rNTPs) (5,6), and this makes
their analysis challenging. The DNA polymerase-based
techniques are becoming more popular due to their ability
to measure many samples simultaneously, and thereby
improve the throughput (7–9). However, these assays are
indirect and can be affected by other components of the
extracts such as rNTPs (10,11). Analyses of extracts from
cells treated with deoxynucleoside analogues that are
commonly used as anticancer and antiviral agents can be
particularly difficult because the phosphorylated analogues
can interfere with the assay. HPLC-based methods have
the advantages of both being direct and able to measure
rNTPs (12), which in contrast to dNTPs do not fluctuate
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during the cell cycle and therefore can serve as controls
for the extraction efficiency and sample handling. It is an
advantage if the HPLC method also can measure ADP
because the ATP:ADP ratio shows whether the energy
charge was affected by the harvesting procedure.

The HPLC-based methods available for dNTP and rNTP
analysis differ by cell extraction technique, column type,
and detector (12). Most of them start with cell extraction us-
ing acids or organic solvents. The generated crude extracts
are generally dominated by rNTPs, which in anion exchange
HPLC protocols need to be captured by boronate resins or
selectively degraded with periodate treatment in order to al-
low the detection of the much less abundant dNTPs (13,14).
A separate HPLC analysis of crude extracts is in this case
necessary for the measurement of the rNTP pool. Using
reverse phase chromatography and a tetrabutylammonium
(TBA) salt as an ion pairing agent in the mobile phase, it has
been possible to analyze dNTPs, rNTPs and ADP in a sin-
gle run (15–17). These methods work well for the determi-
nation of ADP, rNTPs, and various nucleotide-conjugated
sugars that are abundant in cell extracts, but they suffer
from unstable baselines due to non-isocratic elution and
lack of proper controls to discriminate dNTPs from other
small peaks in the cell extracts. Mass spectrometry-based
detection makes it possible to overcome these problems and
to achieve much higher sensitivity than with UV detection
(5). However, a limitation of mass spectrometry-based tech-
niques is the requirement for expensive equipment to per-
form the analyses. In the current work, we have created
a high-sensitivity method based on isocratic reverse phase
chromatography, UV detection, and a DNA-polymerase-
based approach to discriminate dNTPs from background
peaks. The new method can measure dNTPs, rNTPs, and
ADP from a wide range of extracts with a sensitivity close
to mass spectrometry-based detection.

MATERIALS AND METHODS

Reagents

Chemicals for the HPLC mobile phase included HPLC-
grade methanol (MeOH) and acetonitrile (ACN)
from Thermo Fischer Scientific, Waltham, MA, USA
(#M/4056/17X and #A0626/17X, respectively), tetra-
butylammonium bromide (TBA-Br) for ion pair chro-
matography from Merck, Darmstadt, Germany (#86857),
and HiPerSolv Chromanorm-grade KH2PO4 from VWR
International, Radnor, PA, USA (#153184U). For ex-
traction and preparation of cellular nucleotides, we used
HPLC-grade ACN and MeOH (see above), trichloroacetic
acid (TCA) from Scharlab S. L., Sentmenat, Spain
(#AC31321000), OASIS solid phase extraction (SPE)
columns with weak anion exchange (WAX) resin from Wa-
ters Corporation, Milford, MA, USA (#186002492) and
Lichropur ammonia solution (25%) for HPLC from Merck
(#5.43830.0250). For the DNA polymerase assay, we
used M13 mp18 ss-DNA (250 �g/ml) from New England
Biolabs, Ipswich, MA, USA (#N4040S), random decamers
from Thermo Fischer Scientific (#AM5722G), and Klenow
Fragment Exo– (5 U/�l) from Thermo Fischer Scientific
(#EP0421).

Biological resources

The cell lines used were Saccharomyces cerevisiae strain
AC402 (MATalpha ade2-1 his3-11,15 leu2-3,112 trp1-1
ura3-1 RAD5 + CAN1), mouse Balb/3T3 fibroblasts
(ATCC no CCL-163) and Trypanosoma brucei Lister 427
(http://tryps.rockefeller.edu/trypsru2 pedigrees.html). Ani-
mal experiments on C57BL/6 mouse embryos were ap-
proved by the Animal Review Board at the Court of Appeal
of Northern Norrland (Umeå, Sweden).

HPLC equipment, detector settings, loop sizes and columns

The HPLC experiments were performed by using three
Smartline Pump 1000s (Knauer, Berlin, Germany) with
the inlets connected to an ERC 3145� solvent degasser
(Knauer). The outlets of the pumps were connected to
a Dynamic Mixing Chamber (Knauer) and a Cheminert
C82VH-1676 injector connected to the column. The col-
umn was protected by a Sunshell guard cartridge (Chro-
maNik Technologies Inc., Osaka, Japan). The outlet of the
column was connected to a UV2075 Plus detector (Jasco
International Co. Ltd, Hachioji, Japan). Unless otherwise
specified, the UV detector was set to a wavelength of 270
nm using the standard setting (STD = 5 s update time), CR
filter, and an output of 1 V/0.1 AU. The fast response setting
(FAST = 3 s), which gives higher noise, was only used when
analyzing the effect of the flow rate on resolution and for
gradient elution. An injection loop of 100 �l was generally
used for 4.6 mm ID columns, unless otherwise specified. The
temperature of the column was controlled with a 300 mm
HotPocket heater (Thermo Fischer Scientific). Most exper-
iments were performed with a 4.6 mm × 150 mm Sunshell
C18-WP 2.6 �m column (ChromaNik Technologies Inc.).
However, initially we also used different ACE Excel 2 �m
variants – C18, C18-AR and C18-PFP (Advanced Chro-
matography Technologies Inc., Aberdeen, Scotland, UK) –
with dimensions specified in the figure legends.

HPLC mobile phase

Three solutions were prepared for the mobile phase, solu-
tion A, B and C. In our final protocols, one liter of solu-
tion A contained 23 g KH2PO4 (HiPerSolv Chromanorm,
VWR), 45.6 g ACN (5.8% v/v) and 1.27 ml 4 M KOH to
reach a pH of 5.6. Solution B was 5.8% ACN, and solu-
tion C was 3.5 g/l TBA-Br in 5.8% ACN. It was important
to use chromatography-grade KH2PO4 and TBA-Br for the
stability of the columns. In addition, we prepared 5× buffer
A and 20× buffer C solutions but without ACN as ingre-
dients for making a 10× loading solution. The 5× buffer A
solution contained 11.5 g KH2PO4 and 0.6375 ml 4M KOH
per 100 ml, and the 20× solution C contained 1.4 g TBA-
Br/100 ml. For the standard HPLC protocols, we mixed
equal amounts of these two solutions to make a 10× load-
ing solution.

Final HPLC protocols

Two final HPLC protocols were developed using a 4.6 × 150
mm Sunshell C18-WP 2.6 �m column and a flow rate of
1.2 ml/min (Table 1). The High-Resolution Protocol is the
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Table 1. Summary of HPLC protocols and cell extraction methods. Abbreviations used are ACN: acetonitrile, KPi: potassium phosphate (KH2PO4,
pH-adjusted with KOH), TBA-Br: tetrabutylammonium bromide, TCA: trichloroacetic acid, TFA: trifluoroacetic acid, C-TOA: chloroform-trioctylamine
mixture, WAX-SPE: weak anion exchange - solid phase extraction.

Protocols Conditions Features

HPLC
High-resolution protocol 5.8% ACN, 0.7 g/l TBA-Br, ∼8.7 g/l

KPi
a pH 5.6, T = ambient

1. Measures ADP, rNTPs, dNTPs and dUTP
2. Compatible with all extraction solutions

Fast protocol 5.8% ACN, 0.7 g/l TBA-Br, ∼9.7 g/l
KPi

a pH 5.6, T = 30◦C
1. Shorter analysis tim
2. Measures ADP, rNTPs, dNTPs (but not
dUTP)
3. Less compatible with TCA (due to t-peak)

Cell extraction
Acid extraction (TCA/TFA) 10–12% TCA/TFA + 15 mM

MgCl2 Cleanup: C-TOA + WAX-SPE
1. Strong extraction, but gives extra peaks
2. TFA improves chromatograms (no t-peak)
3. C-TOA is Freon-free

Organic solvents (ACN/MeOH) 50% ACN or 80% MeOH Cleanup: only
WAX-SPE

1. Cleaner chromatograms than with
TCA/TFA

aThe exact KPi concentration is determined by the optimization of the protocol.

more versatile of the two and can separate all dNTPs, in-
cluding dUTP, as well as rNTPs and ADP. This method is
run at ambient temperature with a mobile phase containing
38–39% A and 20% C (the remaining 42–43% is B). Just be-
fore HPLC analysis, samples are mixed with 10 × loading
solution (see above) mimicking the mobile phase pH and
TBA, but with a lower final concentration of KPi and no
ACN. The Fast Protocol is run at 30◦C with a mobile phase
containing a mixture of 42–43% A and 20% C (the remain-
ing 37–38% is B). The main advantage with this protocol is
that the analysis time is shortened by ∼20%, but it is not
able to separate dUTP from dGTP.

The optimal percentage of solution A in the mobile
phase is determined by a standard sample containing
1 �M ADP + rNTPs, 0.5 �M dNTPs and 0.25 �M
dADP + UDP-glucuronic acid (UDP-GlcA) mixed with
10× loading solution. The dADP peak location should be
in the middle between the dCTP and UDP-GlcA peaks. If
not, its relative position can be shifted to the left or right
by decreasing or increasing the percentage of A in 1% in-
crements, respectively. Correcting the positioning of dADP
means that the unknown peaks present in some of the ex-
tracts, denoted c and g, will also be well separated from the
closest dNTPs. In samples where dADP is very high, which
can happen in extracts from cells treated with deoxyadeno-
sine, the percentage of A can be increased in order to posi-
tion the dADP peak farther away from dCTP, but it is advis-
able to not increase it by >1% to avoid excessive movements
of the unknown peaks.

The high-resolution protocol is versatile and works with
all tested types of samples, whereas the fast protocol is not
ideally suited for cells extracted with TCA, which contains
an impurity denoted t having a retention time close to dTTP.
The position of the t-peak needs in this case to be verified by
a t-standard prepared as described below. In contrast, the t-
peak is positioned far away from dTTP and poses no prob-
lem using the High-Resolution Protocol. As the column gets
older, the retention times of rNTPs and dNTPs are gradu-
ally shortened and the separation of the t-peak from dTTP
with the Fast Protocol improves.

The column storage solution is 7% ACN if the column is
planned to be used within the next few days and 70% MeOH
for long-term storage. After storage with 70% MeOH, the
column is run for a few minutes with 7% ACN before us-
ing buffer-containing solutions. The equilibration of brand-
new columns takes at least 10 h at 0.2 ml/min with the fi-
nal mobile phase solution in order to achieve full separa-
tion of all nucleotides including dUTP and dGTP, whereas
1 h at full speed is generally enough after short-term stor-
age. Whenever chromatography performance decreases, the
column is flushed with 70% MeOH for an hour, or if neces-
sary the precolumn is changed. The precolumn is then equi-
librated separately for 2 h with mobile phase and washed
briefly with 7% ACN for a few minutes before attachment
to the main column.

TCA extraction optimization and preparation of the t-
standard

Aqueous solutions of TCA are commonly used for cell ex-
traction, and TCA can be removed from the samples in a
subsequent step using a mixture of Freon (1,1,2-trifluoro-
2,2,1-trichloroethane) and N,N,N-trioctylamine. However,
Freon is an ozone-depleting substance and its use in lab-
oratories is highly restricted. Therefore, we tested if Freon
could be replaced with chloroform, which has similar chem-
ical properties. For this purpose, nucleotide solutions con-
taining 0.75 �M ADP, 0.5 �M of each dNTP and AMP-
PNP, 5 �M CTP, GTP, and UTP, and 20 �M ATP were
prepared in 500 �l 10% (w/v) TCA (∼0.6 M) containing
15 mM MgCl2. The samples were subsequently extracted
with 720 �l of a 1:0.28 chloroform-trioctylamine solution
prepared by mixing 1 ml chloroform with 0.28 ml triocty-
lamine. Control experiments were performed with 1:0.28
Freon-trioctylamine. After the addition of chloroform-
trioctylamine or Freon-trioctylamine to the nucleotide so-
lutions, the tubes were individually vortexed for 30 s and
centrifuged for 1 min. The upper phase was transferred to
a second tube, and the pH was confirmed to be >5 by spot-
ting 0.2 �l on pH-paper. The vortexing step was critical
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for efficient removal of TCA, and it worked better if each
tube was vortexed individually. If this step was properly per-
formed and the pH was above 5, it was no longer necessary
to perform a second extraction with 500 �l chloroform–
trioctylamine or Freon-trioctylamine solution as described
in previous protocols (18,19). When transferring the aque-
ous phase in the extraction procedure, we found it conve-
nient to transfer a fixed volume (in our case 425 �l) instead
of the whole volume. In order to know how large a fraction
of the whole volume is taken out and then to compensate
for that in the final calculation of nucleotides, it is important
to consider how much the whole volume shrinks when the
acid is removed. Empirically, we determined this factor to
be 0.943, which means that the whole volume becomes 471.5
�l (500 × 0.943) after the first extraction. We did not ob-
serve such a volume change in the second extraction, which
was expected because most of the acid had been removed.
Similar experiments were also performed with 0.6 M triflu-
oroacetic acid (TFA) instead of TCA, and in this case the
corresponding shrinkage factor in the first extraction was
0.983.

The samples were further purified by OASIS WAX-SPE
essentially as described previously (5). The SPE columns
were first equilibrated in a three-step procedure with 2 ml
MeOH followed by 2 ml water and 2 ml 50 mM ammo-
nium acetate prepared from acetic acid adjusted to pH 4.6
with ammonia. Each sample was diluted with 2 ml 50 mM
ammonium acetate pH 4.6. After application of the diluted
sample to the SPE column, the column was washed first
with 2 ml 50 mM ammonium acetate pH 4.6 and then with 2
ml of a solution containing 99.5 parts MeOH and 0.5 parts
25% aqueous ammonia solution. The nucleotides were fi-
nally eluted with 1.5 ml of a solution consisting of 80 parts
MeOH, 15 parts water and 5 parts 25% aqueous ammo-
nia solution. The eluted sample was collected, evaporated
in a Speedvac to dryness (∼2 h), resuspended in 200 �l wa-
ter and stored at –20◦C. We found it suitable to use plastic
tubes for the Speedvac (75 mm × 12 mm PS tubes, #55.476
from Sarstedt) to minimize sample adherence to the tube
walls after resuspension. The samples were analyzed by the
HPLC Fast Protocol to monitor nucleotide recoveries. We
also prepared the t-standard described above where 500 �l
10% TCA (without MgCl2) was extracted with chloroform-
trioctylamine, but in this case without SPE purification be-
cause the t-impurity is partially removed by this step.

Mouse embryos

Homozygous SAMHD1−/− knockout mice in the C57BL/6
background (20) were mated with WT C57BL/6 mice. Day
11 embryos were isolated from these crosses, and their tails
were removed for genotyping (21) before nucleotide extrac-
tion as described below.

Cell culture

S. cerevisiae were cultured at 30◦C with shaking in Yeast
extract Peptone Dextrose (YPD) growth medium supple-
mented with 0.02 g/l adenine. Mouse Balb/3T3 fibroblasts
were grown as monolayers on 10 cm tissue culture dishes
with a standard TC surface (#83.3902 from Sarstedt AG &

Co., Nümbrecht, Germany). Note that culture dishes with
protein coating should be avoided when planning to use
TCA as the extracting solution because peptides can be gen-
erated from protein degradation under acidic conditions.
In contrast, organic extraction solutions can be used with
any coating. The cells were cultured in Dulbecco´s Mod-
ified Eagle´s Medium (DMEM) supplemented with 10%
(v/v) fetal bovine serum, 0.584 g/l L-glutamine, and 100
ml/l 100× penicillin–streptomycin (Thermo Fischer Scien-
tific). T. brucei Lister 427 was grown in Hirumi´s modified
Iscove´s Medium-9 (HMI-9) (22) but with 10% (v/v) fetal
bovine serum instead of the Serum Plus as used in the orig-
inal protocol (22). The mammalian and T. brucei cells were
both cultured at 37◦C in a humidified atmosphere with 5%
CO2.

Sample extraction

Table 1 summarizes the different types of extraction solu-
tions used in this study. Different extraction techniques were
used for S. cerevisiae, T. brucei and mammalian fibroblasts
(Balb/3T3). The S. cerevisiae TCA-dependent extraction
protocol was a modification of the previously described pro-
tocol (19). S. cerevisiae cells at OD = 20 (OD = A600 × vol-
ume in ml), corresponding to 3.7 × 108 cells, were har-
vested in the logarithmic growth phase (4–8 × 106 cells/ml)
and collected on a 0.8 �m MF Millipore membrane filter
(#AAWP02500 from Merck). The filter was washed twice
with phosphate-buffered saline (PBS) supplemented with
2% (w/v) glucose and transferred to a 2-ml Eppendorf tube
containing 700 �l ice-cold 12% (w/v) TCA supplemented
with 15 mM MgCl2. The cells were briefly vortexed, frozen
in liquid nitrogen, thawed on ice, vortexed for 30 s in a cold
room (∼4◦C), and agitated for 20 min as described pre-
viously (19). The Eppendorf tube was punctured close to
the bottom, inserted into a 2-ml Eppendorf tube, and cen-
trifuged briefly to transfer the solution to the bottom tube.
The TCA samples were subsequently extracted with 1.21 ml
chloroform-trioctylamine and purified by WAX-SPE as de-
scribed above. The samples could be stored at –20◦C for at
least a week both after the completion of the TCA extrac-
tion step and after completion of the entire procedure, but
because small additional peaks appear over time it is ad-
visable to use –80◦C for long-term storage. T. brucei and
mammalian cell extraction protocols differed from the S.
cerevisiae only in the harvesting step where scraping or cen-
trifugation, respectively, was used instead of filtering. Log-
arithmically growing T. brucei (50 ml of 2 × 106 cells/ml)
were chilled on ice, and the liquid was transferred to a 50
ml Falcon tube and centrifuged at 3000 × g at 4◦C for 5
min. The medium was decanted, and the pellet was resus-
pended in the remaining liquid in the tube (usually a few
hundred �l after decanting) by tapping the bottom of the
tube. The cells were transferred to an Eppendorf tube and
centrifuged for 1 min at 16 000 × g at 4◦C. The supernatant
was discarded, 500 �l 10% (w/v) TCA with 15 mM MgCl2
was added, and the cells were lysed by pipetting them up
and down in the solution. To avoid nucleotide breakdown
by the T. brucei cells, it was important not to include any
washing step and to start the pipetting procedure immedi-
ately after the addition of the extraction solution. The lysed
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cells were centrifuged at 16 000 × g for 1 min at 4◦C, and
the supernatant was transferred to a new tube and subjected
to chloroform–trioctylamine extraction and WAX-SPE pu-
rification as described above. Mammalian fibroblasts were
harvested at ∼70% confluence. The cells were washed with
ice-cold PBS directly on the plate and placed on ice before
adding 500 �l ice-cold extraction solution, which could ei-
ther be 50% ACN, 80% MeOH or 10% (w/v) TCA with 15
mM MgCl2 (the extraction solution is indicated in the figure
legends). Immediately after the addition of extraction solu-
tion, the cells were lysed by scraping them with a cell scraper
and the solution was transferred to an Eppendorf tube, cen-
trifuged at 16 000 × g at 4◦C, and subjected to chloroform-
trioctylamine extraction (only for TCA samples) and WAX-
SPE purification. Mouse embryos were snap-frozen in Ep-
pendorf tubes in liquid nitrogen. After the addition of ice-
cold 50% (v/v) ACN and glass beads, the embryos were
thawed on ice and homogenized at 12 speed units for 30
s in a cold room (∼4◦C) using a Bullet Blender Storm 24
instrument (Next Advance Inc., Troy, NY, USA). The re-
sulting extracts were centrifuged at maximum speed at 4◦C,
and the supernatants were subjected to WAX-SPE purifica-
tion. To avoid overloading of rNTPs, the samples were gen-
erally diluted before HPLC analysis. The T. brucei, mam-
malian fibroblast, and S. cerevisiae samples were diluted 1:1
with water before adding 10 × loading solution, whereas the
more concentrated mouse embryonal extracts and S. cere-
visiae extracts were diluted 10-fold before adding the load-
ing solution.

DNA polymerase-dependent dNTP confirmation assay

For the dNTP confirmation assay, a sample was prepared
by mixing 5 �l random decamers, 7 �l 10 × DTT-free re-
action buffer (0.2 M Tris–HCl pH 7.5 and 50 mM MgCl2),
and 0.5 �l M13 DNA (250 �g/ml) in an Eppendorf tube. A
mock sample was prepared with only 10 × reaction buffer
and 7.5 �l water. The two samples were incubated at 100◦C
in a heating block for 7 min and chilled on ice for 15 min.
Subsequently, 50 �l cell extract was added to both tubes, as
well as 3.5 �l 20 �M AMP-PNP as the loading control. This
loading control is optional because the cellular rNTPs can
be used as a controls as well (see below). A volume of 7.5
�l Klenow exo– (5 U/�l) was added to the sample contain-
ing random decamers and M13 template, and a correspond-
ing volume of water was used in the mock sample. The two
tubes were incubated at room temperature for ∼20 h. The
next day, two 3 kDa filters were washed by two 3-min cen-
trifugations with 400 �l HPLC solution A and one 3-min
centrifugation with 400 �l water at 16 000 × g. The remain-
ing solution in the filter and flow-through fractions was dis-
carded after each centrifugation by shaking the liquid off in
the sink. Subsequently, the incubated samples were added
to the washed filter units and collected by a 5-min centrifu-
gation. A second 5-min centrifugation was performed with
66.5 �l water to collect the remaining sample from the fil-
ter in the flow-through. The filtrate in each tube then con-
tained a total volume of about 140 �l. The samples were
mixed with 10 × loading solution and analyzed by HPLC.
Here, AMP-PNP was used as a loading control to visualize
that the dilution factor during the filtration step was equal

in both samples. As described in the Results and Supple-
mentary Data, the rNTP peaks can be used for the same
purpose, but this is less convenient for visualization because
rNTPs cannot be shown at the same scale as the dNTPs. The
exclusion of DTT in the reaction buffer and in the washing
of the filters was necessary to remove unwanted peaks re-
sulting from the DTT and from contaminants on the filter.
The dNTP confirmation is primarily needed for new types
of samples as described in the results section.

Calculations of cellular nucleotide pools

The HPLC results were compared to a nucleotide standard
containing 1 �M of ADP, rNTPs and dNTPs. Peak ar-
eas were used for the quantification of ADP and rNTPs,
whereas peak heights were used for the dNTPs. However,
because of the overlap between GTP and UTP, we recom-
mend using the peak height for the smallest of the two peaks
in cell extracts where there is more than a 2-fold area differ-
ence between them. The amount in nmol/sample was cal-
culated by multiplying the obtained nucleotide concentra-
tions by the dilution factor and the volume in ml of the
SPE-purified sample.

Statistical analyses

The collection and analysis of dNTPs and rNTPs from S.
cerevisiae were performed in three independent experiments
with standard deviations shown by error bars. The fig-
ures and chromatograms were plotted with the GraphPad
Prism 8.0.2 software (GraphPad Software Inc., San Diego,
CA, USA). The chromatograms were recorded by the
ChromPerfect software (Justice Innovations Inc., Denville,
NJ, USA), and the data points were exported to GraphPad
Prism, which was more flexible for labeling peaks and made
it possible to also use logarithmic axes when desired.

RESULTS

Limitations of gradient reverse phase HPLC conditions for
nucleotide analysis

Previous protocols for reverse phase HPLC analysis of nu-
cleotides are in most cases based on TBA for ion pair-
ing, with the elution driven by a phosphate gradient in
combination with low concentrations of MeOH. We found
that gradient reverse phase HPLC methods were useful for
separating the most abundant nucleotides and nucleotide-
conjugated sugars in the cell (Figure 1A). However, a rising
baseline from impurities in the phosphate salts made it diffi-
cult to quantify the much less abundant dNTPs (Figure 1B).
Another issue was multiple minor peaks that could interfere
with the analysis. The three most abundant unknown peaks
are indicated as Nx, Ny and Nz in the figure. To solve the
problem with the rising baseline, we switched to isocratic
HPLC instead of using gradient-based elution. In parallel
with the isocratic HPLC method development, which is de-
scribed in the next section, we also analyzed other peaks
observed in Figure 1. NAD+, rNMPs/dNMPs and the in-
dicated UDP/GDP-conjugated sugars eluted much earlier
than the rNTPs and dNTPs and were not of a concern
for development of the isocratic HPLC. The Nx, Ny and
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A

B

Figure 1. Analysis of nucleotides in a S. cerevisiae TCA extract using gra-
dient HPLC on a 100 mm × 2.1 mm ACE Excel 2 C18 column. (A, B)
The chromatogram in B is from the same experiment as in A but shown at
a higher magnification to visualize the dNTPs. The KPi gradient started
with an isocratic step from 0 to 25 min with 7% MeOH, 0.7 g/l TBA-Br
and 0.92 g/l KPi pH 5.6, followed by a gradient between 25 and 75 min
up to 7% MeOH, 0.7 g/l TBA-Br and 13.8 g/l KPi pH 5.6, and a final iso-
cratic step between 75 and 90 min before returning to the initial conditions.
The column temperature was 40◦C, the flowrate 0.4 ml/min, the UV wave-
length 270 nm, and the loop size 5 �l. The wash step with NH3-containing
MeOH was omitted from the WAX-SPE purification step in this case to
also show NMPs and UDP-conjugated sugars that are not normally effi-
ciently recovered in the SPE procedure.

Nz peaks were concluded to be acid degradation prod-
ucts of NADPH because they also appeared with TCA-
treated NADPH solutions (Supplementary Figure S1A).
The Nx peak had a retention time indicating 2´-phospho-
ADP ribose (PADPR) (Supplementary Figure S1B), which
is a known acid degradation product of NADPH (23,24),
whereas Ny and Nz are still unknown.

The S. cerevisiae extracts also contained a broad peak
denoted b1, which had a wide-ranging absorption profile
(Supplementary Figure S2A). The absorption at long wave-
lengths was advantageous for the development of a subtrac-
tion procedure in which removing 1.8 times the recorded
signal at 310 nm from the 270 nm-chromatogram almost
entirely eliminated the b1 peak and a second smaller broad

peak termed b2 (Supplementary Figure S2B). Most cell
types do not contain these peaks, but in S. cerevisiae and
other species where they exist this procedure is an efficient
way to eliminate them. An alternative strategy is to reduce
the sample loop volume. By using a five times more con-
centrated sample and a 20 �l sample loop instead of 100
�l on a 4.6 mm × 150 mm column, the b1 and b2 peaks
became much smaller (Supplementary Figure S3A). The b1
and b2 peaks were more prominent if the mobile phase solu-
tion A (containing KPi) had been stored for several months,
indicating that these peaks originated from interactions of
the cell extract with the mobile phase impurities rather than
coming from the sample itself (Supplementary Figure S3B).
For the remaining experiments, we have been careful to not
use KPi solutions older than one month, but without sub-
traction procedure to be able to show in which type of anal-
yses the b1 and b2 peaks appear.

Complementary studies on how the mobile phase af-
fects peak positions showed that b1 and b2 shifted to the
left relative to rNTPs/dNTPs at increased KPi concen-
tration, whereas Ny and Nz were always the last eluting
peaks under these conditions and did not normally influ-
ence the nucleotide analysis (Supplementary Figure S4).
rNDPs, dNDPs, PADPR and UDP-glucuronic acid (UDP-
GlcA) were included in our nucleotide standards for fur-
ther optimization of the chromatography conditions. UDP-
GlcA contains additional negative charges relative to other
UDP-conjugated sugars and elutes in the rNTP-dNTP re-
gion in reverse phase HPLC chromatograms with TBA as
the ion pairing agent (12). This nucleotide-conjugated sugar
is not present in S. cerevisiae but is common in animals,
plants, and many other species, including both eukaryotes
and prokaryotes (25–28).

Developing the isocratic HPLC conditions for nucleotide
analysis

To solve the problem with the rising baseline using gradi-
ents, we switched to isocratic HPLC, which made it possible
to resolve ADP and rNTPs from cell extracts within a rea-
sonable time when using 5 cm ACE C18-AR and C18-PFP
columns (Supplementary Figure S5). However, most dNTP
peaks except for dTTP were below the detection limit under
these conditions and were not properly resolved from other
small peaks when increasing the amount of sample. It was
therefore necessary to use a longer column (4.6 mm × 150
mm Sunshell C18-WP-2.6 �m column), but then the anal-
ysis took nearly 2 h (Figure 2A). The elution order of dif-
ferent rNTPs and dNTPs was the same as with the ACE
Excel 2 C18 column used in Figure 1, and the resolution
for a given column length was also comparable. However,
the lower backpressure of the solid-core Sunshell material
made it the preferred choice for further studies.

A crucial finding was that by switching from MeOH
to ACN in the mobile phase, it became possible to sepa-
rate nucleoside di- and triphosphates within a three times
shorter analysis time and with much higher sensitivity (Fig-
ure 2B). A main reason for why gradient methods have
been preferred in the past is that the rNDPs, dNDPs, and
most nucleotide-conjugated sugars elute in the initial low-
phosphate conditions and do not interfere with the rNTPs
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Figure 2. HPLC chromatograms from nucleotide standards with MeOH
or ACN as the organic modifier in the mobile phase. (A) Analysis of a nu-
cleotide standard on a 150 mm × 4.6 mm Sunshell C18-WP column with
a mobile phase containing 7% MeOH, 0.7 g/l TBA-Br, and 9.2 g/l KPi
pH 5.6. (B) Similar analysis as in A but with 7% ACN instead of MeOH.
The nucleotide standard contained 0.25 �M of most rNDPs-dNDPs (ex-
cept ADP that was 0.4 �M), 0.5 �M UDP-GlcA and PADPR, and 1 �M
of most rNTPs-dNTPs (except dUTP, which was 0.25 �M). The HPLC
experiments were performed with ambient column temperature, 270 nm
wavelength, and 50 �l loop volume. Note that the flow rate was 0.8 ml/min,
which gave longer retention times than the 1.2 ml/min used in our final
HPLC protocols.

and dNTPs coming later in the phosphate gradient. Replac-
ing MeOH with ACN gave a similar effect under isocratic
conditions, and all diphosphates except dADP eluted be-
fore the triphosphates. The elution order of diphosphates
was the same as that of triphosphates with the last three be-
ing dTDP, ADP and dADP. A notable difference with ACN
compared to MeOH was that the purine nucleotides shifted
to the left relative to the pyrimidine nucleotides leading to
earlier elution of the last nucleotides, ATP and dATP, which
contributed to the much shorter overall retention time. An-
other consequence of the shorter purine retention times was
that the elution order of GTP and UTP were opposite with
ACN compared to MeOH.

To get a better understanding of how the mobile phase
composition affects the separation of the nucleotides and to

find a way to separate dUTP and dGTP, we tested the effects
of pH, KPi concentration, ACN concentration, and tem-
perature on nucleotide separation. All of these factors had
a general effect where increasing pH, temperature, KPi con-
centration, and ACN concentration gave shorter retention
times (Supplementary Figure S6), but the strength of this
effect was dependent on the type of nucleotide. By replot-
ting the capacity factors (retention time minus void time)
of all nucleotides relative to those of UTP, it was possi-
ble to get information about how the nucleotide peaks shift
relative to each other when changing mobile phase condi-
tions. Supplementary Figures S7–S8 show a more exten-
sive analysis of these results, and the most important find-
ings for the development of our final protocol were the
following:

• pH – The main reason why we chose a pH of 5.6 was to
get good separation of dCTP from CTP. In addition, the
pH had a major impact on the positions of diphosphates
and UDP-GlcA relative to the triphosphates.

• ACN concentration – Lowering the ACN concentration
to 5.86% enabled the separation of dGTP and dUTP. A
general trend when decreasing the ACN concentration
was a more pronounced increase in the retention times
of purines relative to pyrimidines.

• KPi concentration – This is a useful final parameter to
fine-tune the positions of ADP, dADP and unknown
peaks (described below) without affecting the already op-
timized positions of rNTPs and dNTPs.

The outcome of the chromatographic condition op-
timization was an HPLC method termed the High-
Resolution Protocol (Table 1). Figure 3A shows the HPLC
analysis of a sample from a mouse embryo extracted with
50% ACN using this HPLC protocol. All dNTPs were
clearly resolved from the rNTPs. Two other peaks, named
c and g due to their proximity to dCTP and dGTP, respec-
tively, were also present. Supplementary Figure S9A–C de-
scribes the chromatographic behavior of these peaks. The
rationale behind selecting an embryonal extract for these
studies was that it represents an average sampling of the cell
types in the body and therefore gives better coverage of ad-
ditional peaks to consider when optimizing an HPLC pro-
tocol for general use. The dUTP levels were undetectable
in the embryonal extract, which is in line with our previous
observations in S. cerevisiae that dUTP is only detectable
if enzymes involved in its metabolism are mutated (29). We
also created a second HPLC protocol termed the Fast Pro-
tocol. In this protocol, the column temperature is 30◦C in-
stead of ambient and the KPi concentration is increased.
This makes the separation faster, but the dUTP and dGTP
peaks merge and the method is also less suitable for sam-
ples prepared with TCA as the extraction solvent (described
below). Figure 3B shows the HPLC chromatograms from
mouse fibroblasts sampled with different extraction solu-
tions using the Fast Protocol. Generally, the organic ex-
traction solutions gave cleaner chromatograms, whereas the
TCA extract analysis showed a series of extra peaks, in-
cluding the NADPH breakdown products PADPR, Ny, and
Nz mentioned above and an impurity from the TCA solu-
tion called t. The t-peak did not interfere with the analysis
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Figure 3. HPLC analyses of extracts from mouse embryos and Balb/3T3 cells. (A) Nucleotide analysis using the high-resolution protocol on a sample
prepared from mouse embryos extracted with 50% ACN. (B) Nucleotide analysis using the fast protocol on samples prepared from Balb/3T3 fibroblasts
extracted with 10% TCA (+ 15 mM MgCl2), 50% ACN, or 80% MeOH. Peaks c, g and a are unknown components from the extracts, and t is from the
TCA solution.

using the High-Resolution Protocol where it eluted a
comfortable distance before dTTP (Supplementary Figure
S10A). In contrast, it eluted very closely after dTTP when
using the Fast Protocol (Figure 3B). If desired, it was possi-
ble to eliminate this peak by replacing TCA with TFA (Sup-
plementary Figure S10B). The cell extracts also contained
a well-resolved minor peak, a, which did not interfere with
the analysis (Figure 3B). The t and a peaks were named by
the dNTP they were closest to following the same naming
system as for the c and g peaks.

Other potential sources of peaks are the mobile phase
and the solutions used in the WAX-SPE purification. In our
case, the SPE solutions did not contain any components in
the rNTP-dNTP region of the chromatogram, and the mo-
bile phase contributed with only two minor peaks named
m– and m+ eluting just before ADP and CTP, respectively
(Supplementary Figure S11). The chromatographic prop-
erties of the c, g, t, m– and m+ peaks are described in the
Supplementary Data (Figures S9-11). The retention times
of all of these peaks were much less sensitive to changes in
mobile phase KPi concentration than the rNTP and dNTP
peaks, which made it possible to fine-tune the conditions

to separate the nucleotides from the other compounds in
both HPLC protocols. Finally, we analyzed the loading ca-
pacity of the column and the influence of the flow rate on
the resolution (Supplementary Figure S12). The flow rate
selected for both protocols was 1.2 ml/min, which is higher
than optimal for the resolution but gives significantly short-
ened analysis times with a backpressure still low enough to
work on most HPLC systems (300–320 bar).

Development of the TCA extraction method

A commonly used solution for cellular nucleotide extrac-
tions is 10–12% (w/v) TCA supplemented with 15 mM
MgCl2 (24). The MgCl2 is required to minimize the loss of
nucleotides in the subsequent extraction step with a mix-
ture of Freon (1,1,2-trifluoro-2,2,1-trichloroethane) and tri-
octylamine. Because the use of Freon is restricted, a new
extraction method based on chloroform-trioctylamine was
evaluated. The new extraction solution could efficiently re-
move the acid resulting in a pH of 5 or higher and gave nu-
cleotide recoveries of 84–91%, which was nearly as high as
with Freon-trioctylamine (Supplementary Table S1).



PAGE 9 OF 13 Nucleic Acids Research, 2022, Vol. 50, No. 3 e18

A B

Figure 4. HPLC analysis of an extract from an 11.5-day-old C57BL/6 mouse embryo using the dNTP confirmation assay. (A) The two chromatograms
show a mock-treated sample and a sample treated with DNA polymerization reagents (DNApol). M13 DNA, primers and DNA polymerase were present
only in the DNApol sample, but the treatments were otherwise identical. The arrows in the bottom chromatogram show the specific removal of dNTPs.
Peaks c and g are unknown components in the cellular extracts. (B) The same chromatograms as in A but shown at a lower magnification to visualize the
rNTPs used as internal loading controls. The Fast Protocol was used for the HPLC analysis.

Development of a dNTP confirmation assay for impurity con-
trol

An important aspect for a reliable HPLC method is to en-
sure that there are no other compounds co-eluting with the
peaks of interest. This is generally no problem for rNTPs,
but because dNTPs are far less abundant their analysis can
be obstructed by co-eluting peaks. Because the number of
additional peaks varies depending on the extraction solu-
tion, cell type, purity of the reagents, and mechanical forces
during extraction, we developed an assay for the selective
removal of dNTPs. It is thereby possible to confirm that the
peaks represent pure dNTPs with no UV-absorbing com-
pounds eluting at the same position. For each assay, we pre-
pared two samples. One sample contained components re-
quired for DNA polymerization as described in the Materi-
als and Methods, whereas the other sample lacked them.
After a 20-h incubation period and subsequent filtration
to remove enzymes and DNA, the samples were analyzed
by HPLC. This procedure worked with all extracts studied
here, including mouse embryos (Figure 4A), Balb/3T3 fi-
broblasts, T. brucei, and S. cerevisiae (Supplementary Fig-
ure S13). The rNTPs are not affected by this procedure,
which make them suitable as controls to ensure that the
sample loading is equal in the two chromatograms (Figure
4B). An alternative to plot a separate graph with rNTPs, is
to use AMP-PNP as loading control as shown in Supple-
mentary Figure S13.

Cell washes

Cell culture media can yield extra peaks in HPLC, and
it is therefore common to wash the cells prior to the ex-
traction of nucleotides. The media used for T. brucei and
mammalian cells were free from extra peaks (Supplemen-
tary Figure S14A), whereas the YPD used for S. cerevisiae
cultures gave a whole range of extra peaks that could only be
partially removed by the WAX-SPE purification step (Sup-
plementary Figure S14B). Further analysis showed that
the peaks came primarily from the yeast extract compo-

A B

Figure 5. The effect of cell washes on the ADP pool. (A) HPLC chro-
matograms showing two T. brucei samples from the same batch where only
the second was exposed to a wash step with PSG (PBS pH 7.4 supple-
mented with 1% w/v glucose). The arrow highlights the increase in ADP
that occurs during the wash. (B) The relative ADP pools expressed as a per-
cent of the total ADP + ATP pool in T. brucei cells using different washing
solutions. The cells were extracted with TCA and analyzed with the High-
Resolution Protocol but with a flow rate of 0.9 ml/min.

nent of the growth medium and to a lesser extent from
peptone (Supplementary Figure S14C). The peaks coming
from the growth medium were removed by washing the
cells twice with a glucose-containing PBS solution before
adding the extraction solution to create chromatograms free
from media-derived peaks (Supplementary Figure S13C,
D). However, it is not always beneficial to use a washing
step, as shown for T. brucei where even a short washing step
is enough to cause a decreased energy charge (ATP:ADP
ratio), and this is also the case if glucose is included in
the washing solution (Figure 5). This experiment illustrates
the benefit of being able to measure ADP, which is less
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Figure 6. Nucleotide quantification analysis. (A) Peak height as a function of the amount in pmol for ADP (�), CTP (•), UTP (�), GTP (�) and ATP
(�). (B) Relative peak heights of dNTPs as a function of the amount of dCTP ( �), dGTP (�), dTTP (♦) and dATP (�). Horizontal lines correspond to
linearity in the type of plot shown in B. (C) rNTP quantification from S. cerevisiae cells using the new reverse phase (RP) HPLC method (Fast Protocol)
compared with the previously used strong anion exchange (SAX) HPLC method. (D) Quantification of dNTPs from S. cerevisiae cells using the RP and
SAX HPLC methods. The RP method includes a WAX-SPE purification step, and the SAX protocol includes a boronate purification step, but only for
the dNTPs.

abundant than ATP and thereby a more sensitive indica-
tor of disturbed metabolism. It is sufficient that only 5–
10% of the ATP is degraded to see a clear effect on the
ADP pool (Figure 5B). We conclude therefore that it is
important to monitor the effects of the washing steps on
the energy charge by analyzing the ATP to ADP ratio and
that it is only with broth-type media (containing yeast ex-
tract and peptone) that it is necessary to include a cell
wash.

Linear range and sensitivity of the HPLC analysis

Plotting HPLC peak heights or areas as a function of con-
centration for the rNTPs or dNTPs resulted in straight lines,
with R2 values of 0.999 or higher (exemplified in Figure
6A). However, to get a better insight into how accurate the
rNTP-dNTP quantification is in a situation where the col-
umn is overloaded with rNTPs, which is often the case with
cellular samples, we prepared a dilution series starting from
a stock solution with 60 �M ATP, 15 �M of other rNTPs,
1.5 �M dNTPs and 24.6 �M ADP. To monitor the linearity
over a wide range, the results were plotted as relative peak
heights (i.e. per pmol) using a logarithmic spacing on the x-
axis. The horizontal lines in Figure 6B show that the quan-
tification of dNTPs is linear all the way up to the highest
amount tested. Thus, the dNTP peak heights are linear also
in a background of much higher rNTPs. The correspond-
ing rNTP data were nearly linear up to approximately 500

pmol, with an increasing deviation at higher amounts (Sup-
plementary Figure S15A). For the ADP and rNTP peaks
it was therefore preferable to use peak areas, which were
linear over the whole range tested (Supplementary Figure
S15B). The dNTP analysis showed a high sensitivity with
accurate measurements of dCTP down to ∼0.8 pmol, and
other dNTPs to ∼1.6 pmol, which is comparable to mass
spectrometry-dependent measurements reporting a detec-
tion limit just below 1 pmol (5). Finally, we also compared
our newly developed reverse phase HPLC method (Fast
Protocol) with the previously used anion exchange HPLC
method for nucleotide quantification from S. cerevisiae cells
(Figure 6C, D). The reverse phase method includes the
WAX-SPE step prior to the simultaneous measurement of
rNTPs and dNTPs, whereas the anion exchange method in-
cludes a boronate purification step for dNTP analysis but
not for rNTPs. The anion exchange method gave slightly
lower dNTP values, which could possibly be due to losses
during the additional boronate step. The purpose of the nu-
cleotide analyses is generally to detect unbalanced dNTP
pools or gross changes in their total level, and the small dif-
ference between RP and SAX can be concluded to be well
within the acceptable range.

DISCUSSION

A large variation in results from dNTP pool measure-
ments between different laboratories has been a problem for
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decades (6). At least during the setup stage, it is advanta-
geous to use a method that measures not just the dNTPs,
but also other metabolites that could be used as internal
controls, and in that case the HPLC-based methods are su-
perior to the DNA polymerase-dependent techniques. The
dNTP pools vary depending on the cell growth phase, with
stationary cells having much lower dNTPs than logarithmi-
cally growing cells (5). In contrast, rNTP pools are much
less variable, which makes it easier to compare the extrac-
tion efficiency between different laboratories (2,18). With
the ability to also detect ADP, we have an additional tool
to measure the quality of cell extracts. Figure 5 shows how
the ADP measurement helped us to improve the protocol
for extraction of T. brucei cells to minimize the effects on
the ATP:ADP ratio. Because all rNTPs and dNTPs are
metabolically linked to each other to varying degrees via
NDP kinase and other nucleotide-dependent enzymes, it is
important to minimize excessive nucleotide degradation. In
the T. brucei case, the ATP degradation was modest with
ATP going from 93% to 87% of the total ATP + ADP pool
yielding a very small change in the phosphorylating capac-
ity of other nucleotides. However, our experience is that
other parameters such as differences in extraction speed or
handling techniques can sometimes lead to much higher
ATP degradation. With the measurements of ADP, we now
have a tool to immediately identify the problem and cor-
rect the extraction technique if needed. In the example with
T. brucei cells, the modest decrease in ATP was accompa-
nied by a nearly doubled ADP level from 7% to 12% of the
total ADP + ATP pool and was therefore easily detectable.
It is difficult to know what the ATP:ADP ratio is in un-
treated cells, but in our experience dNTPs and rNTPs are
not significantly converted into their diphosphate forms as
long as the ATP:ADP ratio is ∼10 or higher. This corre-
sponds to 9 out of 10 adenine ribonucleotides being in the

ATP form, which in turn controls the phosphorylation sta-
tus of other rNTPs and dNTPs.

Two findings were important for the development of ion-
pair C18 chromatography for the analysis of cellular dNTP
pools. The first was to switch to isocratic HPLC to get a
straight baseline. It was then crucial to replace MeOH with
ACN in the mobile phase to enable separation within a
reasonable time frame. The second finding was the devel-
opment of the dNTP confirmation assay to rule out that
no peaks with the same retention time as the dNTPs dis-
turbed the analysis. Co-eluting peaks could possibly ex-
plain the extreme variation in dNTP pools between differ-
ent mammalian cell lines in previous attempts to measure
rNTPs and dNTPs at the same time (17). Whenever such
an overlap is detected, it is an advantage to have an HPLC
method with the built-in flexibility to be able to shift the
peaks in the chromatogram in a predictable manner. From
the analysis of how the mobile phase composition influ-
ences the retention time of rNDPs, rNTPs, dNTPs, and
other nucleotide-derived cellular metabolites, some general
conclusions can be drawn (Figure 7). There was a gen-
eral shift of peaks to the left with higher temperature, or-
ganic content, or KPi concentration. This is not surprising
because ACN and high temperatures prevent interactions
with the reverse phase material, whereas KPi and other
salts inhibit the binding of the nucleotides to the ion pair-
ing agent. However, relative movements of the peaks are
also important when optimizing separation, and Figure 7
shows the movement of the peaks relative to UTP, which
was selected as the reference point. CTP always followed
UTP and therefore had a fixed position relative to UTP,
whereas the purines shifted to the left with higher temper-
ature or ACN concentration. The dNTPs followed the cor-
responding rNTPs well except for a slight shift to the left
at higher pH, whereas the diphosphates (rNDPs/dNDPs)
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shifted to the right with higher salt concentration or pH.
From a practical viewpoint, 10–15 min is generally a suffi-
cient equilibration time for changes in temperature or salt
concentrations, whereas changes in the ACN concentration
and especially pH require longer equilibration times. It is
therefore rather quick to switch between the Fast and High-
Resolution Protocols, which only differ by temperature and
KPi concentration. The experiment in Figure 7 was at am-
bient temperature using the High-Resolution Protocol, and
the lower temperature made it possible to separate dGTP
from dUTP. The chromatogram in Figure 7 has logarith-
mic axes to be able to visualize the rNTPs and dNTPs in a
single chromatogram and with arrows showing the move-
ment of all peaks under different conditions. The kind of
scheme shown in Figure 7 was important for the develop-
ment of our two HPLC protocols and is also convenient
for the development of new ones if additional peaks are en-
countered in cell extracts. Supplementary Figure S16 gives
a summary of logarithmic chromatograms with the two
HPLC protocols using different cell types and extraction
conditions.

Figure 7 also includes the movements of four categories
of additional peaks in the extracts. The first category is
the TCA-specific peaks, including the t-peak and the three
NADPH degradation products PADPR, Nx and Ny. Only
the t-peak and PADPR are shown in Figure 7 because Nx
and Ny elute later. The t-peak is an impurity in most TCA
sources and disappears if using TFA instead. The NADPH-
derived peaks were never of any problem for nucleotide
analysis, and the only disadvantage with them is that the Nx
and Ny peaks elute later than the rNTPs and dNTPs and
thereby increase the total analysis time. The second cate-
gory contains peaks coming from the mobile phase in the in-
jection process (m+, m–, b1 and b2). The m-peaks were very
small and did not interfere with dNTP analysis. However,
they may vary depending on the mobile phase and HPLC
system, and it is therefore good to include a mock analysis
without cell extract to know their position before the anal-
ysis of real samples. The b1 and b2 peaks were very broad
and dependent on both the type of extract and the source
of phosphate in the mobile phase, indicating that they most
likely come from the influence of unknown components in
cell extracts on the retention of mobile-phase phosphate im-
purities. Two strategies made it possible to minimize the
influence of the b1 and b2 peaks in the chromatograms.
The most powerful approach was a UV subtraction pro-
cedure that almost completely removed the two peaks, but
a simpler option was to use a smaller sample loop and a
more concentrated sample instead. The third category is cell
type-specific peaks. Most of them were very small except
for UDP-GlcA, dADP, and a few unknown peaks named
with a one letter abbreviation system after the dNTP they
were closest to (c.g. t, and a). The fourth category is peaks
coming from the culture medium. No such peaks were ob-
served when using tissue culture media (DMEM and HMI-
9), whereas broth-type media containing yeast extract and
peptone generated a whole range of peaks possibly com-
ing from partially degraded proteins and nucleic acids. Al-
though cell washes normally remove these peaks, it is im-
portant to verify that the energy charge in the cells remains
intact during the washes by measuring the ATP to ADP ra-

tio (Figure 5). An alternative option can be to develop a
wash-free protocol by replacing the yeast extract and pep-
tone with free amino acids and other defined media compo-
nents.

A major challenge in nucleotide analysis has been to
study cells treated with the deoxynucleoside analogues used
in anticancer and antiviral therapy. In this case, current
methods often fail because the triphosphate forms of the
analogues disturb DNA synthesis in enzyme-based meth-
ods and are often difficult to separate from natural rNTPs
and dNTPs in anion exchange HPLC methods. In this case,
we see a great advantage with the new reverse phase-ion pair
method presented here that provides sufficient space be-
tween the peaks and has the flexibility shown in Figure 7 for
repositioning the peaks in cases of overlaps. An additional
advantage is the low detection limit (∼1 pmol), which is by
far the highest sensitivity achieved for nucleotide analysis
with UV-based HPLC methods and is comparable to mass
spectrometry-based detection. We therefore believe that it
has the potential to become a major method for future nu-
cleotide analysis.
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