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Abstract

We have developed a new method based on matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry (MS) for analysis of zidovudine-triphosphate and (deoxy)nucleotide-triphosphates, which ultimately can be used for
nucleoside reverse transcriptase inhibitor (NRTI) treatment monitoring in HIV-1 infected children and adults. Four different
matrices were compared for sensitivity and reproducibility of zidovudine-triphosphate detection and anthranilic acid mixed with
nicotinic acid (AA/NA) was selected as most suitable matrix. Solutions of zidovudine-triphosphate, ATP, and dGTP were detected
up to 0.5 fmol per sample. Furthermore, intracellular zidovudine-triphosphate, ATP, and dGTP were detected in peripheral blood
mononuclear cells (PBMCs). Zidovudine-triphosphate, ATP, and dGTP yield identical mass spectra, however MALDI-TOF post-
source decay analysis can be used for discrimination between these compounds. We conclude that this method based on MALDI-

TOF MS can be used for analysis of intracellular zidovudine-triphosphate and (deoxy)nucleotide-triphosphates in PBMCs.
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Institution of optimal treatment of HIV-1 infected
patients poses a major challenge. Treatment normally
consists of a combination of three classes of antiretro-
viral drugs: the protease inhibitors (PIs), the non-nu-
cleoside reverse transcriptase inhibitors (NNRTIs), and
the nucleoside reverse transcriptase inhibitors (NRTIs).
A major feature of these three drug classes is that large
interindividual and intraindividual differences are ob-
served in their pharmacokinetics [1-5]. This is even more
important when one considers the relation between viral
suppression and plasma concentration of PIs and
NNRTIs [1,3,6-9]. Therefore, we routinely perform
pharmacokinetic analyses of PIs and NNRTIs in HIV-1
infected children and adjust the dose of PIs and NNR-
TIs to maintain optimal plasma concentrations. This
approach has resulted in favorable results with 69% viral
response after 2 years of treatment [10].
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However, such an approach is not possible for
NRTIs. NRTI plasma concentrations correlate poorly
with HIV-1 activity, since NRTIs are prodrugs that
are intracellularly converted to active NRTI-triphos-
phates (NRTI-TPs) using the kinases from the host
cell [11]. Intracellularly, the NRTI-TP competes with
its corresponding endogenous deoxynucleotide-tri-
phosphate (ANTP) for incorporation into viral DNA
by HIV reverse transcriptase. Incorporation of NRTI-
TP terminates elongation of viral DNA, thus pre-
venting viral replication. In vitro studies with
peripheral blood mononuclear cells (PBMCs) show
that HIV-1 activity of NRTIs correlates more closely
to the ratio of the intracellular NRTI-TP concentra-
tion and the corresponding intracellular dNTP
concentration than to the intracellular NRTI-TP
concentration alone [12-14]. In addition, a clinical
study with HIV-1 infected adults shows that the in-
tracellular NRTI-TP concentration alone correlates to
HIV-1 activity [15].
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Current methods for quantification of NRTI-TPs,
such as radio immunoassays, require large blood
samples and do not allow high throughput analysis
[16,17]. This complicates patient related studies, which
require analysis of multiple blood samples of a large
group of HIV-1 infected patients. Methods have been
developed, such as HPLC coupled to electrospray ioni-
zation (ESI) MS, which allow for high throughput
analysis of NRTI-TPs [18-22]. These methods still re-
quire at least 7ml of blood to obtain sufficient material
for analysis. This amount of blood allows for patient
related studies in HIV-1 infected adults, but still com-
plicates NRTI-TP studies in HIV-1 infected children,
since such studies require multiple blood samples from
one individual on a single day.

We aimed to develop a relatively easy method for
analysis of intracellular NRTI-TP, which ultimately can
be used for studies in HIV-1 infected children and
adults. We studied the usability of matrix-assisted laser
desorption/ionization  time-of-flight (MALDI-TOF)
mass spectrometry (MS) for this method, since: (1)
MALDI-TOF MS methods have been developed
for quantification of drugs, such as antibiotics and
intracellular tetraphenylphosphonium [23-25]. (2)
MALDI-TOF MS is able to detect compounds at very
low concentrations, which allows for analysis when only
small amounts of material can be obtained [26]. (3)
MALDI-TOF MS is more tolerant to salts and other
contaminants compared to other forms of MS [26]. This
allows for reduction in sample preparation steps, which
reduces sample loss and sample preparation time. (4)
MALDI-TOF MS allows for rapid and fully automated
analysis of large amounts of samples, which allows for
high throughput use [27,28].

We studied the use of MALDI-TOF MS for analysis
of the triphosphate form of the most widely used NRTI
zidovudine (AZT-TP). We also examined if MALDI-
TOF MS is capable of detecting ANTPs (dGTP), since in
vitro studies show that HIV-1 activity correlates better
to the ratio of intracellular NRTI-TP and dNTP con-
centration than to the intracellular NRTI-TP concen-
tration alone [12-14]. In addition, we studied the
analysis of NTPs (ATP, CTP, GTP, and UTP) by
MALDI-TOF MS, since these compounds share many
features (e.g., size, triphosphate group) with dNTPs and
NRTI-TPs and could cause interferences. To our
knowledge, this is the first time MALDI-TOF MS is
used for analysis of NRTI-TP and endogenous
(d)NTPs. Therefore, no suitable matrices are known for
MALDI-TOF analysis of these compounds. We studied
the usability of four different matrices, which are cur-
rently used in MALDI-TOF analysis of related com-
pounds such as oligonucleotides. Subsequently, the most
suitable matrix was used for analysis of intracellular
AZT-TP in PBMCs. Finally, we studied the use of
MALDI-TOF post-source decay (MALDI-PSD) anal-

ysis for discrimination of AZT-TP from ATP and
dGTP, since these three compounds have the same
molecular weight, which can cause interferences when
using a method based on mass spectrometry.

Materials and methods

Standard nucleotide solutions. ATP (molecular weight 507.2 Da),
CTP (483.1 Da), GTP (523.3Da), dGTP (507.2 Da), UTP (484.1 Da)
(Amersham, Sweden), and AZT-TP (507.2 Da) (Calbiochem, Germany)
were diluted with HPLC-grade water and stored at —80 °C until analysis.

Preparation of matrix solutions. Solution I: 45M anthranilic acid
(AA) (Fluka, Switzerland) was mixed with 45 M nicotinic acid (NA)
(Fluka, Switzerland) and 55mM diammoniumhydrogencitrate
(DAHC) (Fluka, Switzerland) in 45% acetonitrile (Aldrich, Germany).
Solution II: 3-hydroxy picolinic acid (3-HPA) (Aldrich, Germany) was
mixed with DAHC and HPLC-grade water, until the solution had a
concentration of 3 mg/ml 3-HPA and 9 mg/ml DAHC. Solution III: 5-
methoxy salicylic acid (5-MSA) was saturated in one part acetonitrile
and one part DAHC mixed with HPLC-grade water (50 mM). Sub-
sequently, saturated 5-MSA solution was 10 times diluted with DAHC
mixed with HPLC-grade water (50 mM). Solution IV: 2,5-dihydroxy-
benzoic acid (2,5-DHB) was mixed with DAHC and HPLC-grade
water, until the solution had a concentration of 3 mg/ml 2,5-DHB and
9mg/ml DAHC. Fresh matrix solutions were prepared in Teflon tubes
on the day of analysis.

Comparison of matrix solutions. Matrix solutions I-IV were com-
pared for reproducibility and limit of detection of AZT-TP analysis in
standard solution.

Relation between AZT-TP concentration and signal-to-noise ratio.
Different AZT-TP dilutions were analyzed to assess the effect of the
AZT-TP concentration on the signal-to-noise ratio. The signal-to-
noise ratio (S/N) was calculated by dividing the maximal signal height
to the local noise level. Samples were only measured if sample crys-
tallization was observed by light microscopy (needle crystallization).

PBMC isolation. Venous blood from healthy volunteers was col-
lected in Vacutainer CPT tubes (Becton-Dickinson). PBMCs were
separated by centrifugation at 2000 rpm for 20 min and washed twice
with PBS (1500 rpm for 10 min and 1200 rpm for 15 min, respectively).
PBS was discarded and 3 ml growth media (RPMI supplemented with
10% heat-inactivated fetal calf serum, 10,000 IU/ml penicillin,
10,000 IU/ml streptomycin, and 20% DMSO) were added.

PBMC incubation with AZT. Growth media were added until a
final concentration of 1 x 10° PBMCs/ml was reached. One microliter
AZT solution (Fluka, Switzerland) was added to reach a final con-
centration of 10 uM. An equal amount of deionized water was added
for the creation of “negative control” samples. Cultures were incu-
bated at 37°C for 3h. After incubation, cells were centrifuged at
3800rpm for 5min and washed with PBS (3800rpm for 5min).
“Positive controls” were created by adding 200 fmol AZT-TP to the
PBMC pellet just before extraction.

Nucleotide extraction from PBMCs. To the PBMC pellet 500 pl cold
MeOH (60%) was added and nucleotides were extracted at 4 °C over-
night. After extraction, samples were centrifuged (10,000 rpm for 5 min),
supernatants were collected and lyophilized with a SpeedVac (Savant,
USA) for 45min. Residues were stored at —80 °C until analysis. Per
sample 0.85 x 10° PBMCs were used for intracellular AZT-TP analysis.

MALDI-TOF analysis. Matrix solution (0.5 ul) was pipetted onto
an Anchor Chip target plate (Bruker Daltonics, Germany) and dried at
room temperature. Subsequently 0.5 pul sample was pipetted onto the
crystallized matrix and dried at room temperature. Analysis was per-
formed by a BIFLEX III MALDI-TOF mass spectrometer (Bruker
Daltonics, Germany) using the negative reflectron mode. Laser at-
tenuation was set at 40 (UNIX operating system). Hundred shots were
used for each mass spectrum. Post-source decay (PSD) analysis was
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performed on PBMC samples and on standard solutions of AZT-TP,
ATP, and dGTP by the BIFLEX IIT MALDI-TOF mass spectrometer
in the negative mode.

Prediction of fragmentation pattern of AZT-TP, ATP, and dGTP.
MS Fragmenter software from ACD/Labs was used for prediction of
the fragmentation pattern of AZT-TP, ATP, and dGTP.

Results and discussion
Comparison of different matrices for AZT-TP analysis

We tested four different matrices on their sensitivity
and reproducibility of AZT-TP detection. Both the AA/
NA (solution I) and 3-HPA (solution II) matrices were
able to detect the expected mass signal of AZT-TP up to
0.5 fmol per sample (Figs. 1 and 2). The reproducibility
of the mass spectra, however, is much better when AA/
NA is used compared to the use of 3-HPA. The expected
mass signal of AZT-TP was not detected when 25 fmol
AZT-TP was analyzed with the 5-MSA matrix (solution
IIT). The 2,5-DHB matrix (solution IV) itself yielded a
signal at m/z of 505.3, which can interfere with the de-
tection of AZT-TP. AA/NA is therefore the most suit-
able matrix for analysis of AZT-TP.

The effect of the AZT-TP concentration on the signal-to-
noise ratio

Known quantities of AZT-TP were measured to an-
alyze the relation with the signal-to-noise ratio. Fig. 3
shows a clear linear relation between the signal-to-noise
ratio and AZT-TP concentration. This allows for rough

estimation of the AZT-TP concentration. However,
more exact values of the intracellular AZT-TP concen-
tration are required for patient related research, which
cannot be obtained by estimation based on the AZT-TP
concentration versus signal-to-noise ratio curve. There
are more accurate ways for quantification by MALDI-
TOF MS. By adding a known concentration of a
compound (internal standard) to the sample, one can
compare signal-to-noise ratio of the analyte of interest
with the signal-to-noise ratio of the internal standard.
This method has resulted in an accurate quantification
of different compounds, as published earlier [22-24].

Detection of (d)NTPs in standard solution

dGTP was used for exploring the usability of MAL-
DI-TOF MS for dNTP analysis. The expected mass
signal of dGTP (m/z 506.2) was detected up to a dilution
of 0.5fmol per sample when using the AA/NA matrix.
This shows that MALDI-TOF MS is able to detect
dNTP, which is necessary for exploring its ability of
measuring the ratio of intracellular NRTI-TP and cor-
responding dNTP in PBMCs. It is likely that other
dNTPs, such as dTTP, can be detected by MALDI-TOF
MS, since related compounds (NTPs, dGTP, and AZT-
TP) can be detected up to 0.5fmol per sample. ATP,
CTP, GTP, and UTP were used for exploring the
usability of MALDI-TOF MS for NTP analysis. The
expected mass signal of ATP (m/z 506.2) was detected up
to a dilution of 0.5 fmol per sample when using the AA/
NA matrix. Samples of 500 and 50 pmol of ATP, CTP,
GTP, and UTP were analyzed using the 3-HPA matrix.

A
a.. 5 0 6 2
20000 .
|
10000
0 ] A A A A A A A A Ao
T T T T T T T T T T T T T T T
460 480 500 520 540 m/z
B
au.
20000
10000
0 w racnn I ArPn L e A A
r T T T T T T T T T T T T T T T T T T T T
460 480 500 520 540 m/z

Fig. 1. Measurement of 500 fmol AZT-TP (A). An expected signal was found at m/z 506.2. The negative control sample (B) yielded no signal at m/z
506.2. AA/NA was used for matrix. a.i., absolute intensity. m/z, mass-to-charge ratio.
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Fig. 2. Measurement of 5.0 fmol (A), 2.5 fmol (B), and 0.5 fmol (C) AZT-TP. An expected signal was found at m/z 506.2 when AZT-TP was diluted
up to 0.5fmol per sample. The negative control sample (D) yielded no signal at m/z 506.2. AA/NA was used for matrix.
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Fig. 3. A linear relation was found between AZT-TP concentration
and signal-to-noise ratio. AA/NA was used for matrix.

All mass signals were detected at the expected mass-to-
charge ratios (m/z 506.2, m/z 482.1, m/z 522.3, and m/z
483.1, respectively). This shows that MALDI-TOF MS
is able to detect NTP, which is necessary for predicting
possible interference of such compounds when analyzing
AZT-TP. ATP, dGTP, and AZT-TP yield a mass signal
at the same mass-to-charge ratio (m/z 506.2) in standard
nucleotide solutions. This complicates future experi-
ments for AZT-TP quantification. Therefore, we studied
if ATP and dGTP also interfered with the detection of
AZT-TP in PBMCs.

Intracellular AZT-TP in PBMCs
The analysis of the extract of PBMCs incubated with

AZT revealed a mass signal at the expected m/z of 506.2
(Fig. 4). This expected mass signal was again detected
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Fig. 4. Mass signals of intracellular ATP, dGTP, and AZT-TP were detected at the expected m/z 506.2 in PBMCs incubated with AZT (A). Mass
signals of intracellular ATP and dGTP were detected at the expected m/z 506.2 in PBMCs not incubated with AZT (negative control) (B). Mass
signals of intracellular ATP, dGTP, and AZT-TP are found at the expected m/z 506.2 in PBMCs not incubated with AZT and spiked with 200 fmol
AZT-TP (positive control) (C). Per sample 0.85 x 10° PBMCs were used. AA/NA was used for matrix.
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Fig. 5. MALDI-PSD analysis of 0.5 fmol AZT-TP revealed a unique mass signal at m/z 380.2 (A). This mass signal was not found by MALDI-PSD
analysis of 0.5nmol ATP (B) and dGTP (C). AA/NA was used for matrix.

when 200 fmol AZT-TP was added to the pellet of control) also yielded a mass signal at m/z of 506.2. This
PBMC:s not incubated with AZT (positive control). The shows that AZT-TP, ATP, and dGTP can be detected in
extract of PBMCs not incubated with AZT (negative PBMCs by MALDI-TOF. However, ATP and dGTP
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interfere with AZT-TP detection in PBMCs. It is not
possible to estimate the AZT-TP concentration by
comparing signal-to-noise ratio of the mass signal at m/z
506.2 in negative controls and in PBMCs incubated with
AZT. AZT affects the nucleotide pool size, thus we
cannot assume that ATP and dGTP are present in the
same concentrations in negative controls and in PBMCs
incubated with AZT [29]. Therefore, we have searched
for a method to discriminate AZT-TP from ATP and
dGTP.

Software prediction of AZT-TP, ATP, and dGTP frag-
mentation

Molecules can be fragmented and the mass of these
fragments can be measured by MALDI-PSD analysis.
The software prediction of the fragmentation pattern of
AZT-TP, ATP, and dGTP revealed a unique fragment
for AZT-TP. This fragment has a m/z of 382
(381 Da + 1 Da), when measuring in the positive mode.
Since we measure in the negative mode, a proton is lost
and the fragment should be detected at m/z 380
(381 Da—1Da).

Fragmentation of AZT-TP, ATP, and dGTP in standard
nucleotide solutions

MALDI-PSD analysis was used for detection of the
unique AZT-TP fragment. As predicted by software, the
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MALDI-PSD analysis of AZT-TP, ATP, and dGTP in
standard solution revealed a unique mass signal for
AZT-TP at m/z 380.2 (Fig. 5). This signal was not
observed when analyzing ATP and dGTP by MALDI-
PSD. Subsequently, we explored the ability of MALDI-
PSD analysis for detecting the AZT-TP fragment in
PBMCs.

Fragmentation of AZT-TP present in PBMCs

Fig. 6 depicts the detection of the mass signal at the
expected m/z 380.2 in PBMCs incubated with AZT. This
signal was not observed in the analysis of PBMCs not
incubated with AZT. Thus, MALDI-PSD analysis is
able to discriminate AZT-TP from ATP and dGTP in
standard nucleotide solutions and in PBMCs.

The development of a method for quantification of
NRTI-TP in HIV-1 infected children requires that the
analysis can be performed on small amounts of PBMCs.
Approximately one million PBMCs can be derived from
one ml blood, which is an acceptable blood sample size
for studies in HIV-1 infected children. Font et al. [21]
showed that the intracellular AZT-TP concentration
ranges from 38 to 193 fmol per million PBMCs in HIV-1
infected adults. The signal-to-noise ratio of AZT-TP
detection in standard solution obtained by our method
is larger than 10 in this range of measurement. However,
the limit of detection of the unique AZT-TP fragment in
PBMC:s is probably higher than the limit of detection of
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Fig. 6. The MALDI-PSD analysis of PBMCs incubated with AZT (A) revealed the expected signal of the unique fragment of AZT-TP at m/z 380.2.
This signal was not detected in the MALDI-PSD analysis of PBMCs not incubated with AZT (B).
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AZT-TP in standard solutions. Furthermore, we have to
explore if MALDI-PSD analysis can be used for accu-
rate quantification of AZT-TP by using an internal
standard.

We conclude that: (1) AA/NA is a suitable matrix for
MALDI-TOF analysis of NRTI-TPs, NTPs, and
dNTPs. (2) AZT-TP, AT,P and dGTP can be detected
up to 0.5 femtomole per sample by MALDI-TOF MS.
(3) CTP, GTP, and UTP can be detected by MALDI-
TOF MS. (4) Intracellular AZT-TP, ATP, and dGTP
can be detected in PBMCs by MALDI-TOF MS. (5)
Discrimination of AZT-TP from ATP and dGTP can be
obtained by MALDI-PSD analysis in standard nucleo-
tide solutions and in PBMC:s. (6) Our developed method
could be useful for NRTI-TP studies in HIV-1 infected
children and adults.
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