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Abstract

determined using this method.

A highly sensitive liquid chromatography tandem mass spectrometry (LC-MS/MS) method was developed for
quantitation of arabinofuranosylguanosine 5’-triphosphate (ara-GTP) in human peripheral blood mononuclear cells
(PBMC). The determination of ara-GTP in PBMC was validated using a standard addition method with the human T-
lymphoblastoid cell line as an alternative blank matrix. Ara-GTP was extracted with methanol/250 mmol/L ammonium
carbonate solution (7/3, v/v) from the cells at a density of 10° cells per 0.5 mL. Extracts were subjected to LC-MS/
MS using a Turbolon spray interface and selected reaction monitoring with the transitions of m/z 524 to m/z 152 for
quantitation. Endogenous guanosine triphosphate in the extract was used as an internal standard. Separation of the
analytes was achieved on a porous graphitic carbon column (100 mm length x 2.1 mm i.d., 5 ym particle size) by
isocratic elution with 250 mmol/L ammonium carbonate buffer (pH 9.5)/water/acetonitrile (40/51.5/8.5, v/v/v) at a flow
rate of 0.2 mL/min. The method was validated in the range of 2-250 pg/mL. The pharmacokinetic profile of ara-GTP
in PBMC in a Phase | clinical study of nelarabine in relapsed or refractory T-ALL/T-LBL patients was successfully
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Introduction

Nelarabine is an  anticancer  prodrug of  9-8-D-
arabinofuranosylguanine, =~ which  is  chemically = modified
arabinofuranosylguanine (ara-G) that is water-soluble. After

intravenous administration, nelarabine is rapidly metabolized to
ara-G via O-demethylation by adenosine deaminase, which is present
in erythrocytes, intestinal mucosa, the spleen, and the thymus [1,2].
Ara-G is further metabolized in cells to arabinofuranosylguanosine
5’-triphosphate (ara-GTP). Ara-GTP is incorporated into DNA and
inhibits DNA synthesis, which means it exhibits a cytotoxic effect
in T-cell malignancies [1,3]. Gandhi et al. reported that the cellular
concentration of ara-GTP was higher in responders than in non-
responders [4-6]. Therefore, it is important to measure the cellular ara-
GTP concentration to predict the efficacy of nelarabine. In Gandhi’s
method, because the cellular ara-GTP levels are very low, a large
number of human peripheral blood mononuclear cells (PBMC) were
required for the ara-GTP determination. Therefore, current methods
for determination of cellular ara-GTP are usually limited in terms
of determination sensitivity. Liquid chromatography-tandem mass
spectrometry (LC-MS/MS) is a suitable choice for development of a
sensitive method for ara-GTP determination.

The determination of highly polar compounds like nucleotides
is generally achieved using either ion-exchange or ion-pair
chromatography coupled with UV detection [7-10]. Ion-exchange
and ion-pair chromatography are not ideal for today’s LC-MS/
MS methodology mainly because of the lack of volatility and ion
suppression problems.

Porous graphitic carbon (PGC) strongly adsorbs polar compounds,
and it has been applied to separation of oligosaccharides, peptides and
drugs [11-14]. PGC columns are composed of flat sheets of hexagonally
arranged carbon atoms. The surface of the graphite is sensitive to the
electronic density of the solutes [15]. This results in charge-induced
dipoles at the graphite surface as analytes with positive and negative
charges approach it. Therefore, PGC is suitable as a stationary phase for
separation of nucleotides without an ion-pair reagent.

An internal standard is usually needed for LC-MS/MS analysis
because of uncertainty in ionization and the amount of ions that enter
the mass spectrometer. Although a stable isotope labeled analyte is
the ideal internal standard, stable isotope labeled ara-GTP is difficult
to obtain. Furthermore, a sufficient amount of PBMC is difficult to
obtain from patients. Therefore, the standard addition method could
be used for determination of the ara-GTP concentration in PBMC.
Such a method should be suitable because the use of endogenous GTP
in PBMC as an internal standard for quantitation will compensate for
the peak intensity fluctuations among aliquots from the same sample.

To establish a sensitive and reproducible quantitation method for
the determination of ara-GTP levels in PBMC, we developed a LC-MS/
MS method using a PGC analytical column and standard addition with
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endogenous guanosine triphosphate (GTP) as the internal standard.
The evaluation and validation of the method are reported.

Experimental
Chemicals and materials

Standard reference ara-GTP was synthesized from ara-G by Gene
ACT (Fukuoka, Japan) and supplied asa 10 mmol/L sodium salt solution
(pH 7.5). Adenosine monophosphate, adenosine triphosphate, cytidine
triphosphate, uridine triphosphate, guanosine monophosphate,
deoxyguanosine triphosphate and GTP were obtained from Sigma
Aldrich (St. Louis, MO). Methanol (HPLC grade), acetone (special
grade), phosphoric acid (85 % w/v, special grade) and hydrochloric acid
(36 % w/v, first grade) were obtained from Kanto Chemical (Tokyo,
Japan). Ammonia solution (28 %, special grade) was purchased from
Wako Pure Chemical Industries (Osaka, Japan). Water purified with
a Milli-Q gradient-A10 purification system (Millipore, Bedford, MA)
was used in all experiments. The T-lymphoblastoid cell line CCRF-
CEM was used as a blank matrix for method validation. The cells
were kindly provided by Dr. Takahiro Yamauchi, First Department of
Internal Medicine, University of Fukui (Japan). The cell pellets were
collected by centrifugation at 500 xg for 5 min at 4°C after washing
with phosphate-buffered saline twice. The cell pellets were stored at
-80°C.

Preparation of standard solutions

Ara-GTP solution (10 mmol/L, pH 7.5) was diluted with water
to give a 2 mmol/L stock solution. The stock solution of ara-GTP was
diluted with methanol/250 mmol/L ammonium carbonate (pH 9.5;
713, vIv) to prepare standard working solutions of ara-GTP.

Sample Preparation and Pretreatment

CCRF-CEM cells (cell density 10° cells per 0.5 mL) were treated
with methanol/250 mmol/L ammonium carbonate solution (7/3, v/v)
or methanol/28 % ammonia water (7/3, v/v), then vortex mixed for 1
min and sonicated on ice for 30 s to prepare a cell extract as a blank
sample.

Validation samples (2, 20 and 200 pmol per10° cells) to establish
the bias and precision of the method were prepared by adding the
standard working solutions to the blank samples.

Standard addition method

For quantitation by the standard addition method, aliquots (100
uL) of each standard working solution at two concentration levels were
added to separate aliquots (100 uL) of the sample to prepare solutions
with ara-GTP concentrations at 10 and 50 pmol per 10° cells. Another
100 pL aliquot was diluted with methanol/250 mmol/L ammonium
carbonate (pH 9.5; 7/3, v/v) solution as a zero concentration sample.

The samples were centrifuged at 18000 xg for 10 min at 4°C. The
supernatants were transferred to clean microcentrifuge tubes, and then
evaporated to dryness at 40°C under a stream of nitrogen. The residues
were reconstituted with 40 pL of 250 mmol/L ammonium carbonate
buffer (pH 9.5)/water/acetonitrile (40/51.5/8.5, v/v/v), sonicated in a
water bath for 1 min, and then transferred to HPLC vials.

LC-MS/MS analysis

Chromatographic separation of ara-GTP and GTP as an internal
standard in CCRF-CEM cells was achieved on a Hypercarb analytical
column (100 mm length x 2.1 mm id, 5 pm, Thermo Hypersil-Keystone,
Bellefonte, PA) maintained at 40°C. The mobile phase was 250 mmol/L

ammonium carbonate buffer (pH 9.5)/water/acetonitrile (40/51.5/8.5,
v/v/v). Separation was performed by isocratic elution at a flow rate of
0.2 mL/min with a HP1100 pump system (Agilent Technologies, Santa
Clara, CA) equipped with a Nanospace 3033 autosampler (Shiseido,
Tokyo, Japan).
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Figure 1: Chemical structures of ara-GTP (A) and GTP (B).

40{1 2

4
30
3 7
20
56
10 4 M 8
. , AN FANN

T T T T
0 10 20 30 40

Time (min)
Figure 2: Separation of CTP, UTP, AMP, ATP, GMP, GTP, dGTP and ara-
GTP with UV detection at 254 nm. Annotations were as follows: 1, CTP; 2,
UTP; 3, GMP; 4, GTP; 5, ara-GTP; 6, AMP; 7, ATP; 8, dGTP.
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Figure 3: Representative chromatograms of GTP and ara-GTP in blank
sample (A), lower limit of quantitation (2 pmole/10° cells) (B) and higher limit

of quantitation (200 pmole/10¢ cells) (C).

Quantitation was conducted by selected reaction monitoring (SRM)
on a API4000 mass spectrometer (AB SCIEX, Foster City, CA) with
electrospray ionization in positive mode. The optimized electrospray
ionization parameters were as follows: ion source temperature, 550°C;
curtain gas, setting 20; nebulizing gas (GS1), setting 80; turbo-ion spray
gas (GS2), setting 80; ionspray voltage, 5500 V; declustering potential,
80 V; collision energy, 33 V. The selected reaction monitoring
transitions were m/z 524 to m/z 152 for both compounds. The dwell

time was 1000 ms for each transition channel. All data were acquired
and analyzed using Analyst version 1.4.1(AB SCIEX).

Data analysis

Quantitation plots of the ara-GTP/GTP peak area ratio versus
the amount of ara-GTP added per 10° cells were constructed using
Microsoft Excel 2002 SP3, and least squares linear regression was
applied to the data. The value of the x-intercept calculated from the
quantitation plots represents the concentration of ara-GTP in the
samples.

Method validation

Method validation was conducted on the established quantitation
method in accordance with the 2001 FDA Industry Bioanalytical
Method Validation guide [16].

Results and Discussion
Separation

When determining the concentration of cellular ara-GTP, it is
essential to separate the purine nucleotide analogue ara-GTP from
other endogenous purine nucleotides. It is particularly important to
separate ara-GTP from GTP, which is a stereoisomer of ara-GTP at the
2’-OH position in the sugar moiety (Figure 1). GTP was used in this
study as an internal standard. Several types of analytical columns such
as a PGC column, jon-exchanging columns, multimode-type columns
and a polyfluorinated column were tested (data not shown). An
adequate separation from GTP and other endogeneous constitutents
was only achieved with a Hypercarb PGC column as ara-GTP is an
epimer of GTP. Hence, the Hypercarb PGC column was selected for
this study. This column gave good resolution of ara-GTP and GTP,
probably because of the difference in the steric arrangement of 2’-OH
in ara-GTP and GTP, which would result in different interactions of
these compounds with the planar sheets of hexagonal carbon atoms.
Among several buffers tested (data not shown), ammonium carbonate
buffer solution (pH 9.5) was a suitable eluent for the separation and

Peak area ratio (ara-GTP/GTP)

0 50 100 150 200 250 300
Ara—GTP contents (p mol/10° cells)

Figure 4: Linear responses in ara-GTP/GTP peak area ratio versus ara-
GTP contents in samples.

Validation sample | Bias |Within-run precision (n=3) Between-run precision (n=3)
2 pmol/10°cells 1.7% 11.0% Negligible
20 pmol/10° cells | 4.5% 6.2% Negligible
200 pmol/10° cells | -6.4% 16.2% Negligible

Negligible, smaller value than the Within-run precision

Table 1: Bias and Precision of Individual Validation Sample Concentrations for Ara-
GTP in Cell Extracts.
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Peak Area Ratio (n=3)

24 hours 96 hours

Validation samples

Fresh Stored | %Diff |Fresh Stored | %Diff

Mean 0.04374 0.04120 -5.8 0.04126 0.03827 -7.3

2 pmol/10° cells | SD 0.00193 10.00159 0.00362 |0.00297

CV% 4.4 3.9 8.8 7.8

Mean 4.22040 4.18034 -0.9 3.99101 4.12102 3.3

200 pmol/10°®

SD 0.04920 0.12610 0.13888 0.07118
cells

CV% 1.2 3.0 3.5 1.7

% Diff, (Mean(Stored)-Mean(Fresh))/Mean(Fresh)x100
Table 2: Processed Extract Stability Data for Ara-GTP Stored at 4°C

provided good peak profiles. Ara-GTP eluted at 19.4 min and the other
nucleotides eluted with an adequate separation from ara-GTP (Figure
2). A stereo-isomer, GTP, was eluted before ara-GTP. Consequently,
good separation of ara-GTP from purine nucleotides was achieved.

Selectivity

Characteristic precursor ions [M+H]" at m/z 524 to 152 were
consistent with the chemical structures of ara-GTP and GTP, and used
as selective reaction monitoring transitions to ensure highly selective
determination.

The selectivity of the method was assessed by analysis of blank
samples. LC-MS/MS chromatograms of the blank and validation
samples were visually examined and compared for chromatographic
integrity and potential interferences. Representative chromatograms of
the blank and validation samples are shown in figure 3. No unacceptable
interferences from endogenous material were observed at the retention
time of ara-GTP, and the GTP peak areas were reproducible for
multiple samples.

Linearity and sensitivity

To achieve good quantitation irrespective of the problems
associated with the standard addition method, endogenous GTP,
which elutes near ara-GTP, was used as an internal standard.

The plot of ara-GTP/GTP peak area ratio against the concentration
of added ara-GTP was linear over the range 2-250 pmol per 10° cells
(Figure 4). This indicates that the endogenous GTP was an appropriate
internal standard for the quantitation.

Precision and accuracy

The concentrations of ara-GTP in validation samples quantified
by the standard addition method are presented in Table 1 along
with accuracy and precision values. Accuracy was indicated as the
percentage of bias against the nominal concentration of spiked sample.
Precision was indicated as the percentage of coefficient of variation.

Among all the validation sample examined, the maximum
percentage of bias in quantitation was not more than 11.7 %. The
within-assay precisions were not greater than 16.2 %, and the between-
assay precisions were good.

Carry-over

Carry-over was evaluated by injection of a blank sample right after
injection of a sample with 250 pmol of ara-GTP per 10° cells.

There were no contributions assessed as a carry-over, as none of the
blank samples showed chromatographic peaks greater than 20 % of the
mean response at the lower limit of quantitation (2 pmol per10° cells).

Stability of the processed extract

The stability of ara-GTP in processed extracts of cell samples spiked
with ara-GTP at 2 and 200 pmol per 10° cells and stored for 96 h at 4°C

Peak Area Ratio (n=3)
o Cycle-1 Cycle-2 Cycle-4
Validation samples 8 - 8
Fresh Stored %Diff Fresh Stored %Diff Fresh Stored % Diff
Mean 0.04468 0.04322 -3.3 0.04374 0.04277 -2.2 0.04126 0.03820 7.4
2 pmol/10° cells SD 0.00164 0.00292 0.00193 0.00212 0.00362 0.00264
CV% 3.7 6.8 4.4 4.9 8.8 6.9
Mean 4.18137 3.84085 -8.1 4.22040 3.94916 -6.4 3.99101 3.85821 -3.3
200 pmol/10° cells SD 0.29920 0.35352 0.04920 0.11375 0.13888 0.19987
CV% 7.2 9.2 1.2 29 3.5 5.2
% Diff, (Mean(Stored)-Mean(Fresh))/Mean(Fresh)x100
Table 3: Refrigeration-Ambient Stability Data for Ara-GTP in Cell Extracts, 4 Cycles from —80°C to Room Temperature.
ara-GTP concentration (pmol/10° cells)
-30°C -80°C
Day1 Day3 Day6 Day6 ‘ Day13 1 month 2 months
MeOH / 28% ammonia water (7/3, v/v)
Mean 18.08 19.65 14.60 18.05 20.24 19.12 17.57
SD 0.46 1.22 0.88 2.91 2.41 1.22 4.30
CV% 25 6.2 6.0 16.1 11.9 6.4 245
% Diff -9.6 -1.7 -27.0 -9.8 1.2 -4.4 -12.2
MeOH / 250 mM ammonium carbonate solution (7/3, v/v)
Mean 17.00 13.01 12.06 14.81 13.56 9.65 11.00
SD 1.1 2.30 3.08 1.75 3.09 3.19 3.64
CV% 6.5 17.7 25.6 11.8 22.8 33.0 33.1
% Diff -15.0 -35.0 -39.7 -25.9 -32.2 -51.7 -45.0

% Diff, versus nominal concentration (20 pmol/10° cells)

Table 4: Long Term Stability of Ara-GTP in Cell Extracts Treated with Methanol/Ammonia Water or Methanol/Ammonium Carbonate Solution.
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was assessed in triplicate by comparing the mean responses to those of
freshly prepared extract. The stability data are presented in Table 2. The
percentage difference was less than 15 %, which indicates that ara-GTP
is stable in processed extracts of spiked cell samples stored at 4°C for
at least 96 h.

Refrigerator to room temperature stability

The stability of ara-GTP in cell extracts after four temperature
cycles from the refrigerator (-80°C) to room temperature was assessed
at 2 and 200 pmol per 10° cells (in triplicate). The mean responses were
compared to those of the freshly prepared extract. The stability data
are presented in Table 3. The percentage difference among the results
was less than 15 %. This indicates that ara-GTP is stable in cell extracts
after at least four temperature cycles from the refrigerator to room
temperature.

Long term storage stabilities in cell extracts

The long term storage stabilities of ara-GTP in cell extracts treated
with methanol/250 mmol/L ammonium carbonate solution (7/3, v/v)
or methanol/28 % ammonia water (7/3, v/v) and stored at —30°C
and —80°C were assessed. Samples of ara-GTP at 20 pmol per 10°
cells were prepared in triplicate and the mean concentrations for the
different storages times (Table 4) relative to the nominal concentration
were compared. Ara-GTP was stable in cell extracts treated with
methanol/28% ammonia water (7/3, v/v) for up to 3 days at —30°C and
2 months at —80°C, whereas it was not stable in cell extracts treated
with methanol/250 mmol/L ammonium carbonate solution (7/3, v/v).
These results indicate that for long-term storage, cells for ara-GTP
measurements need to be treated with methanol/28 % ammonia water
(7/3, v/v) and stored at —80°C.

Application of the method

The validated method was successfully applied to a Phase I clinical
study of nelarabine in patients with relapsed or refractory T-ALL/T-
LBL. The pharmacokinetics of ara-GTP concentrations in PBMC in
adult and pediatric patients have been reported elsewhere [17].

Conclusions

To develop a highly sensitive quantitation method for evaluation of
cellular ara-GTP, we established a new LC-MS/MS method usinga PGC
analytical column and the standard addition method with endogenous
GTP as the internal standard. This method was effectively applied to
the elucidation of pharmacokinetic profiles of cellular ara-GTP in a
Phase I clinical study of nelarabine in Japan. The established method is
useful for determination of ara-GTP concentration in human PBMC at
concentrations around a few picomoles per 10° cells.
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