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A novel ion-pair reversed phase electrospray ionization (IP-RP-ESI) liquid chromatography–mass spectrometry (LC–MS) metho
eveloped for identification and quantification of Bcl-2 antisense phosphorothioate oligonucleotides G3139 and metabolites in pl
ethod utilized solid phase extraction for desalting and matrix removal and detection by an ion trap mass spectrometer. Res
ccomplished on a micro C18 column eluted with a mobile phase consisting of hexafluoro-2-propanol and triethylamine in methan◦C.
ive G3139 metabolites were identified in plasma and urine from treated patients and rats. A cassette HPLC–MS/MS quantificat

or G3139 and three metabolites was developed and validated with a limit of quantification (LOQ) of 17.6 nM in human and rat pla
cceptable precision and accuracy. Plasma pharmacokinetics of G3139 and metabolites in these species were described.
2005 Elsevier B.V. All rights reserved.
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. Introduction

With the advent of electrospray ionization (ESI) tech-
iques, liquid chromatography–mass spectrometry (LC–MS)

Abbreviations: HFIP, 1,1,1,3,3,3-hexafluoro-2-propanol; CVs, coeffi-
ients of variations; CID, collision induced dissociation; CIVI, continu-
us intravenous infusion; ESI, electrospray ionisation; ELISA, enzyme-

inked immunosorbent assay; IP-RP-HPLC, ion-pair reversed phase HPLC
hromatography; LOD, limit of detection; LOQ, limit of quantification;
RNA, messenger RNA; MRM, multiple reaction monitoring; ODNs,
ligodeoxynucleotides; PK, pharmacokinetics; PS ODN, phosphorothioate
ligonucleotide; SOS, Simple Oligonucleotide Sequencer; TEA, triethy-

amine; TEAA, triethylammonium acetate; TEAB, triethylammonium bicar-
onate
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has become a major qualitative and quantitative analy
tool for small organic molecules[1–3], peptides, and protein
[4–6]. For DNA, RNA, and oligonucleotides, this meth
has been less successful until relatively recently[7–9]. This
is probably due to the lower sensitivity and several ana
cal problems associated with this type of molecules, suc
(1) inadequate chromatographic separation in either rev
phase or anion exchange chromatography, (2) lack of
able ion-pairing reagents for both MS sensitivity and HP
chromatography, and (3) extensive adduction with ubiqu
cations, such as sodium or potassium ions, in biological
ples. While synthetic oligonucleotides have become inc
ingly important for diagnostic and therapeutic purposes, c
acterization of these compounds, monitoring of purity,
more importantly quantification of these compounds in
logical matrices, and elucidation of metabolic product
preclinical and clinical evaluation are of paramount imp

570-0232/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2005.05.049
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Table 1
Structures and molecular weight of G3139 and its metabolites identified in rat and human plasma

Identity Proposed sequence (from 5′ to 3′) CalculatedMw (Da) ObservedMw (Da)

Human Rat

G3139 TCTCCCAGCGTGCGCCAT 5684.9 + 5684.3 + 5684.0
M1 3′ N-1 TCTCCCAGCGTGCGCCA 5364.3 + 5364.0 + 5364.0
M2 3′ N-2 TCTCCCAGCGTGCGCC 5035.1 + 5034.0 + 5035.0
M3 3′ N-3 TCTCCCAGCGTGCGC 4729.8 + 4728.2 + 4730.0
M4 3′ N-4 TCTCCCAGCGTGCG 4424.6 + 4425.0 + 4424.7
M5 3′ N-5 TCTCCCAGCGTGC 4079.3 + 4078.6 + 4079.0
M6 Unknown peaka + Not oligonucleotide related − N/A
Internal standard TCTCCCAGCGTGCGCCAT CAGCATA 7944 N/A

a The peak was not detected in blank plasma but was detected as an ion atm/z 1911.

tance. In order to meet these demands, a number of strategies
have now been developed with respect to solvent additives
and modifiers[7,9,10], higher performance analytical sor-
bents and columns (particle size and new materials)[11,12],
and improved instrumental parameters (flow rates and others)
and manipulations (post column)[13–15]to improve resolu-
tion and sensitivity.

G3139 (Table 1), an 18-mer phosphorothioate oligonu-
cleotide antisense designed to bind to the first six codons
of the human Bcl-2 mRNA, is being investigated in mul-
tiple phases I–III clinical trials[16–19]. As high levels of
the Bcl-2 were found associated with chemoresistance in
malignant cells, the main hypothesis of these studies is that
antisense down-regulation of its target would decrease the
apoptosis threshold and induce chemotherapy sensitivity in
otherwise chemoresistant disease. Preclinically, this com-
pound has demonstrated a potent antisense activity in vitro
and in vivo by downregulating Bcl-2 expression, resulting in
increased tumor cell apoptosis, when administrated alone or
in combination with cytotoxic agents[20–22]. Chemosensi-
tization effect of G3139 has been explored in patients with
melanoma[23], hormone-refractory prostate cancer[19],
chronic lymphocytic leukemia (CLL)[24], acute myeloid
leukemia (AML) [18,25,26], and a variety of other tumors
[16,27,28].

Although pharmacokinetics of G3139 has been reason-
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of G3139 and its metabolites in plasma, allowing characteri-
zation of G3139 and metabolite kinetics in human and in the
rat.

2. Experimental

2.1. Materials and chemicals

G3139 was supplied by the National Cancer Institute
(Bethesda, MD) and used without further purification. The
internal standard (I.S.), a 25-mer phosphorothioate oligonu-
cleotide, and other putative 3′-N-1, N-2, and N-3 of G3139
(here-to-fore G3139 is omitted) metabolites (Table 1) were
obtained from Integrated DNA Technologies (Coralville, IA)
and used without further purification. HPLC-grade methanol,
triethylamine (TEA, 99.5%), triethylammonium bicarbon-
ate (TEAB), and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP,
99.8%) were purchased from Aldrich (Milwaukee, WI,
USA). A Milli-Q system (Millipore, Bedford, MA, USA)
was used to prepare deionized water for HPLC analysis. The
purity and identity of each ODN were verified by HPLC–UV-
mass spectrometry (Finnigan LCQ, San Jose, CA). Blank
human plasma was obtained from Red Cross (Columbus,
OH). Drug-free rat plasma was purchased from Harlan Bio-
products for Science Inc. (Indianapolis, IN, USA).
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bly well studied previously[18,29], and more recently b
n ultra-sensitive non-LC–MS hybridization method[30,31],

ittle is known about its metabolic fate, nor was there LC–
uantitative method for G3139 and its metabolites. Prev
ublished results regarding disposition of G3139 were b
n radioactivity measurement, which did not readily se
ate parent drug from the metabolites, therefore gener
ittle information concerning disposition of G3139 and

etabolites[32,33]. In fact, to date there were only two pu
ications using LC–MS for quantification of antisense dr
n biological samples[34,35]. To overcome these problem
e first developed an ESI LC–MS method coupled to
air reversed phase HPLC (IP-RP-HPLC) chromatogra

or separation and characterization of G3139 and three m
etabolites. Further, we developed and validated a sen
SI LC–MS/MS N-in-one (cassette) quantification met
.2. Instrumentation

The LC–MS system used consisted of a Finnigan (T
oFinnigan, San Jose, CA) LCQ ion trap mass spectrom

oupled to a Shimadzu HPLC system (Shimadzu, Colum
D) and SPD-M10A PDA detector (Shimadzu, Columb
D). The HPLC system was equipped with two LC-10
umps, a SIL-10AD autoinjector (Shimadzu, Colum
D).

.3. HPLC chromatographic and mass spectrometric
onditions

An Xterra MS18 2.5-�m (average pore diameter: 120Å)
0 mm× 2.1 mm stainless steel column (Waters Corp.,
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ford, MA) coupled to a MS C18 2.1 mm× 10 mm guard
column (Waters Corp., Milford, MA) was used to separate
G3139 and its metabolites. The HFIP-TEA buffer was pre-
pared as a 200 mM stock solution as follows. To 10.5 mL of
HFIP was added 485 mL water and 2 mL TEA with constant
stirring for 1 h. The pH was then titrated to 8.35 with TEA and
the final volume was adjusted to 500 mL. This stock solution
was diluted to 100 mM with water and used as the A solvent
(100 mM HFIP/8.6 mM TEA, pH 8.35) and with methanol
and used as the mobile phase B (100 mM HFIP and 8.6 mM
TEAB, pH 8.3). The column was kept at 50◦C in a column
heater (Keystone, Woburn, MA) throughout the analysis. The
components were eluted with a gradient mode at a flow rate of
0.20 mL/min. Gradient was initiated with 75% of solvent A,
which was decreased to 50% in 30 min and returned to 25%
B in 2 min. Prior to the next run, the column was equilibrated
at 25% B for at least 8 min. The LC eluant was introduced
into the electrospray ion source without splitting.

All experiments were carried out using the LCQ ion trap
mass spectrometer with an ESI source operated in the nega-
tive ion mode. The electrospray high voltage was 2.0–2.2 kV.
The temperature of the heated capillary was set at 210◦C. The
mass spectrometer was operating with a background helium
pressure of 1.75× 10−3 Torr, a typical electrospray needle
voltage of 4.5 kV, a sheath gas flow of 80 (arbitrary unit), and
an auxiliary nitrogen gas flow of 30 (arbitrary unit). The mass
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with 100�L of mobile phase A and 40�L aliquot was ana-
lyzed by LC–MS.

2.5. Identification of major metabolites of G3139 in vivo

For HPLC analysis, the ion-pair elution described above
was used with optimization for each run for maximum
peak separation. Triple play mode (full scan, zoom scan,
and MS/MS)[36,37]was chosen for identification of major
metabolites of G3139 as follows: Full mass scan was in
the range of 600–2000 Da, zoom scan was based on the
most intense peak from the full scan mass spectrum, and
data dependent tandem MS/MS was derived from the most
intense peak. The MS/MS mass spectrum of metabolites of
G3139 was acquired with 25–30% of the normalized collision
energy with isolation width of 3.0 Da. Deconvolution was
performed using Xcalibur BioMass to obtain the molecular
mass information. Data of the MS/MS spectra of metabo-
lites were exported from the Xcalibur Software (Finnigan,
CA) and sequenced by an external computer program, Simple
Oligonucleotide Sequencer (SOS) (Version 1.1)[38]. Com-
parison of the measured and predicted spectra was performed
with the same program.

2.6. N-in-one quantification of G3139 and major
metabolites in rat and human plasma
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3139 or 3′ N-1 through N-3. All operations were controll
y Finnigan Xcalibur (Version 1.2) software in a Windo
T 4.0 system. The PDA was operated to give the spec
00–600 nm. All operations were controlled by EZstart
oftware in a Windows NT 4.0 system.

.4. Sample preparation

Plasma samples were thawed and centrifuged at 1000
min. Solid phase extraction (SPE) was used for isolatio
3139 and metabolites from plasma. Rat and human pl
amples spiked with appropriate amounts of pure compo
ere used to construct calibration curves for G3139 and
ajor metabolites. Samples (0.2 mL) were then spiked
0�L of the I.S. at 400�g/mL in water. Thereafter, the sa
les and standards were mixed with 0.8 mL of 0.1 M TE
uffer and extracted on an Oasis HLB cartridge packed
0 mg material (Waters, Corp., Milford, MA). The extract

ubes were conditioned first with 1 mL of acetonitrile f
owed by 1 mL of 0.1 M TEAB (pH 8.5). Then the samp

ixed with 1 mL of 0.1 M TEAB were loaded onto each
he columns. The proteins and salts were removed by se
ial washes with 2 mL of TEAB, 1 mL of 10% acetonitrile
.1 M TEAB and 1 mL of water by gravity flow. The brea

hrough was examined by UV measurement and foun
e negligible. Then the ODNs were eluted with 0.5 mL
0% acetonitrile and the eluant was evaporated to dry
nder a stream of nitrogen. The residue was reconsti
Multiple reaction monitoring (MRM) mode was employ
or monitoring ion transitions for four analytes. E
C/mass spectra G3139 and three major metabolites
rst obtained. The [M− 3H]−3 ions of G3139 and thre
ajor metabolites were isolated and activated for 3

o produce daughter ions with optimized normalized
ision energy of 15% for G3139 and three metabol
8% for internal standard. The ion transitions (SR
onitored werem/z 1893.73− → 1842.83− for G3139
786.63− → 1736.33− for 3′ N-1, 1676.73− → 1626.23−

or 3′ N-2, 1575.73− → 1524.63− for 3′ N-3, and
985.44− → 1947.54− for the I.S. An automatic gain co

rol was set to ensure the high sensitivity, but avoiding
pace charge effects. The mass spectrometer was tune
ptimum sensitivity by flow infusion of G3139 at 20�g/mL

n 35% mobile phase B. All the operation was controlled
innigan Navigator 1.2 software on a Window NT 4.0 syst

.7. Assay validation

Plasma samples for the standard curves were pre
y spiking 0.2 mL of rat and human plasma each with

ous amounts of G3139, three metabolites and a con
mount of the internal standard. The linearity was evalu

n the concentration range of 0.1–10�g/mL. The within-day
recision values were determined in five replicates at
oncentration of 0.25, 1 and 5�g/mL for each analyte. Th
etween-day precision was determined across these
oncentrations in five different days. The accuracy of
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assay was determined by comparing the nominal concentra-
tions with the calculated values. The specificity of the assay
was established by monitoring MRM for G3139 and each
metabolite in blank plasma. The recovery of each analyte
was estimated by comparing the peak area of the extract ana-
lyte to those of the unextracted at concentrations of 0.5 and
5�g/mL.

2.8. Pharmacokinetic study of G3139 in
Sprague–Dawley rats

Six Sprague–Dawley female rats weighing∼300 g (Har-
lan, Indianapolis, IN) were used in the pharmacokinetics
studies. All animals were adapted to a 12-h light/dark cycle
under controlled room temperature and humidity conditions.
Food and water were given ad libitum. The animal facility is
accredited by the American Association for Laboratory Ani-
mal Care. The study was performed with a protocol which
adheres to the “Principles of Laboratory Animal Care” by
NIH and approved by the Ohio State University Vivaria. The
right jugular vein of each rat was cannulated under ketamine
anesthesia (100 mg/kg), and the rat was allowed to recover
for 12 h prior to drug administration. G3139 in sterile saline
was given at as an i.v. bolus dose at 20 mg/kg through the
jugular vein cannula followed by flushing the cannula with
0 ep-
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where AUC and AUMC are the area under the concentration–
time curve and area under the first moment curve.

3. Results

3.1. Identification of major metabolites of G3139 in vivo

The initial strategy involved characterization of the mass
spectral fragmentation data of G3139.Fig. 1A shows the
ESI LC/mass spectrum of G3139, which indicated a base
[M − 3H]3− atm/z 1893.7 and several ions at different charge
states from−4 to −8 at lower intensities. Upon decon-
volution, these multiple charged ions yielded the correct
[M − H]− (m/z 5684.4) and associated isotope ions with
±0.009% mass accuracy, when compared to the calculated
(m/z 5684.9) (Fig. 1B). Additionally, low level of sodium
and potassium adduct ions were detected. Upon collision
induced dissociation (CID) of [M− 3H]3−, the MS2 spec-
trum gave fragment ions (Table 2), consistent with w and
a-B series based on the literature information about the base
sequence of oligonucleotides in ion trap mass spectrometry
[39,40]. The oligonucleotide fragmentation nomenclature, as
shown inFig. 2, followed the widely accepted one proposed
b nt
f loss

Fig. 1. ESI LC–MS mass spectrum (A) and the corresponding deconvoluted
mass spectrum (B) of G3139. The charge states (−3 to−8) of the multiply
charged ions are indicated above each ion in (A).
.25 mL of normal saline. Approximately 0.2 mL each of h
rinized blood was withdrawn according to a typical sche
f 0 (predose), 5, 10, 15, 30, 60, 120, 180, 240, 360,
00 min after dosing, and the loss of fluid was replace
ushing the cannula with an equal volume of normal sa
he blood samples were centrifuged at 10,000× g for 1 min
nd the supernatants of each were collected and kept f
t−80◦C until analysis. In a separate experiment, three
ere housed individually in metabolism cages that allo

or separate collection of urine and feces, and restricte
ood only in the first 24 h after dosing. Urine samples w
ollected 24 h prior to dosing and at interval of 0–4, 4
–12, and 12–24 h after dosing. The total volume of u
as measured by weight difference and frozen at−80◦C
ntil analysis.

.9. Data analysis

Plasma concentration–time data were analyzed by
onLin (Version 4.0, Pharsight Corporation, Mountain Vi
A) via an appropriate pharmacokinetic model and r
ant pharmacokinetic parameters of G3139 were obta
or metabolites, noncompartmental analysis was used.
ody clearance, mean residence time (MRT), and steady
olume of distribution (Vss) were calculated as follows:

LT = Dose

AUC0−∞
(1)

RT = AUMC

AUC
(2)
y McLuckey et al.[41]. The formation of the most abunda
ragment ion at 1842.8 was readily accounted for by the
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Fig. 2. A representative TIC of G3139 and major metabolites obtained from plasma extract of a patient treated with G3139 (A) and the mass spectra of 3′
N-1 metabolite at retention time (RT) 13.90 min (B), of 3′ N-2 metabolite at RT 12.04 min (C), of 3′ N-3 metabolite at RT 10.7 min (D). Ions [M− 3H]3− to
[M − 8H]8− were observed.
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Table 2
Assignment of fragment ions obtained from collision-induced dissociation of [M− 3H]3− of G3139 atm/z 1893.7 in human plasma

m/z Ion assignment Sequence (from 5′ to 3′) Relative intensity (%)

971 w−1
3 CAT 24

1276 w−1
4 CCAT 15

1621.1 w−1
5 GCCAT 36

1926.2 w−1
6 CGCCAT 9

1455.1 w−2
9 GTGCGCCAT 8

1792.6 w−2
11 GCGTGCGCCAT 4

1957 w−2
12 AGCGTGCGCCAT 2

1615.5 w−3
15 CCCAGCGTGCGCCAT 22

1717.7 w−3
16 TCCCAGCGTGCGCCAT 10

1819 w−3
17 CTCCCAGCGTGCGCCAT 8

1042.8 a4-B4
−1 TCTC 20

1347 a5-B5
−1 TCTCC 11

1652 a6-B6
−1 TCTCCC 5

1959 a7-B7
−1 TCTCCCA 3

1142 a8-B8
−2 TCTCCCAG 5

1092 a11-B11
−3 TCTCCCAGCGT 8

1800.9 a12-B12
−2 TCTCCCAGCGTG 5

1975 a13-B13
−2 TCTCCCAGCGTGC 37

1417.5 a14-B14
−3 TCTCCCAGCGTGCG 12

1634 a16-B16
−3 TCTCCCAGCGTGCGCC 10

1301.8 a17-B17
−4 TCTCCCAGCGTGCGCCA 20

1842.8 (M− 3H-G)−3 TCTCCCAGCGTGCGCCAT 100

of neutral guanine base from the−3 charge state molecular
ion (m/z 1893.7) (Table 2). The most diagnostic ions are w
series that are used to determine the 3′ → 5′ sequence and the
a-B ions that are used to determine the 5′ → 3′ sequence.

By comparing the plasma extract obtained from pretreat-
ment (data not shown) with that obtained from the plasma
sample in leukemia patient 120 h following i.v. infusion of
G3139 at 7 mg/kg[25], six new peaks, denoted as M1, M2,
M3, M4, M5, and M6 were found (Fig. 2A). The parent com-
pound G3139 was eluted after its potential metabolites with
a retention time of 15.2 min (Fig. 2A). The total ion current
at the peak corresponding to M1 from 13.6 to 14.1 min was
summed to generate the average mass spectrum (Fig. 2B),
which shows several multiple charged ions. Following decon-
volution, the molecular mass was found to be 5363.0 Da
(Table 1). The most likely base composition for this mass was
d(C8T3A2G4), a loss of dT from G3139 d(C8T4A2G4). Other
possibilities of modified base or oxidative product were not
supported by the mass computation. This component could
be produced by either the 3′ or 5′ single nucleotide dele-
tion from G3139. To distinguish these two possibilities, MS2

spectra of 3′ N-1 and 5′ N-1 were obtained using the most
abundant ion [M− 3H]3− at m/z 1786.7 and compared the
same for M1 and the ions on the w series and the a-B ions.
Eleven w ions and eight a-B ions generated from the MS2 of

M1 were identified and assigned (Table 3). The MS2 mass
spectrum of M1 was essentially identical to that of 3′ N-
1 but not to 5′ N-1, and these fragment ions are consistent
with the fragmentation assignment of 3′ N-1. Additionally,
the MS2 mass spectrum of 5′ N-1 has distinct patterns of a-B
ion and w ion series from that of 3′ N-1. For example, the
fragment ions as identified in MS2 of 5′ N-1 were w1−

2 (m/z
665.6), w1−

3 (m/z 970.9), and w1−
4 (m/z 1275.5), correspond-

ing to sequences of 3′-AT, 3′-CAT, and 3′-CCAT, respectively,
and were identified along with the a-B ions: a4-B4

−1 (m/z
1026.9), a6-B6

−1 (m/z 1661), and a15-B15
−3 (m/z 1628.9),

corresponding to sequences of 5′-CTCC, 5′-CTCCCA, and
5′-CTCCCAGCGTGCGCC, respectively. This information
furthers ruled out 5′ N-1 as metabolite M1.

The second major peak (M2) in the plasma extract
shows several multiple charged ions of different intensities
(Fig. 2C), and upon deconvolution, gave a mass atm/z 5035.1
(Table 1). This mass shows a decrease of 649.3 Da from the
parent compound, corresponding to a loss of two phospho-
rothioate nucleotides from the 3′ end (-AT), but not from the
5′ end (-TC). Indeed, the mass accuracy of M2 being 0.016%
helps to exclude any other possible mass assignment. Thus,
M2 was assigned as the metabolite derived from removal of
two nucleotides from the 3′ end or 3′ N-2 of G3139 (Table 1).
The sequence of M2 was further verified by the SOS program
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Table 3
Assignment of fragment ions obtained from collision-induced dissociation
of [M − 3H]3− of M1 at m/z 1786.8 in human plasma

m/z Ion assignment Sequence (from 5′ to 3′) Relative
intensity (%)

652.9 w−1
2 CA 8

956.9 w−1
3 CCA 14

803 w−2
4 GCCA 2

956 w−2
5 CGCCA 4

1150.1 w−2
7 TGCGCCA 8

1461.2 w−2
9 CGTGCGCCA 16

1634 w−2
10 GCGTGCGCCA 18

1799.4 w−2
11 AGCGTGCGCCA 15

1951 w−2
12 CAGCGTGCGCCA 11

1610 w−3
15 TCCCAGCGTGCGCCA 10

1711 w−3
16 CTCCCAGCGTGCGCCA 22

723 a3-B3
−1 TCT 3

1042 a4-B4
−1 TCTC 15

1347.3 a5-B5
−1 TCTCC 25

1653 a6-B6
−1 TCTCCC 2

1959.6 a7-B7
−1 TCTCCCA 32

1640 a11-B11
−2 TCTCCCAGCGT 43

1531 a15-B15
−3 TCTCCCAGCGTGCGC 4

1635 a16-B16
−3 TCTCCCAGCGTGCGCC 31

1736.3 (M− 3H-G)−3 TCTCCCAGCGTGCGCCA 100

(data not shown). MS2 ions characteristic of M2 are of w ion
series; for instance, w1−

2 (m/z 627), w1−
3 (m/z 917.9), w−2

5
(m/z 809.1), and w2−

7 (m/z 1143.0) corresponding to 3′-CC,
3′-GCC, 3′-GCGCC, and 3′-GTGCGCC, respectively. Frag-
ment ions from the a-B ions were essentially the same as those
from M1, suggesting M2 shares the same sequence with M1
from 5′ terminal up to 15 nucleotides (data not shown).

Similarly, mass spectra of other major peaks are shown
in Fig. 2. Ion envelopes were observed for all metabolites
and in most cases [M− 3H]3− to [M − 6]6− were identi-
fiable. Again, upon deconvolution molecular ions of these
major components were obtained and M3, M4, and M5 were
unambiguously assigned as 3′ N-3, N-4, and N-5 with mass
accuracy of 0.038, 0.023, and 0.017%, respectively (Table 1).
One metabolite with the longest retention time (17.1 min) was
not identified by ESI/MS/MS. This component did not seem
to relate to an oligonucleotide based on the most abundant
ion (m/z 1911.3), assuming that the ion was singly charged
(data not shown).

Thus, based on this result, metabolism of G3139 proba-
bly involves mainly 3′-exonuclease cleavage consistent with
metabolism of other antisense oligonucleotides[39,42,43].

Fig. 3. Representative IP-RP-HPLC–UV (A) and LC–MS total ion (TIC)
chromatograms (B) of G3139, 3′ N-1, 3′ N-2, and 3′ N-3 of G3139. UV was
set at 260 nm.

Similarly, 3′ N-1 to 3′ N-5 were also identified in the 5 min
plasma sample obtained from the rat given i.v. bolus of G3139
at 20 mg/kg and the results are summarized inTable 1. Simi-
lar pattern of metabolites was also observed in the 0–4 h urine
extract taken from a rat given i.v. bolus of G3139 at 20 mg/kg
(Table 4). 3 Selected ion monitoring (SIM) was performed
and data for 3′ N-1 up to 3′ N-4 as well as G3139 were pre-
sented (data not shown).

3.2. N-in-one (cassette) quantification of G3139 and
major metabolites in rat and human plasma

Using 100 mM HFIP combined with 8.6 mM TEA (pH
8.3) as the mobile phase with a gradient elution on a 2.5-
�m C18 reverse phase column (Xterra MS C18) at 50◦C,
G3139, its 3′ N-1, N-2, and N-3 were baseline resolved with
UV detection (Fig. 3A), and with LC–MS they were nearly
baseline separated (Fig. 4B). The slight change in resolution
in MS was probably due to the peak broadening frequently
encountered in the online serial connection. There was also a

Table 4
Urinary excretion of G3139 and its major metabolites in the rat following its i.v. bolus dose at 20 mg/kg

3′ N-1 3′ N-2 3′ N-3

–4 ha 4–8 ha 0–4 ha 4–8 ha 0–4 ha 4–8 ha

A 8.7± 4

P

ere de
G3139

0–4 ha 4–8 ha 0

mount excreted (�g) (mean± S.D.,n = 3) 161± 13 4.87± 1.76 5

ercentage of dose excreted in 24 hb (n = 3) 2.78
a Collection period.
b Urine was collected to 24 h; however, no G3139 and metabolites w
.87 2.88± 0.8 84.5± 31.3 2.05± 1.05 46.6± 6.0 2.67± 2.0

1.0 1.4 0.82

tected after 8 h.
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Fig. 4. CID spectra of the triply charged molecular ions of G3139 (A), of 3′ N-1 (B), of 3′ N-2 (C), of 3′ N-3 (D), and of the internal standard (E). Ions atm/z
1842.8,m/z 1736.3, 1626.2,m/z 1524.6, andm/z 1947.5 represent the most abundant daughter ions from their parent [M− 3H]−3 ions, respectively.

slight change in retention time due to matrix effect and slight
change in flow rate.

As shown previously, under the HPLC–ESI/MS con-
dition, G3139 gave a number of ions having different
charge states, [M− 8H]8− (m/z 709.5), [M− 7H]7− (m/z
811.1), [M− 6H]6− (m/z 946.4), [M− 5H]5− (m/z 1135.7),
[M − 4H]4− (m/z 1419.3), and [M− 3H]3− (m/z 1893.7, base
ion) (Fig. 1A). The most intense triply charge state ion atm/z
1893.7 was selected for CID experiment which generated

four major daughter ions atm/z 1856, 1848, 1842.8, 1797.5,
and 1747.4 (Fig. 4A). The parent/product ion pair atm/z
1893.7 and 1842.8 was chosen in the selected reaction mon-
itoring (SRM) mode for quantification of G3139. Similarly,
3′ N-1 generated the triply charged ion as the most abundant
peak, [M− 3H]3− (m/z 1786.6) in the full scan mode and
the major daughter ion under CID atm/z 1736.3 (Fig. 4B).
The parent/product ion pair atm/z 1786.6 and 1736.3 was
thus selected in the SRM mode for quantification of 3′ N-
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1. Similarly, ion pairs atm/z 1676.7/1626.2 (Fig. 4C) and at
m/z 1575.6/1524.6 (Fig. 4D) were used in the SRM mode
for quantification of 3′ N-2 and 3′ N-3, respectively. For
the internal standard, the 25-mer (Mw = 7945) shows a par-
ent/product ion pair atm/z 1985 and 1947.5 (Fig. 4E) and
it was selected in the SRM mode for the internal standard
measurement.

3.3. Assay validations

Having identified the G3139 metabolites and establish-
ment for the conditions for the separation and monitoring
of the parent compound and its metabolites and the internal
standard, we then used this information for their quantifica-
tion in human plasma and rat plasma. Representative MRM
chromatograms of human plasma spiked with pure G3139, 3′
N-1, N-2, N-3 each at concentration of 1�g/mL and I.S. of
20�g/mL are shown inFig. 5. As shown, G3139, three major
metabolites and the internal standard were baseline separated
with no interference found from plasma at the same retention
time under the SRM condition, thus further establishing the
specificity of the assay.

The limit of quantification (LOQ) was set at 17.6 nM
(100 ng/mL) in rat and human plasma, on the basis of a signal-
to-noise level above 10:1. The recovery at 88 nM (0.5�g/mL)
(
2 ,
5
r m
1
r ithin-
d
s a s
( the
p nged

Fig. 5. A representative TIC in rat plasma spiked with 1�g/mL each of
G3139 and three major metabolites and 20�g/mL internal standard (A),
and its corresponding MRM chromatograms (B).

from 89 to 112%. The between-day CVs were 2–23% for
0.25, 1 and 5�g/mL with majority <15%. The accuracy val-
ues of the assay varied in the range from 82 to 126% with
majority of the values between 89 and 115% (Table 5B).

T
W olites in rat and human plasma by IP-RP-HPLC coupled with ESI/MS

C
�

Human plasma

N-2b N-3b G3139b N-1b N-2b N-3b

0
0.25 0.27 0.24 0.26 0.23 0.26

15.1 12.0 13.0 22.0 13.6 12.0
100 106 96 104 92 105

1
1.00 0.90 1.08 1.03 1.05 0.94
4.0 11.8 5.5 12.0 4.7 3.5

100 90 108 103 105 94

5
4.71 4.98 4.53 4.47 4.71 4.98

6.2 2.0 15.1 3.5 6.2 2.0
94 100 91 89 94 100

1
10.6 11.2 NE NE NE NE
5.9 6.9 NE NE NE NE

106 112 NE NE NE NE

N

ion)00].
n = 3) was 34, 30, 32, and 54% for G3139, 3′ N-1, 3′ N-
, and 3′ N-3, respectively. The recovery (n = 3) was 43
8, 48, and 64% for G3139, 3′ N-1, 3′ N-2, and 3′ N-3,
espectively, at 880 nM (5�g/mL). The assay was linear fro
7.6 nM (100 ng/mL) to 1760 nM (10�g/mL), using 0.2 mL
at plasma (figure not shown) and human plasma. The w
ay precision, expressed as %CV is shown inTable 5A. As
hown, the values ranged from 2.0 to 17.6 in rat plasm
n = 5) and 2.0 to 22% in human plasma with majority of
recision values fall below 15%. The accuracy values ra

able 5A
ithin-day assay validation characteristics of G3139 and three metab

oncentrations in plasma,
g/mL (nM)a (n = 5)

Rat plasma

G3139b N-1b

.25 (44)
Mean 0.24 0.24
%CV 13.0 13.9
Accuracyc 96 97

(176)
Mean 1.04 1.00
%CV 12.2 17.6
Accuracyc 104 100

(879)
Mean 4.84 4.72
%CV 3.6 3.5
Accuracyc 97 94

0 (1759)
Mean 9.84 11.0
%CV 9.2 5.7
Accuracyc 98 110

E: not evaluated.
a For G3139 only.
b I.D.
c Expressed as [(mean observed concentration/nominal concentrat× 1
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Table 5B
Between-day assay validation characteristics of G3139 and three metabolites in rat and human plasma by IP-RP-HPLC coupled with ESI/MS

Concentrations in plasma,
�g/mL (nM)a (n = 5)

Rat plasma Human plasma

G3139b N-1b N-2b N-3b G3139b N-1b N-2b N-3b

0.25 (44)
Mean 0.21 0.22 0.24 0.26 0.24 0.23 0.20 0.22
%CV 23.0 17.0 21.3 20.9 7.1 18.8 9.0 17.0
Accuracy 85 87 98 107 96 92 82 86

1 (176)
Mean 1.13 1.13 1.15 1.15 1.08 1.18 1.25 1.14
%CV 13.3 9.2 9.3 9.1 10.5 8.0 5.9 14.0
Accuracy 113 113 115 115 108 118 126 114

5 (879)
Mean 4.78 4.83 5.08 5.26 5.35 4.72 4.88 4.67
%CV 4.6 6.5 9.4 6.3 6.3 10.7 2.0 6.3
Accuracy 96 97 102 105 107 94 98 93

a For G3139 only.
b I.D.

3.4. Pharmacokinetics of G3139 and three metabolites
after i.v. bolus in SD rats

The method has been utilized for quantification of G3139
and three metabolites in the rat given a single bolus dose of
G3139 at 20 mg/kg. All metabolites were detected as early
as 5 min following dosing. Mean plasma concentration–time
profiles of G3139 and metabolites in the rat are shown in
Fig. 6A. As shown, plasma G3139 pharmacokinetics follows
a bi-exponential decay. Plasma concentration–time data of
G3139 were thus fitted to a two-compartment model with
a first order elimination from the central compartment. A
representative semi-logarithmic plot of the fitted curve is
shown inFig. 6B. The relevant pharmacokinetic parameters
are thus computed and shown inTable 6. As shown, the mean
total body clearance of G3139 was 3.74± 1.7 mL/min/kg
(S.D., n = 5). The harmonic means of half-lives were 8.6
(range 5–34) and 64.2 (range 49–101) min for� and �
phases, respectively. The estimatedVss was 217 mL/kg and
V1 was 103 mL/kg. The volume of central compartment (V1)

Table 6
Relevant pharmacokinetic parameters of G3139 in the rat given as an i.v.
bolus injection at 20 mg/kg (values are obtained from a two compartment
i.v. bolus model,n = 5)

P

C
C
A
α

t
β

t
C
V
V
M
K
K
K

is greater than the total blood volume of the rat but less than
the total body water[44], suggesting G3139 distributed exten-
sively in well-perfused organs such as liver and kidneys.

After 6 h post dose, plasma G3139 and metabolites levels
fell below the LOQs of the assay. Levels of 3′ N-1 reached a
Cmax of 28.9± 5.04�g/mL, while the other two metabolites
achieved theirCmax of 13.76 and 12.0�g/mL, respectively,
all at about 11 min (Fig. 6andTable 7). Following their peak

Fig. 6. (A) Plasma concentration–time profiles of G3139 and its major
metabolites following i.v. bolus administration of 20 mg/kg G3139 in the
rat. (B) A representative computer fitted plasma concentration–time profile
of G3139 following i.v. bolus administration of 20 mg/kg G3139 in the rat.
arameters (units) Mean± S.D. (ranges) (n = 5)

max (�g/mL) 200.7± 40.3

5 min (�g/mL)a 145± 22.8
UC0−∞ (�g min/mL) 6057± 2787
(min−1) 0.081± 0.048

1/2α (min)b 8.6 (range: 5.2–34.7)
(min−1) 0.0108± 0.003

1/2β (min)b 64.2 (range: 49–101)
L (mL/min/kg) 3.74± 1.7

1 (mL/kg) 103± 22

ss (mL/kg) 217± 37
RT (min) 63 (35–109)
10 (min−1) 0.042± 0.024
12 (min−1) 0.030± 0.023
21 (min−1) 0.021± 0.008
a Observed plasma concentration of G3139 at 5 min.
b Harmonic mean.
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Table 7
Relevant pharmacokinetic parameters of major metabolites of G3139 esti-
mated by noncompartmental analysis in the rat (n = 5) given as an i.v. bolus
injection of G3139 at 20 mg/kg

Metabolites Parameters (units) Estimates (mean± S.D.)a (n = 5)

3′ N-1

AUC (�g min/mL) 1537± 749
%AUCm/AUCpb 25.0± 7.0
Cmax (�g/mL) 28.94± 5.04
t1/2,� (min) 63.6 (43.8–176)
Tmax (min) 11± 2.2
MRT (min) 82.8± 49.5

3′ N-2

AUC (�g min/mL) 707± 524
%AUCm/AUCpb 11.7± 3.8
Cmax (�g/mL) 13.76± 3.65
t1/2,� (min) 68.6 (42.7–139.7)
Tmax (min) 11.0± 2.2
MRT (min) 56.7± 14.0

3′ N-3

AUC (�g min/mL) 557± 202
%AUCm/AUCpb 9.88± 3.60
Cmax (�g/mL) 12.07± 3.32
t1/2,� (min) 69.8 (60–83)
Tmax (min) 11.1± 2.3
MRT (min) 60.5± 10.3

a From noncompartment analysis.
b AUCm/AUCp: metabolite AUC0−∞ divided by parent drug AUC0−∞.

levels, plasma levels of the metabolites declined essentially
in parallel to that of G3139. The relevant pharmacokinetic
parameters of the metabolites were computed by noncom-
partmental analysis and are shown inTable 7. As shown,
the harmonic means of the apparent terminal half-lives for
3′ N-1, N-2 and N-3 G3139 were 63.6, 68.6 and 69.8 min,
respectively, similar to that of the parent compound, suggest-
ing formation-limited behaviors of the metabolites. The mean
percentage AUCm/AUCp were 25, 11.7 and 9.9% for N-1,
N-2, and N-3 G3139, respectively, indicating that the relative
amounts of the metabolites, with the 3′ N-1 being the major
metabolite. Together, the metabolite levels represent nearly
50% of the total drug in circulation. It appears that urinary
excretion of G3139 was only a minor pathway for elimination
of plasma G3139 in the rat (Table 4). The parent drug was
the most abundant species with 161�g (S.D. = 13) excreted
within the first 4 h and 4.87�g excreted from 4 to 8 h after
dosing with undetectable amounts thereafter. Small amounts
of 3′ N-1 (58.7�g), 3′ N-2 (84.5�g), and 3′ N-3 (46.6�g)
were detected in 4 h after dosing (Table 4) with undetectable
amounts thereafter. The percent of administered dose recov-
ered as oligonucleotides (G3139 + 3′ N-1 + 3′ N-2 + 3′ N-3)
in 24 h urine in the rat was only 6%.

4. Discussion

4

and
i tein
m the

analysis of ODNs and PS ODNs because of matrix effects.
Thus, sample preparation such as desalting and extraction of
antisense molecules is still required for the success of their
analysis. However, general precipitation method for ODNs
with ammonium acetate or acetonitrile results in low recov-
ery. Isolation of analytes by solid phase extraction with proper
sorbent and eluants remains a useful and attractive approach.
We have found that bulk interference matrices could be effec-
tively removed by solid phase extraction with sequential
elution with TEAB buffer, TEAB-acetonitrile, and water. The
analytes were eluted with 50% acetonitrile with reasonable
recovery.

4.2. Column selection

Oligonucleotides are usually separated by either anion-
exchange or IP-RP-HPLC[45,46]. We and others have previ-
ously used HPLC–UV method with a strong anion exchange
column with short length for the analysis of G3139 in
plasma samples[17,18]. Although G3139 was separated from
plasma matrix materials, resolution of G3139 from metabo-
lites remained to be demonstrated. The use of a longer column
will improve the resolution and would probably allow res-
olution with the metabolites. However, the high cost of the
column makes the method unattractive and more importantly,
the high salt content in the mobile phase renders the method
i the
u bile
p tive.
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.1. Sample preparation

In complex biological matrices, salts, small organic
norganic molecules, and other protein and non-pro

acromolecules further contribute to the difficulty in
mpractical for the MS detection. On the other hand,
se of a reversed phase column in combination with mo
hase with ion-pairing property is an attractive alterna
fter a number of attempts, we have chosen a C18 rev
hase column packed with a 2.5-�m fully porous C18 sorben
Xterra MS C18). This column was specifically designe
olerate high pH mobile phase so that the mobile phase
.3 did not seem to reduce the column lifetime. We also
n elevated temperature (50◦C) to enhance the mass trans
nd reduce the backpressure due to the fine particle o
olumn we used.

.3. Mobile phase

Triethylammonium acetate buffer (TEAA) in acetonitr
s a commonly used buffer system for reversed phase
air separation of oligonucleotides. However, for MS an
is TEAA at concentrations at 50–100 mM has been sh
o cause ion suppression due to its low volatility[9]. Apf-
el et al. suggested that HFIP/TEA could substitute TE
n this buffer system and TEA could serve as an effic
on pair reagent for the negatively charged phosphoroth
ligonucleotides. As the solvent is electrosprayed, H
eing a highly volatile weak acid (b.p. 57◦C), separates fro

he surface of oligonucleotide-TEA (b.p. 89◦C) complex in
he source and the pH at the droplet surface rises to
0 [9]. At this pH in gas phase, TEA dissociates from
ligonucleotide, which results in ionization of the ODNs
uffer system with 16.3 mM TEA/400 mM HFIP (pH 7.

n methanol was recommended for optimal LC–MS an
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sis of oligonucleotides[9]. However, our results have shown
that such combination of TEA/HFIP did not result in satis-
factory performance on ESI/MS. Increasing pH of buffer by
reducing concentration of HFIP to 100 mM (pH 8.3) reduced
the charge state of G3139 and increased the abundance of
[M − 3H]3− ions with other higher charge state ions <30%
relative abundance of [M− 3H]3− ion. This result suggests
that IP-RP-HPLC coupled with ESI is essential for characteri-
zation of metabolites of G3139 in complex biological samples
since direct infusion into ESI/MS could not provide com-
parable sensitivity and mass accuracy due to cation adduct
formation. The TEA serving as efficient ion pair reagent could
displace cations adhered to the oligonucleotide phosphate
backbone, thus resulting in superior deconvolution spectrum
for G3139. It has been suggested that the TEA concentration
rather than the concentration of HFIP plays a major role in the
chromatography performance[47]. We found 100 mM HFIP
combined with 8.6 mM TEA (pH 8.3) appears to offer the
best ion pair efficiency and MS performance. Similar finding
was also reported by Gilar and coworkers[47]. Additionally,
the current TEA/HFIP solvent system appears to reduce the
cation adductions, as only low sodium and potassium adduct
ions were detected.

4.4. Mass spectrometry
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is hydrolysis of the parent drug probably by 3′ exonuclease
existing in various tissues including plasma. Further, mouse,
rat and human exhibited very similar plasma metabolism
(data not shown for the mouse). Using the similar approach,
we have also detected these three metabolites in rat urine, but
the levels were only measurable for 8 h.

Using this optimized HPLC–MS condition, a novel quan-
tification method was developed to simultaneously quan-
tify parent drug as well as major metabolites as “N in
one” or in a cassette fashion. Synthetic G3139 and three
major metabolites were used to construct calibration curves
and the assay was found to be linear over the range of
17.6 nM (100 ng/mL)–1760 nM (10�g/mL). In comparison
to LC–UV, LC–MS method clearly is more sensitive and spe-
cific. Although the novel hybridization ELISA assay previ-
ously developed in our laboratory provided higher sensitivity,
allowing measurement of intracellular drug levels[30,31,51],
it was not capable of determining various metabolites lev-
els in biological fluids. Other previous pharmacokinetics and
metabolism studies of oligonucleotides based primarily on
radiolabel method were also incapable of differentiating par-
ent drug from metabolites. We have developed and validated
a novel HPLC–MS/MS method to simultaneously quantify
parent drug and metabolites in plasma. The between-run and
within-run precision and accuracy of this ESI HPLC–MS/MS
method in rat and human plasma are acceptable with LOQ
o
1 a.
U 139
w -
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fi of
t s is
f ilar
e ce of
fl

5

ESI
H tion
a ivo.
T aly-
s bly
p an.
U rat
w and
m ip-
fl

A

eu-
v ah)
Characterization of molecular composition of metabo
elies on high accuracy in molecular mass measureme
as been reported previously that ESI ion trap mass

rometry provided mass accuracy ranging from 0.2 to 1.
or small oligonucleotides and ranging from 0.1 to 6.4 Da
CR products (20000–26000 Da)[48,49]. Using a LCQ ion

rap instrument, we have found that the mass accuracy
0.009%. Deconvolution readily yielded the unambigu

tructural verification. Using this instrument, we were ab
dentify most metabolites of G3139 in biological samples
owing a single injection, with better than 300 ppm mass a
acy. Identification of majority of metabolites was straight
ard by comparing ion envelope generated with theore
ne and deconvolution calculation. However, since bo′
nd 5′-terminals of G3139 are deoxyribo-thymine (dT)′
-1 and 5′ N-1 from M1 have exactly the same ion enve
nd molecular mass upon deconvolution measuremen
oth cannot be readily differentiated. Fortunately, algor

or interpretation of CID mass spectra of oligonucleot
ased on mass spectral fragmentation data has been
ped for unknown nucleotides[38,41,50]. This strategy wa

nitially developed by McLuckey and co-workers[41] and the
oftware was recently reported by McClosky based on
entation chemistry of oligonucleotides under ESI/MS/

38]. We have used this interactive Simple Oligonucleo
equencer (SOS)[38] to successfully elucidate and confi

he sequencing of M1 from MS/MS spectra. The exten
nformation obtained by data dependent scan provided a
trategy for characterization of metabolites of G3139.
esults indicate that the major metabolic pathway for G3
-

f 17.6, 18.6, 20, and 21 nM (0.1�g/mL) for G3139, 3′ N-
, 3′ N-2, and 3′ N-3, respectively, in rat or human plasm
sing this novel and validated method, we found that G3
as rapidly metabolized to 3′ N-1 by 3′ probably by exonu
leases in rat and human. The rapid appearance of
evels, the essentially parallel plasma concentration time
les, and similar terminal half-lives relative to G3139
he metabolites indicate either that metabolite kinetic
ormation-limited or that the metabolites may have sim
limination characteristics to G3139, a possible existen
ip-flop kinetics[52].

. Conclusion

In conclusion, a novel ion-pair reverse-phase
PLC–MS method has been developed for identifica
nd quantification of major metabolites of G3139 in v
EA/HFIP is a useful additive in the method for the an
is of PS ODNs. Metabolism of G3139 in vivo is proba
rimarily mediated by 3′ exonuclease in the rat and hum
sing this validated method, the disposition of G3139 in
as found to be best fit with a two-compartment model
etabolites disposition may follow formation-limited or fl

op kinetics.
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