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Characterization of Oligonucleotide Metabolism In
Vivo via Liquid Chromatography/Electrospray
Tandem Mass Spectrometry with a Quadrupole Ion
Trap Mass Spectrometer

Richard H. Gri†ey,* Michael J. Greig, Hans J. Gaus, Kenneth Liu, David Monteith, Michael
Winniman and Lendell L. Cummins
Isis Pharmaceuticals, 2280 Faraday Ave., Carlsbad, CA 92008, USA

The pattern of nuclease degradation observed for an antisense phosphorothioate oligonucleotide in pig kidney was
determined using liquid chromatography/electrospray mass spectrometry (LC/ESI-MS) and LC/ESI-MS/MS with
a quadrupole ion trap mass spectrometer. Metabolites were separated by length using reversed-phase high-
performance liquid chromatography with aqueous hexaÑuoropropan-2-ol–triethylamine and a methanol gradient.
The individual masses of metabolites in each LC peak were determined via deconvolution and converted into
potential nucleotide compositions. The nucleotide composition was used to locate metabolites within the known
oligomer sequence. The identity of metabolites was conÐrmed using on-line LC/MS/MS to generate fragment ions
suitable for sequence veriÐcation. A limited number of shorter oligonucleotide fragments were observed, suggesting
that metabolism in vivo may be sequence dependent. 1997 by John Wiley & Sons, Ltd.(
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INTRODUCTION

Antisense oligodeoxynucleotides (ODNs) are currently
in clinical trials for the treatment of viral infections,
cancer and inÑammation.1,2 These trials are based on
preliminary animal studies which show that phos-
phorothioate (PS) ODNs reach their target cells and
work in a sequence-speciÐc manner to reduce the level
of the desired mRNA and protein.3h7 Stability studies
and pharmacokinetic analyses have demonstrated that
PS ODNs are metabolized rapidly in serum and tissues
by 3@- and 5@-exonucleases, although the action of endo-
nucleases or preliminary oxidation of the PÈS bond
cannot be ruled out.8h13

Prior studies of oligonucleotide metabolism have
been performed using high-performance liquid chroma-
tography (HPLC) or slab gel electrophoresis for the
separation and radiolabels for detection. Information
on metabolites is limited by the chemical location and
metabolic fate of the radiolabel, and alternative
methods have been developed to follow ODN metabo-
lism without labels. Capillary gel electrophoresis (CGE)
rapidly separates ODNs based on length. The sensi-
tivity of capillary electrophoresis allows detection of
drug in plasma and tissues down to nanomolar levels.14
However, CGE provides no information regarding the
sequences of the ODNs or other metabolic alterations
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which may have occurred in vivo. Hence the develop-
ment of additional analytical methods to obtain infor-
mation on sequence and/or metabolic alterations is
desirable.

Electrospray mass spectrometry (ESI-MS) has been
proven to be a gentle and sensitive method for the
analysis of natural and modiÐed nucleic acids.15h20
Determination of molecular mass is straightforward,
since ESI mass spectra for each ODN contain a dis-
tribution of charge states which can be deconvoluted.
Mass measurements are complicated by the solution
affinity of the polyanionic backbone for ubiquitous
solution cations. These cations lower the sensitivity for
the analyte by dispersing the ion abundance among
multiple adducted species. Cation adduction can be
reduced by sample preparation or through addition of
chelators or organic bases to the mobile
phase.17,18,21,22

It has been demonstrated that strong anion-exchange
chromatography combined with reversed-phase HPLC
can be used to fractionate RNA and oligodeoxynucleo-
tides.13,23 However, the oligomer fractions have been
pooled prior to ESI-MS analysis. Direct HPLC/ESI-
MS has been used to separate and analyze oligodeoxy-
nucleotide phosphodiesters, but length-based separation
of modiÐed ODNs such as methylphosphonates and
phosphorothioates has proved elusive.24,25 Phos-
phorothioate ODNs also have a greater avidity for
cation adduction relative to phosphodiester ODNs.21
Gaus and co-workers13 have used LC/ESI-MS for the
characterization of PS ODN metabolites. Limited
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length-based separation of metabolites was obtained
with a reversed-phase column, but [15 metabolitesC18could be identiÐed based on accurate measurement of
molecular mass. However, signiÐcant overlap among
the multiply charged ions from each species limited the
quantitation and identiÐcation of many metabolites.

We have extended these prior studies of PS ODN
metabolism in kidney using LC/ESI-MS and LC/ESI-
MS/MS with a quadrupole ion trap mass spectrometer.
Metabolites were fractionated and desalted using strong
anion-exchange and reversed-phase chromatography.
Two pooled fractions were separated and analyzed by
reversed-phase LC/ESI-MS. The structures of metabo-
lites were assigned from accurate measurements of
molecular mass and via sequence conÐrmation from
fragment ions.26h31 The formation of fragment ions
from collisionally activated precursor ions with low
charge states beneÐts from the high transmission effi-
ciency of the ion trap.26 This feature, combined with the
tandem in time nature of the ion trap, provides high
sensitivity for the LC/ESI-MS/MS analysis of metabo-
lites.32 Sequence conÐrmation was obtained for many
metabolites from only 480 pmol of injected sample.
Masses of individual metabolites were determined from
LC peaks estimated to contain \25 fmol ll~1 of
material. LC/ESI-MS and -MS/MS provide a more
detailed identiÐcation of PS oligonucleotide metabolism
in vivo compared with methods using radiolabels or
size-based separation techniques.

EXPERIMENTAL

Animal Studies

Animal studies were carried out by H.T.I. Bioservices
(Ramona, CA, USA) and conducted entirely under the
FDA Good Laboratory Practice Regulations (21 CFR
Part 58). Female Yucatan minipigs (60È80 kg) were
dosed subcutaneously with Isis 2302
(GCCCAAGCTGGCATCCGTCA; 6369.2 Da) atMr300 mg per day for 8 days. Organs were removed 24 h
after the Ðnal dose and stored at [80 ¡C.

Oligonucleotide and metabolite extraction and
puriÐcation

One pig kidney was homogenized using a commercial
blender in 250 ml of 4 M guanidinium thiocyanate,
0.5% NP-40, 50 mM TrisÈHCl (pH 9.0), 100 mM NaCl
and 250 ml of phenolÈchloroform (1 : 1). The aqueous
layer was removed and the phenolÈchloroform layer
was re-extracted with 250 ml of 15% ammonia solution.
The aqueous layers were combined, extracted with 250
ml of chloroform and precipitated with three volumes of
ethanol. The precipitated material was dissolved in
water and Ðltered through a 0.2 lm Ðlter prior to
HPLC puriÐcation.

Anion-exchange HPLC fractionation was accom-
plished using a BioCad HPLC system and a Poros II
HQ/M 100 ] 25.4 mm i.d. column (PerSeptive Biosys-

tems, Framingham, MA, USA). Phosphorothioate
ODN metabolites were separated using a linear gra-
dient from 0 M NaBr, 10 mM TrisÈHCl (pH 9.0) to 1.5
M NaBr, 10 mM TrisÈHCl (pH 9.0) over 40 column
volumes at a Ñow rate of 20 ml min~1. Fractions con-
taining phosphorothioate oligonucleotide and metabo-
lites were collected (D45 ml each and brought to D0.1
M triethylammonium actetate (TEAA) (pH 7.0) by the
addition of 5 ml of 1 M TEAA. Each fraction was then
desalted using a Poros II R/H 100 ] 4.6 mm i.d.
column. The column was equilibrated with 0.1 M
TEAA (pH 7.0) and each anion exchange fraction was
loaded manually using a 50 ml superloop (Pharmacia).
After loading, the column was washed with water until
the conductivity trace showed no further decrease. The
column was then washed with 1 mM triethylamine
(TEA) until the pH trace stabilized (between pH 10 and
11). Bound phosphorothioate oligonucleotide and
metabolites were then eluted with 20% acetonitrile. The
eluted material was evaporated to dryness and
resuspended in water.

Capillary electrophoresis

Desalted metabolite fractions were analyzed using a
Beckman P/ACE 5010 capillary electrophoresis instru-
ment. Electrophoresis was carried out using an
ssDNA-R kit (Beckman Instruments, Fullerton, CA,
USA). Capillaries were cut to 27 cm total length (20 cm
to the detector). Analyses were carried out with an
applied voltage of 15 kV at 30 ¡C.

HPLC

An HPLC system composed of two Ultra Plus pumps
and controller (Micro-Tech ; San Jose, CA, USA) was
interfaced to the mass spectrometer through 15 cm of
fused-silica capillary column (150 lm i.d.). The
resuspended oligonucleotide fractions were loaded on to
a 150 ] 1.0 mm i.d. column packed with Intertsil 5 lm

(Micro-Tech ; San Jose, CA, USA). The samplesC18were eluted from the column and infused directly into
the electrospray ion source at 20 ll min~1 using
aqueous 0.4 M hexaÑuoropropan-2-ol (HFIP) adjusted
to pH 7.0 with triethylamine and a linear gradient of
20È60% methanol containing 0.4 M HFIP over 45
min.33

Electrospray ionization mass spectrometry

Mass spectra were acquired using an LCQ quadrupole
ion trap mass spectrometer equipped with an electro-
spray ionization source (Finnigan MATT; San Jose,
CA, USA). Preliminary LC/MS studies demonstrated
that no PS oligonucleotide products eluted during the
Ðrst 25 min of the LC gradient. In subsequent experi-
ments, acquisition of MS data was initiated 25 min into
the HPLC gradient, and times shown on the LC/MS
traces are relative to the beginning of acquisition. The
spray needle voltage was set to [4.4 kV and the spray
stabilized with a sheath Ñow at 70 psi and a 15 psi aux-
iliary gas Ñow (both 60 : 40 The stainless-steelN2ÈO2).inlet capillary was heated to 190 ¡C. A mass range of
m/z 600È1850 was scanned in 0.15 Da steps over 5.0 s
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and typically 12 averages were summed during the
elution of each LC peak. Calculated molecular masses
were accurate to ^1.0 Da. In all cases, helium was
admitted to the vacuum system to a pressure of 1
mTorr (uncorrected), and the instrument was operated
at a background pressure of 2 ] 10~5 Torr. The auto-
matic gain control feature was used to set the ionization
time (20È200 ms). In no case did an LC peak produce
sufficient ions to “ÐllÏ the ion trap. In MS/MS experi-
ments, the most abundant “lowÏ charge state was iso-
lated via resonance ejection. Following isolation, the
ions of interest were subjected to collisional activation
by applying an additional r.f. voltage to the end caps.
This voltage was increased manually to a value which
minimized the intensity of the parent ion and generated
the highest abundance of fragment ions. The mass/
charge scale was calibrated using the [M[ 11H]11~
through [M [ 4H]4~ charge states of Isis 2302.

Determination of oligonucleotide composition from
molecular mass

A computer program was developed to generate lists of
deoxyoligonucleotide base compositions for a given
input molecular mass, mass tolerance and ODN back-
bone composition. The output base compositions are
ordered via the calculated mass di†erence from the
input mass. The program was written and compiled in
C`` using MetroWerks CodeWarrior on a MacIntosh
PowerPC 7200.

RESULTS

Following extraction from tissue, Isis 2302 and metabo-
lites were fractionated by anion-exchange chromatog-
raphy to remove contaminating RNAs and proteins
prior to LC/MS analysis. Two fractions from the anion-
exchange separation were desalted and concentrated,
enriched with shorter (Fraction A) and longer metabo-
lite sequences (Fraction B), respectively. Capillary gel
electrophoresis studies were performed to conÐrm the
lengths of the metabolites present in each fraction and
the results are presented in (Fig. 1). A signal which co-
migrates with intact Isis 2302 is observed in both frac-
tions. Fourteen-base oligonucleotides are the most
abundant constituents in Fraction A, but 12È20mers are
observed. Isis 2302 is the most abundant component of
Fraction B, which contains ODNs ranging from 17È21
bases in length. The same concentrated fractions were
used for LC/ESI-MS.

Fraction A

The LC/ESI-MS total ion current from an injection of
0.1 OD units of Fraction A as a function of retention
time is presented in Fig. 2. The TIC is comprised of
four major peaks, with smaller abundances of leading
and trailing species. The extracted ion currents for m/z
values generated by oligonucleotides of di†erent lengths
also are presented. The relative abundances of metabo-

Figure 1. Capillary electrophoretic separations of oligonucleotide
metabolites present in (A) Fraction A and (B) Fraction B isolated
by strong anion-exchange chromatography.

lites observed by CE and LC/ESI-MS are in qualitative
agreement.

Ions which correspond to a mass of 3477.4 Da are
generated by an 11mer metabolite which elutes over a 1
min interval prior to the peak at 2.82 min. This peak
comprises less than 0.1% of the injected material (0.06
ODs contain D480 pmol of “14merÏ) or D480 fmol of
11mer.

The ion current from 2.1 to 3.4 min in the TIC corre-
sponding to the Ðrst major peak was summed to
produce the mass spectrum shown in [Fig. 3(A)]. The
m/z values of the four most abundant charge states were
deconvoluted to give a molecular mass of 3814.5 Da.
These charge states comprise [90% of the ion current
in the LC peak. A search of all potential base composi-
tions for this mass yields four 12mer PS candidates,
listed in Table 1. Two potential compositions contain
Ðve and six dAs, while the starting Isis 2302 only con-
tains four dA residues. Similarly, a mass of 3813.5 Da,
within the experimental mass error for the metabolite,
could only have been generated by a 12mer containing
four dT residues. These base compositions are inconsis-
tent with simple degradation from Isis 2302. The poten-
tial formulas containing a single PO linkage require
either no dA or four dT residues, also inconsistent with
Isis 2302. The formula most likely arisesd(A1G4C4T3)
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Figure 2. Total ion current and selected ion chromatograms measured for Fraction A as a function of LC retention time. A, Total ion
current ; B, ion current from m /z 762.0 produced by the n É8 metabolite ; C, ion currents from m /z 685.8, 683.1 and 689.9 produced by the
n É7 metabolites ; D, ion current from m /z 740.8 produced by the n É6 metabolite ; E, ion current from m /z 793.1 and 795.5 produced by the
n É5 metabolites ; F, Ion current from m /z 843.9 produced by the n É4 metabolite.

from a 12mer produced by loss of two nucleotides from
the 3@-end of Isis 2302 and six nucleotides from the 5@-
terminus.

The sequence of this 12mer metabolite was conÐrmed
using LC/MS/MS. The MS/MS experiment was per-
formed by isolating the [M [ 3H]3~ charge state at
m/z 1270.8 and the resulting spectrum is presented in
Fig. 3(B). The most abundant fragment ion at m/z
1220.1 is generated by loss of neutral guanine from the
oligonucleotide. Ions from loss of adenine and cytosine
also are observed. Assignments and masses for the frag-
ment ions are listed in Table 2. Following the accepted
nomenclature, the most diagnostic ions arise from frag-
mentation which produces w series ions (used to deter-
mine sequence in the 3@] 5@ direction ; ions terminate
with a 5@-phosphate) and a-Base series ions (used to

Table 1. Potential base compositions for the metabolite with
3814.5 DaM

r
Mass (calc.) DM

obs
Formulaa

3814.5 0.03 d(A
1
G

4
C

4
T

3
)

3814.6 0.10 d(A
6
GC

2
T

3
)

3813.5 1.00 d(A
2
G

3
C

3
T

4
)

3815.6 1.11 d(A
5
G

2
C

3
T

2
)

3813.4 1.14 d(A
1
G

4
C

3
T

4
) (1 PO)

a The base compositions in italics are inconsistent with the base
composition of Isis 2302.

determine sequence in the 5@] 3@ direction ; ions termin-
ate with a furan on the 3@-side).26,27 Eight w series ions
and Ðve a-Base series ions could be identiÐed in the
spectrum, along with several ions produced by second-
ary loss of a neutral base from w-series fragment ions.
Further increases in the activating r.f. voltage decreased
the abundance of the diagnostic fragment ions.

The most abundant ions in the LC peak at 4.15 min
correspond to a mass of 4119.7 Da. The most likely
base compositions are the 13mers andd(A6GC3T3)

Table 2. Assignment of fragment ions from MS/MS collision-
induced dissociation of m/z 1270.8

m /z Ion assignment Sequence

681.8 w
2
(1É) GT-3¾

987.1 w
3
(1É) CGT

642.1 w
4
(2É) C CGT

805.7 w
5
(2É) TC CGT

970.2 w
6
(2É) ATC CGT

1123.2 w
7
(2É) C ATC CGT

1295.1 w
8
(2É) GC ATC CGT

1187.1 w
11
(3É) CT GGC ATC CGT

1067.1 a
4
-B(1É) 5¾-GCT G

705.1 a
5
-B(2É) GCT GG

1030.7 a
7
-B(2É) GCT GGC A

1261.4 a
8
-B(2É) GCT GGC AT

1004.7 a
10

-B(3É) GCT GGC ATC C

1220.1 -GH GCT GGC ATC CGT
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(a)

(b)

Figure 3. LC/ESI mass and tandem mass spectra obtained from a 12mer oligonucleotide. A, Raw mass spectrum obtained from 2.1 to 3.4
min in the liquid chromatogram; B. tandem mass spectrum produced following isolation of the ion at m /z 1270.8. A window of 1.5 Da was
employed for ion isolation. A mass range of m /z 450–1750 was scanned in the second dimension. Ion masses and assignments are listed in
Table 2.
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Table 3. Observed masses and sequences of metabolites from
Isis 2302 detected using LC/MS

Mass (obs.) Sequencea

3477.7 GGC ATC CGT CA

3494.1 GCT GGC ATC CG

3814.5 GCT GGC ATC CGT

4119.7 GCT GGC ATC CGT C

4143.8 A GCT GGC ATC CGT

4103.8 CT GGC ATC CGT CA

4449.5 GCT GGC ATC CGT CA

4778.2 A GCT GGC ATC CGT CA

4763.3 GCCCAA GCT GGC ATC

5069.2 GCC CAA GCT GGC ATC C

5414.5 GCC CAA GCT GGC ATC CG

5734.7 GCC CAA GCT GGC ATC CGT

6039.9 GCC CAA GCT GGC ATC CGT C

6369.2 (Isis 2302) GCC CAA GCT GGC ATC CGT CA

6716.4 GCC CAA GCT GGC ATC CGT CAG

a Italics base represents addition of a guanosine phosphate to the
5¾- or 3¾-terminus, or addition of a deoxyguanosine phos-
phorothioate to the 3¾-terminus. Underline indicates two possible
formulas, with indicated bold sequence confirmed by MS/MS
experiments.

with the latter corresponding to additiond(AG4C5T3),of a dC to the 3@-terminus of the 12mer (Table 3). A
second 13mer with mass 4143.8 Da results from elon-
gation of the 12mer sequence by a dA in the 5@-

direction. A third 13mer which elutes at 4.5 min in the
chromatogram gives a mass of 4103.8 Da. This mass is
consistent with the formula which couldd(A2G3C5T3),arise only from loss of seven bases exclusively from the
5@-end of the oligomer.

One 14mer having mass 4449.5 Da is observed with
high abundance at 5.73 min, along with the potassium-
adducted ion. This molecule, with a most likely base
composition of could be produced byd(A2G4C5T3),loss of six nucleotides from the 5@-terminus or Ðve
nucleotides from the 5@-terminus and the 3@-dA. LC/MS/
MS was performed on the [M[ 3H]3~ charge state at
m/z 1482.1. The and fragment ions corre-w2(1~) w3(1~)
sponding to a sequence with TCA-3@ were detected
along with the and fragmenta4-B(1~), a5-B(1~) a6-B(2~)
ions, conÐrming the sequence listed in Table 3. None of
the possible w series or a-Base series fragment ions
expected from the alternative sequence with a 5@-dA
residue were observed. A small amount of 14mer oli-
gonucleotide generated by loss of Ðve bases from the
5@-terminus and dA from the 3@-terminus elutes between
the 13mer and 14mer signals at 5.25 min in the TIC.

The elution pattern for the 15mer metabolites is
complex. A signal is observed at 6.2 min in the chro-
matogram which generates ions from an oligomer with
a mass of 4763.3 Da. This could be generated by loss of
Ðve bases from the 3@-terminus, or by loss of three bases
from the 3@-terminus and two bases from the 5@-

Figure 4. Total ion current and selected ion chromatograms obtained from Fraction B as a function of LC retention time. A, Total ion
current ; B, ion current from m /z 838.8 produced by the n ½1mer metabolite ; C, ion current from m /z 909.3 produced by Isis 2302; D, ion
current from m /z 862.1 produced by the 19mer metabolite ; E, ion current from m /z 818.7 produced by the 18mer metabolite ; F, ion current
from m/z 901.7 produced by the 17mer metabolite.
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Figure 5. LC/ESI mass spectrum obtained for a 19mer metabolite with mass 6039.9 Da. Additional signals are observed from the sodium,
potassium and iron adducts at higher values of m /z . However, no signals are observed at lower m /z values which might be expected if the
PS linkages had been oxidized in vivo.

terminus. Additional ions which correspond to a mass
of 4819.2 Da are detected. No known base composition
for a simple phosphorothioate can generate this parent
mass. However, a cleavage pattern which leaves a 5@- or
3@-thiophosphate and removes four bases from the 3@-
terminus and one from the 5@-terminus could produce
molecules with a mass of 4819.2 Da, as could an
adducted iron atom. LC/MS/MS analysis of the
[M [ 3H]3~ charge state generates a-Base series frag-
ment ions corresponding to a 5@-terminus of 5@-GCCCA
without a 5@-phosphorothioate. The w series fragment
ions conÐrm a sequence of GCATC-3@ without a phos-
phorothioate at the 3@-terminus. Hence, the “metaboliteÏ
with mass of 4819.2 Da may be generated by the iron
adduct of the 15mer with mass 4763.3 Da, although
addition of a fragment with mass 56 Da to an internal
nucleotide unit cannot be ruled out. The electrospray
ionization process is the most likely source of the
adducted iron atoms.

An additional 15mer is detected at 4778.2 Da at 6.8
min in the chromatogram. This mass could originate
from metabolites with a 3@-ACT or a 3@-CTG. LC/MS/
MS of the [M [ 3H]3~ charge state at m/z 1592.1 was
consistent with a 3@-terminus of 3@-ACT and a 5@-
terminus of 5@-AGC. While the fragment ion wasw1(1~)
not observed, the 3@-position of the dA could be inferred
from the low abundance of the fragment ion from the

ion generated by loss of adenine. It has beenw3(1~)
noted previously that loss of adenine from the 3@-residue

is unfavored.26 No discrete ions are detected for metab-
olites produced by loss of four 3@-nucleotides and one
5@-nucleotide or loss of Ðve 5@-nucleotides.

Among the 16mer metabolites, only ions correspond-
ing to loss of four nucleotides from the 3@-terminus or
loss of three nucleotides from the 3@-terminus and the
5@-dG (isobaric) were detected.

Fraction B

The ion chromatogram from fraction B containing
longer metabolites (N] 1 to N[ 3) is presented in
Fig. 4. The length-based separation is not as great as
observed for the shorter metabolites, but the resolution
is adequate for identiÐcation of all masses listed in
Table 3. Intact Isis 2302 is detected at 7.5 min and
sequential loss of 3@-nucleotides can be observed as
metabolites which elute at shorter retention times. The
most abundant ion from Isis 2302 is the [M [ 7H]7~
charge state and [M [ 4H]4~ through [M [ 9H]9~
charge states are observed. Ions with adducted iron are
observed at M] 56 Da for some of the charge states.
The sole 19mer metabolite has a mass of 6039.9 Da,
corresponding to loss of the 3@-terminal dA. The metab-
olite corresponding to loss of the 3@-C and A deoxy-
nucleotides with mass of 5734.7 Da is observed at 6.5
min in the ion chromatogram. Loss of the three 3@-TCA
residues produces ions from the [M[ 4H]4~ through
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[M [ 7H]7~ charge states for a mass of 5414.5 Da. An
expanded view of the spectrum is presented in (Fig. 5).
No signal intensity is seen at M [ 16 Da, which would
be generated by metabolic desulfurization of the oligo-
mer at a single site. No metabolites are detected which
can be assigned to loss of any nucleotides from the 5@-
terminus.

Additional metabolites can be observed at longer
retention times in the ion chromatogram. These have
been ascribed to “longmerÏ metabolites corresponding to
addition of nucleotide(s) to the starting oligomer.13 The
major N] 1 metabolite generates a mass of 6716.4 Da,
resulting from addition of a riboguanosine phosphate to
the 3@- or 5@-terminus, or possibly by addition of a
deoxyguanosine phosphorothioate to the 3@-terminus.
Attempts to fragment the [M [ 6H]6~ charge state of
this species produced ions corresponding to loss of
adenine, guanine and cytosine, with no sequence-
speciÐc w or a-Base ions observed. Other N ] 1mers
with masses of 6676.5 and 6699.6 Da are present, at
about 50 and 30% of the intensity observed for the
N ] G oligonucleotide. These are consistent with addi-
tion of rC/rU and rA, respectively, to Isis 2302.

DISCUSSION

ESI-MS analysis of PS ODNs and their metabolites
provides insight into the processing of this new class of
therapeutic agent in vivo. The oligomers can be separ-
ated from tissue proteins and RNA using strong anion-
exchange chromatography with some length-based
separation. The collected fractions are desalted via a
preliminary bulk HPLC elution. The concentrated oli-
gonucleotide metabolites are ready for analysis using
CE, MS or other methods. Conventional enzymatic
sequencing of metabolites from PS ODNs is difficult,
given the enhanced stability of the PS linkage relative to
phosphodiesters. Hence, development of a rapid proto-
col which separates metabolites and provides sequence
identiÐcation and conÐrmation would facilitate the
pharmacokinetic characterization of this class of thera-
peutic agent.

A length-based resolution of the majority of PS ODN
metabolites is obtained using a solvent system of
aqueous hexaÑuoropropan-2-olÈtriethylamine and a
methanol gradient. The abundances of the peaks in the
HPLC trace correlate well with the CGE proÐle. LC/
ESI-MS provides information on length, sequence and
chemical modiÐcation rather than length alone. Adduc-
tion of cations to the PS ODNs is not signiÐcant, even
though the samples were eluted from the strong anion-
exchange medium with 1.5 M NaBr.

Accurate mass measurement is useful for the direct
determination of the nucleotide composition. For many
of the metabolites, the potential sequences could be nar-
rowed down to only a few possibilities based on the
known sequence of the starting compound. Once a Ðxed
sequence point has been established for one length,
many longer sequences can be determined from base
composition alone by extension in the 3@ or 5@ direc-
tions. This strategy has been used successfully for char-
acterization of ribosomal RNA fragments obtained by
digestion.17,23

The sequences of short (\16) PS oligonucleotides can
be conÐrmed via MS/MS during the LC infusion. Pre-
vious studies indicate that PS ODNs generate fragment
ions suitable for sequence conÐrmation.31 Although a
complete set of w or a-Base series ions were not gener-
ated in these experiments, enough unique product ions
are obtained for sequence veriÐcation. More fragment
ions have been obtained for shorter oligonucleotides
using ion trap and tandem quadrupole instru-
ments.26,27,34 For longer oligonucleotides, the nucleo-
tide composition of the “missingÏ portion unavailable
from fragment ions often can be established from the
net unsequenced mass.35 The MS/MS data di†eren-
tiates among possible overlapping sequences which
have the same base composition. In addition, MS/MS
can be used to verify the identity of cation-adducted
species which may co-elute with major metabolites.

LC/ESI-MS and -MS/MS studies highlight the com-
plexity of PS ODN metabolism in vivo. Sequential 3@-
degradation is detected among the metabolites present
in Fraction B. These metabolites may be generated by
the action of serum 3@-exonucleases prior to uptake by
the kidney. No products from 5@-exonuclease activity
are detected in this fraction. Only a few metabolites are
observed in Fraction A from among the large number
of possibilities which might be generated by the random
action of 3@- and 5@-exonucleases. For example, only one
12mer and one major 14mer ODN metabolite are
detected from pig kidney. Hence, renal nuclease activity
may have some degree of sequence speciÐcity. The
paucity of sequences which have been partially
degraded from the 5@-terminus in Fraction A suggests
that 5@-endonuclease degradation may be signiÐcant.

CONCLUSIONS

LC/ESI-MS and LC/ESI-MS/MS with the quadrupole
ion trap mass spectrometer provide a complete identiÐ-
cation of oligonucleotide metabolites generated in vivo.
The PS ODNs can be separated based on length using
a column with an aqueous solvent system contain-C18ing 0.4 M hexaÑuoropropan-2-olÈtriethylamine with a
methanol gradient. The LC/ESI-MS analysis has good
sensitivity for the less abundant species which are not
observed using UV-based detection schemes. The iden-
tity of many metabolites can be established by compar-
ing potential base compositions identiÐed from the
molecular mass with the base composition of the start-
ing oligomer. In cases where ambiguity arises, LC/ESI-
MS/MS can be used for sequence veriÐcation of
oligomers up to 16 in length. As MS/MS methods are
improved for longer oligomers, nearly every oligonu-
cleotide metabolite separated in an LC chromatogram
will be sequenced and identiÐed unambiguously.

Acknowledgement

We thank Stan Crooke for helpful suggestions and Henri Sasmor for
critical reading of the manuscript.

( 1997 by John Wiley & Sons, Ltd. JOURNAL OF MASS SPECTROMETRY, VOL. 32, 305È313 (1997)



LC/ESI-MS/MS OF OLIGONUCLEOTIDE METABOLISM IN V IV O 313

REFERENCES

1. S. T. Crooke and C. F. Bennett, Annu. Rev. Pharmacol .
Toxicol . 36, 107 (1996).

2. N. M. Dean, R. McKay, L. Miraglia, T. Geiger, M. Muller, D.
Fabbro and C. F. Bennett, Biochem. Soc. Trans. 24, 623
(1996).

3. C. F. Bennett, Clin . Chem. 40, 644 (1994).
4. C. F Bennett, M.-Y. Chiang, L. Wilson-Lingardo and J. R.

Wyatt,Nucleic Acids Res. 22, 3202 (1994).
5. B. P. Monia, J. F. Johnston, H. Sasmor and L. L. Cummins, J.

Biol . Chem. 271, 14533 (1996).
6. B. P. Monia, J. F. Johnston, T. Geiger, M. Muller and D.

Fabbro,Nature Med. 2, 668 (1996).
7. N. M. Dean, R. McKay, L. Miraglia, R. Howard, S. Cooper, J.

Giddings, P. Nicklin, L. Meister, R. Zeil, T. Geiger, M. Muller
and D. Fabbro, Cancer Res. 56, 3499 (1996).

8. S. Agrawal, J. Temsamani and J. Y. Tang, Proc. Natl . Acad.
Sci . USA 88, 7595 (1991).

9. P. A. Cossum, H. Sasmor, D. Dellinger, L. Truong, L. L.
Cummins, S. R. Owens, P. M. Markham, J. P. Shea and S. T.
Crooke, J. Pharmacol . Exp. Ther . 267, 1181 (1993).

10. H. Sands, L. J. Gorey-Feret, A. J. Cocuzza, F. W. Hobbs, D.
Chidester and G. L. Trainor, Mol . Pharmacol . 45, 932 (1994).

11. S. T. Crooke, M. J. Graham, J. E. Zuckerman, D. Brooks, B. S.
Conklin, L. L. Cummins, M. J. Greig, C. J. Guinosso, D. Korn-
brust, M. Manoharan, H. M. Sasmor, T. Schleich, K. L. Tivel
and R. H. Griffey, J. Pharmacol . Exp. Ther . 277, 923 (1996).

12. S. Agrawal, X. Zhang, Z. Lu, H. Zhao, J. M. Tamburin, J. Yan,
H. Cai, R. B. Diasio, I. Habus, Z. Jiang, R. P. Iyer, D. Yu and
R. Zhang,Biochem.Pharmacol . 30, 571 (1995).

13. L. L. Cummins, H. J. Gaus and M. Winniman, Anal . Chem. in
press.

14. J. M. Leeds M. Graham, L. Truong and L. L. Cummins, Anal .
Biochem. 235, 36 (1996).

15. J. T. Stultz and L. C. Marsters, Rapid Commun. Mass
Spectrom. 5, 359 (1991).

16. P. A. Limbach, P. F. Crain and J. A. McCloskey,. Curr . Opin.
Biotechnol . 6, 96 (1995).

17. P. A. Limbach, P. F. Crain and J. A. McCloskey, J. Am. Soc.
Mass Spectrom. 6, 27 (1995).

18. N. Potier, A. Van Dorsselaer, Y. Cordier, O. Roch and R. Bis-
choff,Nucleic Acids Res. 22, 3895 (1994).

19. K. Bleicher and E. Bayer, Biol . Mass Spectrom. 23, 320
(1994).

20. M. J. Greig, H. J. Gaus and R. H. Griffey, Rapid Commun.
Mass Spectrom. 10, 47 (1996).

21. M. J. Greig and R. H. Griffey, Rapid Commun. Mass
Spectrom. 9, 97 (1995).

22. D. C. Muddiman, X. Cheng, H. R. Udseth and R. D. Smith, J.
Am.Soc.Mass Spectrom. 7, 697 (1996).

23. J. A. Kowalak, S. C. Pomerantz, P. F. Crain and J. A. McClos-
key,Nucleic Acids Res. 21, 4577 (1993).

24. B. Bothner, K. Chatman, M. Sarkisian and G. Siuzdak, Bioorg.
Med.Chem. Lett . 5, 2863 (1995).

25. K. Bleicher and E. Bayer, Chromatographia , 39, 405 (1994).
26. S. A. McLuckey and S. Habibi-Goudarzi, J . Am. Chem. Soc.

115, 12085 (1993).
27. J. Ni, S. C. Pomerantz, J. Rozenski, Y. Zhang and J. A.

McCloskey, Anal . Chem. 68, 1989 (1996).
28. T. R. Baker, T. Keough, R. L. M. Dobson, T. A. Riley, J. A.

Hasselfield and P. E. Hesseberth, Rapid Commun. Mass
Spectrom. 7, 190 (1993).

29. Q. Wu, Y. Cheng, S. A. Hofstadler and R. D. Smith, J. Mass
Spectrom. 31, 669 (1996).

30. E. Gentil and J. Banoub, J.Mass Spectrom. 31, 83 (1996).
31. J. Ni, S. C. Pomerantz, J. Rozenski, Y. Zhang and J. A.

McCloskey,Nucleic Acids Symp.Ser . in press.
32. J. V. Johnson, R. A. Yost, P. E. Kelley and D. C. Bradford,

Anal . Chem. 62, 2162 (1990).
33. A. Apffel, personal communication, 20th International Sympo-

sium on HPLC and Related Techniques , San Francisco, CA
(1996).

34. S. A. McLuckey, G. J. Van Berkel and G. L. Glish, J. Am. Soc.
Mass Spectrom. 3, 60 (1992).

35. S. C. Pomerantz, J. Kowalak and J. A. McCloskey, J. Am. Soc.
Mass Spectrom. 4, 204 (1993).

( 1997 by John Wiley & Sons, Ltd. JOURNAL OF MASS SPECTROMETRY, VOL. 32, 305È313 (1997)


