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Oligonucleotide phosphorothioatediesters (phosphorothioate oligonucleotides), in which one of the non-
bridging oxygen atoms at each phosphorus center is replaced by a sulfur atom, are now one of the most
popular oligonucleotide modifications due to their ease of chemical synthesis and advantageous phar-
macokinetic properties. Despite significant progress in the solid-phase oligomerization chemistry used
in the manufacturing of these oligonucleotides, multiple classes of low-level impurities always accom-
pany synthetic oligonucleotides. Liquid chromatography-mass spectrometry has emerged as a powerful
technique for the identification of these synthesis impurities. However, impurity profiling, where the
entire complement of low-level synthetic impurities is identified in a single analysis, is more challeng-
ing. Here we present an LC-MS method based the use of high resolution-mass spectrometry, specifically
Fourier transform ion cyclotron resonance mass spectrometry (FTICRMS or FTMS). The optimal LC-FTMS
conditions, including the stationary phase and mobile phases for the separation and identification of phos-
phorothioate oligonucleotides, were found. The characteristics of FTMS enable charge state determination
from single m/z values of low-level impurities. Charge state information then enables more accurate mod-
eling of the detected isotopic distribution for identification of the chemical composition of the detected
impurity. Using this approach, a number of phosphorothioate impurities can be detected by LC-FTMS
including failure sequences carrying 3’-terminal phosphate monoester and 3’-terminal phosphoroth-
ioate monoester, incomplete backbone sulfurization and desulfurization products, high molecular weight
impurities, and chloral, isobutyryl, and N3 (2-cyanoethyl) adducts of the full-length product. When com-
pared with low resolution LC-MS, ~60% more impurities can be identified when charge state and isotopic
distribution information is available and used for impurity profiling.

© 2010 Elsevier B.V. All rights reserved.

Keywords:

Synthetic oligonucleotides
Phosphorothioatediesters

High resolution mass spectrometry
LC-FTMS

Accurate mass measurement

1. Introduction

During the past decade there has been increased application
of oligonucleotides (OGN) in the biotechnology market. Oligonu-
cleotides are used as diagnostic tools and as a drug development
platform allowing for the modulation of gene expression. Unmod-
ified oligodeoxyribonucleotides and oligoribonucleotides typically
have low specificity and therapeutic efficacy in vivo due to
nuclease-mediated degradation. Those problems can be overcome
by chemical alteration of their native structure via modifications
of the phosphodiester backbone, ribose sugar and the heterocyclic
bases [1].
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Oligonucleotide phosphorothioatediesters (PS-OGN or phos-
phorothioate oligonucleotides), in which one of the non-bridging
oxygen atoms at each phosphorus center is replaced by a sul-
fur atom, are now one of the most popular oligonucleotide
modifications due to their ease of chemical synthesis and their
advantageous pharmacokinetic properties. Various modifications
of phosphorothioate oligonucleotides are commonly used as active
pharmaceutical ingredients. The presence of sulfur in the oligomer
increases its in vivo stability while retaining its charge and solubil-
ity. Continuous advancements of preclinical and clinical programs
- approximately 70 oligonucleotide-based therapeutics are in clin-
ical trials worldwide - have led to increased demand for large
quantities of synthetic oligonucleotides [2].

Despite significant progress in solid-phase oligomerization
chemistry, synthetic oligonucleotides still contain multiple classes
of low-level impurities. These impurities, when present in oligonu-
cleotide therapeutics, can influence not only their efficacy and
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toxicity but also lead to potential regulatory issues due to
potential changes in the impurity profiles. Phosphorothioate
oligonucleotides are more difficult to analyze than the corre-
sponding phosphorodiester oligonucleotides because they carry
diastereoisomers at each phosphorus center [3]. These diastere-
omers (2("=1) where n is the length of the oligonucleotides) lead
to increased sample complexity that cannot be fully resolved by
existing analytical techniques [4,5].

Impurity profiles can be used to better understand solid-phase
oligomerization chemistry, yielding better control over manufac-
turing process. Due to the analytical challenges created by the
physicochemical properties of the impurities arising from oligonu-
cleotide synthesis, multiple techniques have been employed for
the characterization of purified oligonucleotides including cap-
illary gel electrophoresis-based methods (CGE-UV/fluorescence)
[6], conventional liquid chromatography methods (HPLC-UV), and
anion-exchange (AEC) [7] and ion pairing (IP) chromatography.

While such techniques have been useful for characterizing puri-
fied oligonucleotides, mass spectrometry (MS) in combination with
HPLC has become a powerful tool for the analysis of synthetic
oligonucleotides and the impurities created during their synthe-
sis [8-16]. LC-MS has been used to identify several classes of
impurities in phosphorothioate oligonucleotide synthesis includ-
ing failure sequences, polymerization products, side products
resulting from inefficient sulfurization, depurination, deamination,
n— 1 terminal thio-monophosphates, adducts of acrylonitrile, and
chloral adducts [15-20].

Prior LC-MS studies have addressed single impurity classes or
have required enzymatic or acid hydrolysis to verify sequence
information for the synthesis impurity. An alternative approach,
based on accurate mass measurements and isotope pattern
profiling, has been used for LC-MS screening of drug com-
pounds and their metabolites [21,22]. Because the analytical
platform is similar and impurity profiling is conceptually related
to metabolite screening, we sought to examine whether this
approach could reveal equivalent or greater information on impu-
rity profiles without requiring additional analysis of hydrolysis
products.

Here we utilized ion pairing-reversed phase (IP-RP) HPLC with
Fourier transform mass spectrometry (FTMS) to identify the com-
ponents of crude synthetic phosphorothioate oligonucleotides.
LC-FTMS has been used previously for screening various mixtures
[23-25], and its advantages of high resolving power and mass mea-
surement accuracy are proposed to allow for impurity profiling of
phosphorothioate oligonucleotide synthesis without the need for
enzymatic hydrolysis or acid hydrolysis. In addition, we compare
LC-MS generated impurity profiles for a phosphorothioate oligonu-
cleotide using the high performance FTMS and a linear ion trap mass
spectrometer.

2. Experimental
2.1. Materials

1,1,1,3,3,3-Hexafluoroisopropanol (HFIP) was from Sigma (St.
Louis, MO), water and methanol were from Burdick & Jackson
(Muskegon, MI), and triethylamine (TEA) was from Fisher Scientific
(Pittsburgh, PA). The unpurified crude 24-mer phosphorothioate
oligonucleotide, 5'-TCG TCG TTT TGT CGT TIT GTC GTT-3’, was
provided by Girindus America Inc. (Cincinnati, OH). The sample
was evaporated to dryness and then re-suspended in autoclaved
nanopure water for use. Polythymidilic acids (dT;g, dT15 and dTyg)
used for instrument tuning and calibration were obtained from the
University of Cincinnati DNA Core Facility.

2.2. Liquid chromatography

A Hitachi HPLC system (Hitachi High-Technologies America,
San Jose, CA) comprised of a L-7100 solvent pump, a L-7400
UV-vis detector, and a D-7000 system controller was used for LC
optimization. HPLC columns investigated for separation of oligonu-
cleotide synthesis reaction products included a Clarity Oligo-RP
2.0mm x 150 mm, 3 wm particle size (Phenomenex, Torrance, CA),
an Xterra MS C18, 1.0 mm x 150 mm column, 3.5 pm particle size
(Waters, Milford, MA), an Xbridge BEH C18 1.0 mm x 150 mm col-
umn, 3.5 wm particle size (Waters, Milford, MA), and an Xbridge
OST C18 1.0mm x 50 mm column, 2.5 wm particle size (Waters,
Milford, MA). Mobile phase A consisted of 16 mM TEA/400 mM HFIP
at pH 7.0 in water. Mobile phase B consisted of 16 mM TEA/400 mM
HFIP in methanol. A variety of mobile phase gradients were inves-
tigated.

2.3. Liquid chromatography mass spectrometry

High resolution LC-MS was performed using a Hitachi HPLC sys-
tem (Hitachi High-Technologies America, San Jose, CA) comprised
of an L-7100 solvent pump, an L-7400 UV-vis detector, and a D-
7000 system controller connected in-line to a Thermo LTQ-FT™
(Thermo Scientific, Waltham, MA) mass spectrometer equipped
with an ESI source. Low resolution LC-MS was performed using
a MicroAS autosampler, Surveyor MS Pump Plus HPLC system and
Thermo LTQ XL™ (Thermo Scientific, Waltham, MA) mass spec-
trometer equipped with an ESI source.

For high resolution LC-MS, the ESI source was set to 325 °C and
4.25KkV. Data from the FT-ICR cell, equipped with a 7.0 Tesla mag-
net, was acquired in scan event 1. The mass range was restricted
to m/z 500-2000 to avoid interference from the HFIP dimer ion.
Negative ion data was collected in full scan and profile data type
with the resolution set to 100,000. For low resolution LC-MS, the
ESI source was set to 275°C and 4.50kV. For general data collec-
tion, negative ion data was collected in full scan with a mass range
of m/z 500-2000 and profile data type. For sequence verification
using collision-induced dissociation (CID), data-dependent acqui-
sition of MS/MS spectra was used with a 2.0 isolation width and 35%
normalization collision energy. Vendor supplied Xcalibur software
was used for all data acquisition and processing.

3. Results and discussion

The phosphorothioate oligonucleotides characterized in this
work were synthesized using a typical elongation cycle consisting
of four chemical reactions, performed on the solid support, sep-
arated by acetonitrile washing steps intended to remove excess
reagents. The components of the elongation cycle include:

e Acid-driven removal of the transient protecting group (DMTr)
freeing the 5-hydroxyl group of the support-bound oligonu-
cleotide intermediate.

¢ Elongation of the support-bound oligonucleotide intermediate
via coupling of a protected nucleoside phosphoramidite in the
presence of an acidic activator yielding phosphite triester inter-
mediates.

e Oxidative sulfurization of the formed trialkyl phosphite triester
intermediate yielding phosphorothioate triester linkages.

e Capping of the support-bound unreacted 5'-hydroxyl groups of
the support-bound oligonucleotide intermediate.

This elongation cycle is repeated until the desired oligonu-
cleotide sequence is assembled. The final synthesis steps involved
removal of the protecting groups from the phosphorothiotriester
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linkages, release from the solid support and removal of the pro-
tecting group from exocyclic amines and 5’-hydroxyl groups.

The solid-phase synthesis of oligonucleotides is known to result
in formation of the failure sequences in addition to the desired
full-length product (FLP) [26,27]. It is anticipated that the syn-
thesis of modified phosphorothioate oligonucleotides can result in
additional impurities, due to inefficient sulfurization [15], which
should be minimized during optimization of synthesis conditions in
order to lessen potential regulatory concerns. To develop a broadly
applicable LC-MS method for the identification and eventual quan-
tification of low-level impurities in synthetic oligonucleotides, our
first step was to establish LC-MS conditions and experimental
parameters sufficient to identify most, if not all, of the anticipated
synthesis impurities.

3.1. HPLC considerations

Oligonucleotide separations using HPLC are typically imple-
mented based on differences in the hydrophobicity or charge
of the sample, and both of those parameters are related to the
length of the oligonucleotides. Reversed phase HPLC has been the
chromatographic method of choice for separations based on dif-
ferences in hydrophobicity, and anion-exchange HPLC has been
the chromatographic method of choice for separations based on
differences in charge. The criteria for developing and optimizing
chromatographic methods include: resolution, detection sensitiv-
ity and compatibility with electrospray ionization (ESI) for coupled
LC-MS methods.

Optimal LC-MS methods provide baseline separation of compo-
nents via chromatography with minimal increase in mass spectral
background, ion suppression, cation adducts to analytes, and dam-
age to the instrument. Online LC-MS analysis with ESI provides
an inherent advantage by concentrating analytes as they elute
from the column. However, the continuous introduction of the
column eluent leads an inherent disadvantage of the coupling of
these systems as buffer salts and ion pairing agents sprayed into
the instrument, especially at high amounts, increase the need for
frequent cleaning, degrade instrument components, and decrease
instrument performance.

Each chromatographic method has its own benefit for the purifi-
cation and separation of oligonucleotides. Although not widely
used for direct coupling with mass spectrometry, anion-exchange
LC-MS is possible. The most effective AE-HPLC buffers typically
describe the use of sodium or potassium salts (e.g., KCl), which are
not compatible with ESI-MS of oligonucleotides. Thus, a compro-
mise must be found between the separation step and the ionization
method. The use of a volatile salt buffer, such as triethylammonium
acetate (TEAA), does allow for the separation of oligonucleotides
with direct on-line ESI-MS analysis. However, the signal-to-noise
ratio for oligonucleotides is reduced with on-line AE-LC-MS due to
an increase in the background arising from the mobile phase and
so this approach was not pursued in this study.

Because ion pairing-reversed phase HPLC (IP-RP HPLC) has
proven to be successful for the general separation of oligonu-
cleotides and is available for coupling with ESI-MS, HPLC
optimization focused on this approach. MS detection of phospho-
rothioate oligonucleotides is generally performed in negative-ion
mode because of the presence of an acidic proton at each phos-
phorothioatediester bond along the backbone. However, various
factors can affect signal intensity/ionization efficiency in the nega-
tive ion-mode including solution pH, mobile phase composition,
presence of cations, salts, etc. It is important to keep pH of the
sample near to 7 due to possible formation of additional sample
impurities during method development. A low pH in the mobile
phase can lead to depurination while a high pH in the mobile phase
can induce deamination.

Table 1
Mobile phase gradient used for LC-HRMS method optimization.

Time (min) A (%) B (%) Flow rate (pL/min)
0 95 5 40

15 65 35 40

35 55 45 40

40 25 75 40

42 10 90 40

43 10 90 40

46 95 5 40

55 95 5 40

3.2. Mobile phase

While TEAA buffers at pH ~ 7 are amenable to [P-RP HPLC cou-
pled with ESI-MS[10,13], the use of HFIP as a mobile phase additive
has been shown to improve electrospray ionization efficiency for
the analysis of oligonucleotides [8]. For these studies, triethylamine
was used as the ion pairing agent in combination with HFIP for
improved ESI-MS results. A variety of mobile phase compositions
were investigated to identify those that yielded the best separation
of phosphorothioate FLP from any impurities. Higher TEA concen-
trations in the mobile phase improved separation efficiency, as
expected, due to higher ion pairing efficiency [28]. The maximum
concentration of TEA that is soluble in 400 mM HFIP is 16 mM, and
this concentration of TEA was found to be optimum for these anal-
yses. This 400 mM HFIP/16 mM TEA buffer system in either water
or in methanol with flow rate of 40 wL/min and gradient 15-75%
B in 45 min (Table 1) resulted in satisfactory separation of most of
the synthesis impurities. A mobile phase B composition of 200 mM
HFIP/8 mM TEA in 50% MeOH/H,0 was also investigated and found
to yield improved separation at the expense of analysis time.

3.3. Column selection

A stationary phase that can strongly retain ion-paired oligonu-
cleotides, thus requiring a mobile phase with high organic content
for analyte elution, is advantageous as the higher organic con-
tent can improve desolvation efficiency, which improves ionization
and leads to higher mass spectrometry sensitivities. In this study,
several stationary phases for IP-RP HPLC were evaluated for their
ability to separate FLP phosphorothioate oligonucleotides from
synthesis impurities. All columns evaluated were microbore HPLC
columns with vendor-specific C18 stationary phases. The dis-
criminating parameters for column choice included separation
efficiency, column back-pressure at a 40 uLmin~! flow rate, and
mass spectral background. In this study, the Xterra MS C18 and
Xbridge BEH C18 from Waters were found to yield similar perfor-
mance, with the Xbridge providing greater long-term stability and
reproducibility.

The Xbridge BEH C18 1.0mm x 150 mm column with 3.5 pm
particle size was also compared to an Xbridge OST C18
1.0mm x 50 mm column with 2.5 wm particle size. Although the
smaller particle size will increase column efficiency due to shorten-
ing diffusion distances leading to improved mass transfer as evident
inaVan Deemter plot, the back-pressure will increase especially for
equal column lengths. Comparing the Xbridge BEH to the Xbridge
OST, it was found that the BEH column resulted in higher separa-
tion efficiencies, most likely because this column contains a greater
number of theoretical plates, N, than the OST as noted in Eq. (1):

3500L (cm)

N~ ———=
dp (pm)

where L is the column length in cm and dj, is the particle diameter

in pm. The 15-cm long Xbridge BEH provides nearly a factor of 2
improvement in the number of theoretical plates than the 5-cm

(1)
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Fig. 1. Separation of crude sample containing 24-mer phosphorothioate oligonu-
cleotide and its impurities: (a) total ion chromatogram from LC-MS analysis and (b)
UV trace at 260 nm. Mobile phase consisted of 400 mM HFIP/16.3 mM TEA in water
(buffer A) or in methanol (buffer B).

long Xbridge OST. Because separation efficiency, rather than speed
of analysis, was the goal of this work, further investigations using
UPLC were not investigated and it is noted that the Xbridge OST is
not available in lengths greater than 5 cm.

3.4. Temperature effects

Another strategy to reduce the detrimental effects of mass trans-
fer on oligonucleotide separation is to perform the separation at an
elevated column temperature. In this study, the effect of column
temperature on separation was investigated using the previously
identified optimal stationary phase and mobile phase conditions.
At column temperatures between 25 and 45°C, no significant
improvement in separation efficiency was noted. At column tem-
peratures of 50°C and higher, the background signal in the mass
spectrometer increased and suppression of ions from the sample
mixture became more noticeable (data not shown). Based on these
investigations of column temperature and separation efficiency, all
subsequent studies were conducted at 27 °C.

3.5. Sample loading

When attempting to identify low-level impurities from oligonu-
cleotide syntheses, one challenge is to maximize detection of the
impurities without overloading the column with the uninformative
synthesis FLP. Chromatograms for FLP sample amounts less than
150 pmol injected on column yielded only a few impurity peaks
using either UV or MS detection. The lowest amount of FLP sam-
ple that could be injected on column and still resulted in sufficient
responses from the synthesis impurities was 200 pmol; however,
at this amount injected on column, peak broadening in the region
around the FLP peak was noticeable. Attempts to use heart-cut frac-
tions to reduce the FLP in the sample did not result in significant
improvements in the chromatographic separation or MS detection
of the synthesis impurities. Due to the extra analysis time required,
further attempts to pre-fractionate the sample were not attempted.

Fig. 1 contains the UV and MS chromatograms for a typical phos-
phorothioate oligonucleotide synthesis reaction mixture. The FLP
in this example elutes around 37 min using the optimized mobile

Table 2
Comparison of impurities identified via LC-low resolution MS and LC-high resolu-
tion MS.

Low resolution (LTQ-XL) High resolution (LTQ-FT)

Short-mers

n-mer with terminal PS
Depurination product
n-mer with PO linkage
DMTr 24-mer adduct
Chloral 24-mer adduct
CE adduct

IBU adduct

Short-mers
n-mer with terminal PS
Depurination product

DMTT, 4,4-dimethoxytrityl; CE, 2-cyanoethyl; IBU, isobutyryl.

phase conditions, gradient program and stationary phase described
above. As can be noted in this figure, a number of peaks in addition
to the FLP are detected both before and after elution of the FLP.
The lack of a strong ion signal in the total ion chromatogram from
the mass spectrometry detection (Fig. 1b) arises because dynamic
exclusion was used to eliminate ions related to the FLP from the
mass analyzer. For all of the synthesis mixtures investigated, the
chromatograms in Fig. 1 are representative of the complexity of
sample impurities and challenges present when attempting to
identify low-level components within a mixture containing primar-
ily the FLP.

3.6. Mass spectrometry optimization

As all of the expected synthesis impurities are related, in some
way, to the FLP, in general the optimization of mass spectrometry
parameters can be carried out using any standard oligonucleotides
or the FLP itself. The only significant concern encountered in this
work was the generation of nucleobase loss by nozzle-skimmer
dissociation in the ESI source. Although depurination is also
expected to arise as an impurity [15], the loss of purine bases (ade-
nine or guanine) during the ESI-MS process will be sensitive to
nozzle-skimmer conditions. For example, Fig. 2 contains two repre-
sentative mass spectra obtained from directly infusing a synthesis
reaction mixture. In the top panel (Fig. 2a), instrumental conditions
are optimized to generate little to no nozzle-skimmer dissocia-
tion of the electrosprayed sample. In contrast, the bottom panel
(Fig. 2b) was obtained at instrumental conditions that, while reduc-
ing multiply charged ions of the FLP, also promote nozzle-skimmer
dissociation leading to nucleobase loss. In this example, guanine
base loss (—151 Da) is detected at m/z 1885.25 (z= —4) from the FLP
(m/z 1923.08, z=—4). To avoid ESI-generated artifacts in the iden-
tification of synthesis by-products, it is recommended that a range
of MS instrumental parameters be investigated prior to initiating
LC-MS characterization of the sample of interest.

3.7. Low resolution mass spectrometry

Initial studies using IP-RP HPLC-MS focused on the suitability
of a low resolution mass spectrometer for identifying synthe-
sis impurities. Although mass spectral resolving power is typical
required for mixtures containing numerous components of similar
molecular mass, for oligonucleotides synthesis samples, most of
the expected impurities have significantly different masses and/or
chromatographic retention time allowing use of quadrupole or
quadrupole ion trap mass analyzers [15-17]. Thus, these initial
LC-MS studies were conducted using a linear ion trap. Fig. 3
contains representative data obtained during LC-MS analysis of
a phosphorothioate oligonucleotides synthesis reaction mixture.
Those impurities expected to be present that were identified when
using the linear ion trap mass analyzer are listed in Table 2. As is
evident by a review of the identified ions, only failure sequence
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Fig. 2. Comparison of mass spectra of crude sample obtained under different instrumental settings. A sample was injected by direct infusion with flow rate of 3 wL/min.
(a) parameters obtained after tuning with dTo, which reduced nozzle-skimmer dissociation but generated a large charge state distribution; (b) parameters obtained after
manually tuning instrument to reduce the charge state distribution, which leads to nozzle-skimmer dissociation (see text).

products, ions resulting from depurination during synthesis, and
ions containing a terminal phosphorothioate end group were read-
ily identified.

Although high mass resolving power was not determined to be
necessary for separation of multiple co-eluting ions, the drawback
of a low resolving power mass analyzer is the inability to accu-
rately assign ion charge state except in the few cases where singly
or doubly charged ions were present. Because many FLP synthetic
oligonucleotides are around the 20-mer range, generating singly
or doubly charged ions from such large oligonucleotides is dif-
ficult. Moreover, low-level impurities of higher charge state are
often indistinguishable from the background when using a low
resolving power mass analyzer (Fig. 3a). Thus, while a low res-
olution mass spectrometer can be used for the identification of
particular synthesis impurities, a significant amount of informa-
tion from the sample is missing without the ability to accurately
determine the charge state of the eluting species, unless assump-
tions are made about the charge state of the m/z value analyzed
[15-17].

3.8. High resolution mass spectrometry

Because of the aforementioned difficulties, next we examined
the use of a mass analyzer with greater resolving power, here
an LTQ-FT mass spectrometer. High resolution mass spectrome-
try (HRMS) not only allows one to determine the charge state of
the ions, which is necessary for calculating elemental composi-
tions, but also enables modeling of the isotopic pattern based on
chemical composition. These isotopic patterns provide additional

1942.6
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Fig. 3. Comparison of (a) LC-MS spectrum and (b) LC-FTMS spectrum of low-level
impurities. The use of high resolution FTMS enables isotopes to be resolved so that
the charge state can be determined for the impurity.

information from the sample that can be used to identify low-level
impurities [29-31].

Fig. 4 provides an example of using isotope pattern modeling to
more accurately identify an impurity within the sample. Fig. 4a is
the experimentally obtained data and Fig. 4b is modeled data yield-
ing the best fit to the experimental data. Based on the detected m/z,
the charge state, and the isotope pattern, this impurity is identified
as an (n— 1) short-mer. Using this approach, many more synthesis
impurities could be identified than were found using the low reso-
lution linear ion trap mass analyzer (Table 2). In general, the mass
accuracy for all identified impurities was typically <3 ppm even for
very low abundance ions.

3.9. Identified synthesis impurities

Table 3 lists the phosphorothioate oligonucleotides synthesis
impurities that can be identified by detecting a single charge state
and using high resolution mass spectrometry to accurately identify
the charge state combined with isotope distribution modeling to
confirm the most likely elemental formula. The chemical structures
of several of the impurities identified by this approach are shown
in Fig. 5, which are presented based on the most likely structure
from the solid-phase synthesis approach used. Future work, pos-

1843.157
184305 /104357

1844.407
1344.515‘;‘ i 910345-160
\ 1845.410

1843

1844
m/z

Fig. 4. (a) Mass spectrum of impurity identified at m/z 1843 and (b) modeled data
for (n — 1) short-mer phosphorothioate oligonucleotide with chemical composition
of Ca26H226N68 0127P22S22. This chemical composition is consistent with the (n—1)
short-mer sequence 5'-CG TCG TTT TGT CGT TTT GTC GTT-3'.
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Table 3
Impurities found for full-length product (FLP). While all short-mers were detected,
only (n— 1) included as representative in the table.

Compound m/z (observed) m/z (theoretical)
n— 1 short-mer 1842.15354 1842.15287
(n—1)PS 1866.13788 1866.13872
FLP depurination product 1888.39372 1888.39506
FLP with PO linkage 1918.17083 1918.16439
FLP CE adduct 1935.66233 1935.66722
FLP IBU adduct 1939.93134 1939.92979
FLP chloral adduct 1958.90085 1958.88796
5'-DMTr OGN 1997.94883 1997.94321

DMTT, 4,4-dimethoxytrityl; CE, 2-cyanoethyl; IBU: isobutyryl.

sibly using MS/MS, is needed to confirm the exact identity of each
impurity.

e Internal (n — 1) deletion sequences belong to a class of impurities
typically linked to non-quantitative removal of the DMTr group or
inefficient coupling followed by inefficient capping. These impu-
rities can be mitigated by adjustments to the synthesis process
parameters (contact time and the reagent composition).

e Short-mers containing terminal monothiophosphate arise from
the direct coupling of nucleoside phosphoramidites to the silanol
groups of the solid support or reaction of the residual phosphity-
lating agent present in the phosphoramidite synthons. These
impurities cannot be separated from the manufactured oligonu-
cleotides during purification, thus, a reduction in these impurities
is best addressed during manufacturing of the nucleoside phos-
phoramidite monomers or derivatization of the solid support.
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Fig.5. Structures of several of the classes of phosphorothioate oligonucleotides syn-
thesis impurities identified by LC-HRMS profiling. (a) Failure sequences carrying
3’ terminal mono- and mono thiophosphates (n —1)PO or (n — 1)PS. (b) Full-length
productisobutyryl adduct. (c) 5-0 4,4-dimethoxytrityl-protected oligonucleotide or
5-04,4-dimethoxytrityl-protected n — 1 deletion sequences. (d) Full-length product
chloral adduct. (e) Full-length product N3(2-cyanoethyl) adduct.

e N3-cyanoethyl adducts are related to an inefficient removal of
the cyanoethyl protecting groups from the phosphorothiate tri-
ester linkages followed by generation of acrylonitrile and its
subsequent addition to thymidine residues. These adducts can
be minimized by optimization of the on-column removal of the
cyanoethyl group.
Desulfurized FLP (containing one or multiple insertions of the
phosphodiester linkages) can arise from two possible sources.
First, despite the enhanced reactivity of some recently developed
reagents, the sulfurization reaction is not quantitative at each
elongation cycle. Second, sulfur loss can occur during treatment
with concentrated aqueous ammonia at an elevated temperature
during the deprotection step. This side reaction can be completely
suppressed by the addition of 2-mercaptoethanol.

e The isobutyryl protected FLP reveals that the deprotection con-
ditions were less than optimal. These impurities can be reduced
through an increase of the contact time or temperature.

e The trichloroacetaldehyde modified FLP indicates the presence of
trichloroacetaldehyde in the detritylating solution. Higher purity
detritylation solution is necessary to eliminate this impurity.

e 5'-O-DMTr protected oligonucleotide products arise when the
final detritylation step is inefficient. Elimination of these impuri-
ties requires optimization of the final detritylation step.

In addition, other ions were identified during LC-MS that arise
from the analysis step rather than the oligonucleotides synthesis
process itself. In particular, the major ions of this type arise from
base depurination of the FLP (secondary peaks 135 u (Ade) or 151
u (Gua) less than the major peak), which are suspected to be gen-
erated by heating and/or in-source fragmentation occurring within
the ESI source.

4. Conclusions

The combination of high resolution mass spectrometry with
isotope distribution modeling enables impurity profiling of
oligonucleotides synthesis reaction mixtures. In this work, we have
identified the optimal IP-RP HPLC-ESI-MS conditions, including
the stationary phase and mobile phases, for the separation and
identification of phosphorothioate oligonucleotides and associated
process-related impurities. Comparing high resolution mass spec-
trometry with low resolution mass spectrometry, we found that
~60% more impurities could be identified using mass spectral data
obtained from the high resolution instrument because charge states
can be identified for low abundance impurities. This charge state
information then enables the use of isotopic pattern modeling to
confirm the chemical composition of any process-related impuri-
ties present in the mixture. In this work, we identified many of
the expected synthesis impurities. The next step will be to develop
this method further to obtain quantitative information related to
the specific impurities detected. Such information can be used to
improve and optimize oligonucleotides synthesis, as the presence
of the particular families of impurities and their relative abundance
in the synthesis mixture carries essential information about the
performance of all steps involved in the elongation cycle.
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