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Synthetic Oligonucleotides as Therapeutic Medicines

Synthetic oligonucleotides are an exciting new class of biomolecules capable of treating many disorders, which are currently not
amenable to existing drugs, including viral infections [1], respiratory disorders [2], cancers [3] and rare diseases [4]. Current interest has
been largely fuelled by two key events: firstly, Fire and Mello’s Nobel-prize winning discovery of gene silencing by RNA interference
(which helped to improve our understanding of the genetic basis of many diseases) [5]; and secondly, the regulatory approval of two
oligonucleotide-based drugs, namely Vitravene® [6] (a 21-base single stranded antisense oligonucleotide approved by the FDA in 1998
for cytomegalovirus infections) and Macugen® [7] (a pegylated aptamer approved in 2005 for treating wet macular degeneration).

Synthetic oligonucleotides currently in clinical development are comprised of single
or double stranded DNA [8], RNA [9], locked nucleic acid (LNA) sequences [10],
aptamers [11], speigelmers [12] and oligonucleotides conjugated to polymers [13].
Little is known about their exact mechanism of action, but they are thought to
involve protein biosynthesis control via immunostimulation [14] or via interference
with gene transcription/translation processes to inhibit production of potentially
harmful proteins [15]. Alternatively, oligonucleotides could work via an exon-skipping
mechanism partially restoring the functional properties of a defective protein [4].

Structural and Regulatory Considerations

The unique chemical/structural properties of oligonucleotide therapeutics has left
them in somewhat of a grey area when it comes to regulatory guidance for the
development and control of drug substance and product. Oligonucleotide
therapeutics are macromolecules derived from DNA and RNA building blocks with a
suggested optimal length in the range of about 20 bases (or 20-mer) [16]. They are
manufactured in a stepwise fashion using solid-phase synthesis (i.e. one nucleotide
at a time) and are specifically excluded from the current ICH guidelines Q6A [17],
Q3A(R2) [18], and Q3B(R2) [19].

Whilst there is currently no specific guidance from regulatory agencies for the
Chemistry, Manufacturing, and Controls (CMC) of oligonucleotide based
therapeutics, the spirit of the existing guidance, particularly Q6A, around quality
and safety can certainly be followed. In addition, many of the concepts discussed in
ICH Q6B [20], for the analysis of biologically engineered products, are applicable to
oligonucleotides as both share similar analytical challenges due to their size,
polymeric and secondary structure and closely related impurities or variants.

This short review identifies the source of many impurities and focuses on the
application of chromatographic methods using UV and mass spectrometric
detection to characterise single and double stranded oligonucleotides and
their related impurities.
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Figure 1. Short Fragment of a typical
tetramer oligonucleotide showing
chemical modifications.

Figure 2. IP-RP-HPLC Analysis of a 21-mer
Oligonucleotide in its crude and purified states.
See reference [39] for more details.

Chromatographic Analysis of Oligonucleotides
Source of Impurities

Oligonucleotides are synthesised using either H-phosphonate [21] or
phosphoramidite chemistry [22] on automated commercial synthesisers. The
chemistry starts with an amidite starting material chemically bonded to a solid
support, typically glass [23] or a polymeric resin.[24] The chain length is then
extended by repeated cycles of deprotection, coupling, oxidation (or sulphurisation)
and capping. When the desired chain length is achieved, the crude oligonucleotide
is cleaved from the solid support and purified via preparative ion exchange and
reverse phase chromatography. Figure 1 shows a short fragment of a typical
oligonucleotide chemically modified on the phosphate backbone and on the ribose
sugar. The overall quality of the oligonucleotide is assured through control of the
raw materials (primarily the amidite starting materials). However, the large number
of synthetic steps (up to 120 steps for a typical 20-mer) coupled with the relative
inefficiencies of each reaction step can give rise to a significant number of
impurities. Impurities can arise from many sources including manufacturing
conditions, from raw materials and from degradation. Most of these compounds
fall into the following categories [25]:

e Shortmers, deletion or failure impurities — oligonucleotide sequences where the
chain length is shorter by n-x.

e Longmers or extension impurities — oligonucleotides sequence where the chain
length has been extended by n+x.

o Adducts— these are modified full-length sequences which arise from incomplete
deprotection of the oligonucleotides. Examples of these adducts include isobutyl,
benzoyl or cyanoethyl derivatives.

¢ Oxidised phosphodiesters — oligonucleotide impurities found only in
phosphorothioate oligonucleotides where incomplete sulphurisation of the
phosphate linkage leads to trace levels of phosphodieser linkages (P=0).

¢ Depurination — oligonucleotide impurities where the nucleoside has lost a purine base.

e Degradants — impurities formed from degradation of the oligonucleotide during
synthesis or under storage conditions (heat, humidity, oxidative, etc.).

¢ Non-hybridised single strand— excess single strand that remain unreacted during
the annealing process to form the double stranded oligonucleotide.

e Derived from structural modification — e.g. phosphothiolation of the phosphate
linkages [26] and the addition of alky and alkyloxy groups at the C-2 position of
ribose sugars [27], peptides conjugates [13], bridging riboses [28] and morpholino
ring derivatives [29].

Chromatographic Methodology

The primary objective of any chromatographic method is to separate impurities
from the desired product. This task is made more challenging for oligonucleotides
because of their complex structure, multiply charged nature and the presence of
myriads of structurally similar impurities. Over the years, methods for separating
oligonucleotides have evolved from traditional slab gel electrophoresis [30] and P-31
NMR [31] to modern high performance liquid chromatographic (HPLC) [32] and
capillary electrophoretic (CE) [33] approaches.



Apart from the choice of analytical technique for oligonucleotide analysis, other
considerations include the type of analysis required (i.e. impurity profiling, analysis
of aggregate or assay determination), and whether the biopolymer is being
analysed in its single or double stranded state, or both. Generally, all of these
analytical criteria can be met with one or more of the following chromatographic
techniques, ion pair reverse phase HPLC (IP-RP-HPLC) [34], anion exchange HPLC
(AX-HPLC) [32] and size exclusion HPLC (SEC) [35]. Capillary gel electrophoresis
(CGE) [33] has been included in this review because of its complementary and
orthogonal nature to the more traditional separation techniques.

Analysis of Single-Stranded Oligonucleotides

The preferred methods for determining the purity of single stranded
oligonucleotides are IP-RP-HPLC [34] and AX-HPLC [32]. Both techniques have the
resolving power to separate deletion and extension sequences from the full-length
oligonucleotides and for adduct impurities. Separations based on IP-RP-HPLC rely on
the formation of transient ion pairs between the oligonucleotide and the ion pair
reagents (as well as the more recognised interactions between the ion pair reagent
and the stationary phase), resulting in increased and improved separation [36].
Commonly used ion pairing reagents include triethylammonium acetate (TEAA) [37],
hexylammonium acetate (HAA) [38] and combination of 1,1,1,3,3,3- hexafluor-2-
propanol (HFIP) and triethylammonia (TEA) [38]. In Figure 2, a 21-mer
oligonucleotide has been analysed using IP-RP-HPLC before and after column
purification [39]. In the crude sample, the increased hydrophobicity of the

longmers and adduct impurities results in increased retention. Conversely, the
shorter mers are more polar eluting before the main peak. Apart from the choice of
ion pair reagent, other factors such as particle size and the use of non-porous
stationary phases (e.g. monoliths) can enhance the oligonucleotide separation via
improved mass transfer and enhanced peak capacity in IP-RP-HPLC [40] and UPLC
[41]. In Figure 3, a capillary monolith column eluted with TEAA was used to
baseline resolve a mixture of homologous oligothymidylic oligonucleotides (12 to
18-mers) with very high efficiencies within five minutes [42].

AX-HPLC offers a complementary seperation alternative to IP-RP-HPLC and resolves
oligonucleotides (and related impurities) primarily based on their charge differences
[32]; however, hydrophilic and hydrophobic interactions may also play a role in the
separation mechanism [43]. High resolution oligonucleotide separations can be
achieved by optimising key parameters such as the ion exchange sorbent (e.g.
diethylaminoethyl (DEAE) bonded onto a polystyrene matrix [44]), pH, organic
solvents and counterions. Figure 4 shows an AX-HPLC separation of impurities
present in a phosphorothioated 19-mer antisense oligonucleotide [45]. The resolved
impurities include oxidised phosphodiester (P=0) groups (impurities A1, A2 and A3)
and shortmers, where n-1 (impurity A4) and n-2 (impurity A7). In CGE, the gel-filled
capillary resolves oligonucleotides via a ‘sieving’ mechanism primarily according to
size. To overcome the bias associated with electrokinetic injection, internal standards
are often included in the analysis. This is exemplified in Figure 5 which shows a CGE
electropherogram of a fully phosphorothioated 20-mer resolved into its deletion
sequence impurities in the presence of a 23-mer internal standard [46].

- ¢
3
» | l
15 ' ‘
T =
i =
g 10 4 5
2 R
1 . Il l
2 | [
[ L \ 1!
i \ |
ol N N TN I\ Ve
T T
0 1 2 3 4 5
time [min]

Figure 3. IP-RP HPLC Separation of oligonucleotides d(pT)12 to d(pT)18 using a monolith
column. See reference [42] for more details.

Analysis of Double-Stranded Oligonucleotides

Of the various classes of oligonucleotide therapeutics, double stranded
oligonucleotides such as siRNA (short interfering RNA) offer some of the more
significant analytical challenges from a quality control perspective. The individual
antisense and sense strands are non-covalently hybridised to form an alpha-helical
duplex which is the active pharmaceutical ingredient (API). Non-denaturing
chromatographic techniques, aimed at maintaining the native duplex structure of
the oligonucleotide during analysis, are routinely used. Non-hybridised single
strands may be present as impurities in the API. In addition, aggregated
oligonucleotide impurities (larger than the targeted duplex conformation) can be
formed during manufacture or during storage of the API [47]. The presence of
these impuirities is of concern from both a potency and safety perspective
[48].Whilst chromatographic analysis of the intact duplex is obviously necessary,
analysis of the individual sense and antisense strands is equally important.
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Figures 4. AX-HPLC Analysis of a Figure 5. CGE of Phosphorothioated
Phosphorothioated 19-mer oligonucleotide 20-mer oligonucleotide showing
(FT19), showing chromatograms showing resolution of the full length sequence
resolution of the full length sequence from from n-1, n-2, n-3 deletion sequence
P=0 impurities (A1, A2 and A3 in (a) to (c))  impurities with a 23-mer internal
and and n-x deletion sequence impurities standard (T23). See reference [46]
(A7 and A4 in (d) to (e)). See reference for more details.

[45] for more details.

Chromatographic resolutions are improved as oligonucleotide length is reduced and
on-column base pairing or secondary structure is eliminated from the analysis.
Consequently, chromatographic separations of the individual single strands are
more discriminating and have the ability to resolve closely related impurities formed
during manufacture or on stability, resulting in a more complete measure of purity
and greater understanding of the impurity profile. Analysis of the individual strands
can be performed either prior to annealing the single strands or via the use of
denaturing techniques which dissociate the duplex during the analysis, allowing for
on-column separation of the individual sense and antisense strands.

The latter approach can give incomplete resolution between the two strands or
their related impurities and consequently, analysis of the pre-annealed single strands
is preferred. However, a denaturing impurities method would still be required to
ensure that no additional degradation has occurred during the subsequent
manufacturing processes (such as, annealing, desalting, lyophilisation) and during
storage of the API. Figure 6 shows the separation of sense and antisense siRNA
strands from their related impurities [49].

IP-RP-HPLC [34] and AX-HPLC [32] are capable of being run in both non-denaturing
and denaturing conditions. In the latter approach, factors such as increased column
temperature, increased organic modifier, extremes of pH, and low ionic strength in
the mobile phase are used to dissociate or ‘melt’ the duplex into individual strands
and eliminate any secondary structures. In contrast, opposing chromatographic
conditions are used to create non-denaturing methodology. In particular, the use of
a high ionic strength mobile phase is critical to maintaining the duplex structure and
other secondary structure conformations such as aggregated impurities.

This approach can be very useful if the analytical goal is to separate a duplex
oligonucleotide from aggregate impurities and excess unhybridised single stranded
impurities. Figure 7 shows a SEC chromatogram of a 21-mer SiRNA duplex
containing both aggregate and residual single stranded impurities [49]. Whilst non-
denaturing SEC can be used to determine levels of residual single strand impurities,
it suffers from poor specificity impacting on sensitivity. We have demonstrated [49]
that residual single stranded impurities (1% w/w) co-elute under the tailing section
of the duplex peak via SEC and are not detected [49]. However, non-denaturing
SAX can provide excellent specificity for the detection and quantification of residual
single strand impurities.

Sense strand Antisense strand

Ral?unu

‘m:' | .

'. l!h[ll | M
;*‘-—"*”r\ \wrwjl_,\ﬁ’\“"[.f '""xwa 3 X Wli:\.r__

Reteniion time

Figure 6. Denaturing RP-IP-UPLC Analysis of a 21-mer siRNA double stranded
oligonucleotide showing separation of sense and antisense strands from related
impurities. See reference [49] for more details.
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Figure 7. Non-denaturing SEC Analysis of a 21-mer siRNA double stranded
oligonucleotide showing separation of the duplex from aggregates and excess single
strand. See reference [49] for more details.

Oligonucleotide Analysis using Mass
Spectrometric Detection

Mass spectrometry (MS) is routinely interfaced with HPLC separations to provide
improved specificity, sensitivity, and structural characterisation capabilities. HPLC-MS
or HPLC-MS/MS is routinely used for the confirmation of base sequences or to
structurally characterise impurities. However, some authors are also reporting its use
in release testing of API for the control of impurities co-eluting with the main peak
[50]. This latter approach is important as it is directly related to the specificity
achievable via the chromatographic separation, which in turn determines the
necessity for high sensitivity impurity quantification via MS detection. Figure 8
demonstrates the collection of the MS and MS/MS spectra for the sense strand of a
21-mer siRNA from a IP-RP-UPLC separation [51]. Many chromatographic
separations used for the analysis of oligonucleotides are not MS compatible,
particularly non-denaturing techniques, due to the use of non-volatile buffers in the
mobile phase. However, IP-RP HPLC is MS compatible and has become a standard
separation platform for the analysis of oligonucleotides [52-58], [37]. The retention
of oligonucleotide on the column is critically impacted by the concentration of the
ion pair reagent. The more ion pairing agent used the greater the retention.
However, high ion pair concentrations can significantly suppress the electrospray
ionisation efficiency adversely impacting on mass spectrometric detection/analysis
[53]. As a result, optimisation of the ion pairing agent concentration is commonly
performed to enable suitable mass spectrometric detection [52-54]. In addition to
TEA, other ion pairing agents have been explored based of their differences in
structure and overall hydrophobicity [56-58], [37].
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Figure 8. RP-IP-UPLC-MS data showing A) siRNA UV chromatogram under denaturing
conditions (sense strand has been highlighted); b) An MS spectrum of the sense strand
peak (6860 MW) showing the multiple charge states of this oligonucleotide (-4 through -
7) formed as a result of the electrospray ionisation; and C) The MS/MS spectrum of the
1713.9 m/z ion (-4 charge state) showing the various fragment ions associated with the
specific nucleotide sequence. See reference [51] for more details.

Conclusions and Future Directions

Despite the complexities associated with synthetic oligonucleotides,
chromatography is still the analytical technique of choice for characterising these
biopolymers. However, no one separation technique can fully characterise either the
API, or the related impurities. Consequently, orthogonal and complementary
separation techniques are routinely utilised, e.g. IP-RP-HPLC, AX-HPLC and SEC. The
data from these separation techniques then need to be consolidated and integrated
to provide an overall assessment of both purity and related impurities. Industry is
working with the regulators to provide guidance in this evolving field. One of the
biggest challenges to the regulatory mind-set is the need to re-define impurities.
Classically, impurities have been regarded as related compounds that provide no
beneficial attributes and thus need to be tightly controlled based on safety
considerations, e.g. ICH Q3A and Q3B. In contrast, oligonucleotide derived related
impurities (especially longmers /shortmers) may have similarly efficacy/safety to the
parent API. Therefore, there are less safety concerns and thus greater levels can be
tolerated in the final drug product.

Future progress is likely to be focussed on improving the selectivity and sensitivity of
these existing chromatographic approaches. However, CE and related
electrochromatographic techniques may play a greater role in the future. Recent
advances with interfacing CE with ESI-MS (sheathless ESI) [59], have dramatically
improved sensitivity to levels comparable with HPLC-ESI-MS, and hold much
promise. This coupled with on-line pre-concentration mechanisms like ITP [60],
electrokinetic supercharging [61] or immunoaffinity microreactors [62] has ensured
that CE-ESI-MS is now one of the most selective and sensitive analytical separation
techniques available.
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High Purity Gas Analysis Solutions

The rack mounted high purity gas analyser (HPGA) is the latest chromatography solution from
Ellutia. These systems have been designed with complete flexibility in its configuration, with input
from major gas supply companies, to ensure they satisfy the industry requirements. This allows up
to two detectors, multiple columns in an air blown oven and up to five switching valves for full
multi-dimensional chromatography. The systems are designed in a 6U 19" rack module, with a
secondary module containing the supply gas conditioning units. All systems come equipped with
welded VCR fittings for high integrity gas connections and allowing easy servicing.

Detection limits as low as 5 ppb for trace elements, can be obtained when using a Pulsed Discharge
lonisation Detector (PDID) and low percent levels for the larger matrix components using a Thermal
Conductivity Detector (TCD). Other two detector combinations available include a PDID and Flame
lonisation Detector (FID) for its large linear range for hydrocarbons and the use of two PDID
detectors to gain greater flexibility at high sensitivity.

Each system possesses dual analogue output for ease of connection to integrators such as Clarity
for standard integration and reporting. Ellutia can also produce and supply fully customised
software to integrate with a customer existing manufacturing or control systems. The software can
incorporate operations such as automated control, reporting, error checking and communication
with other parts of the customers system.

The systems can analyse:

Hy, Ar/0y, Ny CHy, CO, COy, CoHg, Kr, Xe and Freons

In the matrix gasses

Hy, Ar, 05, Ny, CO5, HCl, SiHy, BCI3, N»O, CFy and SFg
Ellutia’s Customer Support Manager, Richard Jaroszewicz said

“We have been helping a number of customers maintain old outdated analysis systems and have
had many requests for us to design a system as they were not satisfied with offerings from other
manufacturers. So we are delighted to be able to now offer these fantastic modern systems to fulfil

the customers exacting requirements”
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For more information please visit www.ellutia.com/hpga.html

Are your ECDs legal ?

Electron Capture Detectors contain a radioactive source and so are
controlled by legislation. Ellutia Ltd is licensed to provide a range of
services designed to help users of these devices remain within the law.

It is a legal requirement that the detectors are "wipe tested" to detect
radioactive contamination of the surface at intervals of between one and
three years depending upon local regulations. Ellutia supply a convenient
wipe test kit containing full instructions and materials to perform the test.
The test samples are then sent to Ellutia for analysis and report.

ECDs can be contaminated by dirty samples and require cleaning, the legal requirements mean that
this must only be carried out by suitably qualified personnel in a registered laboratory. This cleaning
is another of the services Ellutia can offer.

Ellutia also offers a service whereby ownership of detectors that are no longer required can be
transferred to Ellutia they will then be assessed for reuse or disposal.

For more information on these services please visit www.ellutia.com/ecd.html
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High Purity Gas
Analysis Solutions

Systems for the Analysis of
H,, Ar/O,, N,, CH,, CO, CO,, C,H,, Kr, Xe & Freons

2 6’
In the Matrix Gases

H,, Ar, O,, N,, CO,, HCI, SiH,, BCI,, N,O, CF, & SF,

Each system is designed to fit in a 6U 19” rack and is indivdually configured to match the
customers specific analytical requirments. A Choice of detector combinations allow for ultra
low detection limits of just 5ppb for trace elements and low % level for larger matrix gasses.

www.ellutia.com/hpga.html
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