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Introduction

THERAPEUTIC NUCLEIC ACIDS MARKETPLACE

Over the last 15-20 years, development of nucleic acid
therapeutics has exploded from a modest but dedicated
effort by specialty research and development organizations
into a widespread enterprise fully embraced by all major
pharmaceutical firms. This explosion is supported by
the discovery of Ribonuclease H (RNase H) function for
antisense oligonucleotides, and the more recent realization
that cellular mechanisms for control of gene expression and
transcriptome regulation can be manipulated to produce
therapeutics for ailments that were previously considered
unresponsive to drugs. Recently, options for therapeutics
with exquisite selectivity also provide the opportunity for
new therapeutic modes and intellectual properties. For
example, Macugen successfully passed clinical trials and
release protocols to become the first approved aptamer
therapeutic. This success encourages further efforts and
opportunities for therapeutic nucleic acid developers.

THERAPEUTIC NUCLEIC ACID MODELS

Several models of nucleic acid therapeutics have been
described, including antisense oligodeoxynucleotides;
ribonucleic acid (RNA) interference; immunostimulatory
nucleic acids; microRNA (miRNA) (along with other
noncoding RNA modes); and aptamers.

Antisense oligonucleotides are nucleic acid therapeu-
tics that are injected into a person for distribution to target
organs by various means. From there, these therapeutics
recruit RNase H to degrade the resulting deoxyribonucleic
acid (DNA)/RNA hybrids, thus minimizing translation of the
target messenger RNA (mRNA).
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There are various models in which the active pharma-
ceutical ingredient (API) is mainly RNA. The first, short in-
terfering RNA (siRNA) employs specific short (19-23 base)
RNA sequences that are incorporated into a cellular complex
RNA-induced silencing complex (RISC) that functions to
degrade RNA complementary to the siRNA. This results in
diminution of a very specific subset of cytosolic mRNA that
is targeted by the administered sequence, severely limiting
the expression of the target gene product.

Immunostimulatory RNA (isSRNA) is a mode that
employs sequence specific motifs, some of which are very
simple (e.g., C,G where the C is not methylated). Introduc-
tion of the specific RNA sequence motif induces a cellular
immune system directing degradation of foreign nucleic
acids. This is mediated by the cellular toll-like receptors
(TLRs), TLR7, 8, and 9.

miRNA is another RNA model that employs a series
of cellular complexes to degrade mRNA in a sequence-
specific fashion. This is almost certainly the pathway that
is conscripted by the siRNA approach, but represents a
mechanism whereby the cel/ controls expression and turn-
over of specific mMRNA. Many miRNA families described
regulate different functions in plants and animals, including
neogenesis and malignant transformations. The sources of
the endogenous miRNA in humans include highly conserved
noncoding regions on chromosomes (initially thought to be
junk DNA) and sequences inserted in specific genes. There
are other noncoding RNA (ncRNA) models, with important
ncRNA motifs being reported regularly. These may arise
from endogenous variations on the miRNA process de-
scribed above.



Aptamers are synthetic nucleic acids selected to inter-
act with specific structures—such as cell surface receptors,
proteins, and other chemical signatures—in a highly specific
manner. They are typically modified with protecting groups
(2'-O-methyl phosphorothioate linkages, DNA bases,
sometimes inverted 3°-3" linkages, and conjugation to
polyethylene glycol). Most therapeutic targets for aptamers
have been extracellular, so they operate in the circulatory
system where these protecting groups prolong their circula-
tory half-life.

BIOSEPARATION SOLUTIONS FOR
NUCLEIC ACID THERAPEUTICS

Thermo Scientific™ offers solutions for the purification
and analysis of essentially all classes of oligonucleotides and
their modifications. Purification efforts are supported by both
high-capacity Thermo Scientific DNASwift™ SAX-1S Mono-
lith Columns (5 % 150 mm) and DNAPac™ PA-100 Semi-Pre-
parative Columns (9 x 250 mm and 22 x 250 mm). These are
housed in bioinert column bodies to prevent column fouling
by corrosion of stainless steel frits and tubing, and typically
employ either PEEK™ or Titanium high-performance liquid
chromatography (HPLC) systems. The solutions described
in this notebook include: 1) analysis of phosphorothioate
oligonucleotides; 2) analysis of single-stranded (ss) and
double-stranded (ds) RNA for therapeutic applications;
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3) anion exchange-HPLC-electrospray ionization mass
spectrometry (ESI-MS) of derivatized oligonucleotides;

4) preparative and analytical separations of nucleic acid
diastereoisomers; 5) coupling of anion-exchange HPLC to
ESI-MS using automated desalting with a Titanium-based
LC system; 6) separation and analysis of RNA contain-

ing aberrant linkage isomers (not resolved by single-stage
ESI-MS alone, including identification of the position of the
aberrant linkages); 7) analysis of nucleoside mono-, di-, and
triphosphates; and 8) useful information for new method
development.

THERMO SCIENTIFIC AND DIONEX INTEGRATED SYSTEMS
Dionex™ Products are now a part of the Thermo Scien-
tific brand, creating exciting new possibilities for scientific
analysis. Now, leading capabilities in LC, ion chroma-
tography (IC), and sample preparation are together in one
portfolio with those in MS. Combining Dionex’s innovation
in chromatography with Thermo Scientific’s leadership
position in MS, a new range of powerful and simplified
workflow solutions is now possible.
These Thermo Scientific integrated solutions can expand
your capabilities and provide tools for new possibilities:
 IC and MS
e LC and MS
* Sample preparation and MS
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Analysis of Phosphorothioate Oligonucleotides

Phosphorothioate (PS) linkages are introduced into
oligonucleotides to restrict the susceptibility of therapeutic
oligonucleotides (ONs) to degradation by plasma and
tissue nucleases. A very large fraction of therapeutic ONs
harbor one or more PS linkages, so their properties must be
thoroughly understood for effective method development.

Anion-exchange chromatography on DNAPac columns
allows resolution of ONs that differ in some cases by only
one atom. One example of this includes analysis of antisense
ON:s. These typically employ phosphorothioate linkages.
Phosphorothioates are ONs in which one of the oxygen
bound only to the phosphorous atom is replaced with a
sulfur atom. The introduction of the sulfur atom results in a
chiral center at the phosphorus atom, so each linkage harbors
two configurations and forms diastereoisomers. An ON with
15 bases can harbor 14 linkages and thus, 2'* (16,384) pos-
sible diastereoisomers. This results in fairly broad peaks. In
the example presented here (Figure 1), dT , phosphorothio-
ate, previously purified by reversed-phase chromatography,
was analyzed at pH 8 and 12.4 using NaClO, eluent.

At pH 8, the components elute with broad peaks and are
poorly resolved. The major peak represents the full length,
fully substituted phosphorothioate. The broad plateau eluting
prior to the major peak represents n-x and incompletely
thioated ONS.

At pH 12.4, the peaks eluting earlier than the major
component are much better resolved, and represent
incompletely phosphorothioated components which lack the
sulfur atom at one or more linkages. These elute as partially
resolved peaks between 7 and 15.5 min. Thus, the peaks
labeled here as All PS, 1 PO, and 2 PO differ from one
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another by only one (All PS vs. 1 PO and 1PO vs. 2PO) or
two (All PS vs. 2PO) atoms.

The broad peaks suggest that some of the 16,384 dia-
stereoisomers may be resolved from one another. In some
cases, only one or two PS linkages are employed, so the
diastereoisomers from these ONs may be resolved.

Column: DNAPac PA100 (4 x 250 mm)
Eluents: A.20 mM Tris pH 8 (pH 8)
24 mM NaOH (pH 12.4)

0 B. A+0.375 M NaCIO,

H oH
00

\ 7/ Gradient: 15-86% B in 20 min (pH 8)
@\ @P\ 15-88% B in 20 min (pH 12.4)
0 0 (both nonlinear, curve 4)
N 0 B 7/0 g. FlowRate:  1.5mlL/min
2 ¢ Temperature: 30 °C
>_Z/ Inj. Volume: 10 pL
Y 4 Detection: UV, 260 nm
Phosphorothioate Phosphodiester ~ Sample: dT15, Reversed-phase purified

Linkage Linkage

0.027

/ AllPS

2P0

0.017

pH12.4, T15

pH12.4, Blank

AU (260nm)

0.007 pHB, T15

] pH8, Blank
0.008 4T BEBRREEE T T T T
0.00 5.00 10.00 15.00 20.00
Time (min)

13078

Figure 1. Resolution of phosphorothioate oligonucleotides with
incomplete thiolation.



In Figure 2, purification of phosphorothioate diastereo-
isomers is shown. A 21-base sequence—the sense strand
of an eGFP RNAi sample as both RNA and as DNA—is
separated on a DNASwift SAX-1S column. This is a hybrid
monolith, where anion-exchange nanobeads, with chemistry
similar to that of the DNAPac PA200 column, are attached to
the monolith surface.

In this example, two phosphorothioate (PS) linkages are
inserted at linkages 6 and 14 in the sequence. When sepa-
rated on the DNASwift (or DNAPac) columns, the four DNA
components are resolved into three peaks, and the four RNA
components are all resolved.

Since the DNASwift column is designed with capacity
similar to porous-bead based anion exchangers (but with bet-
ter peak shape), this separation can be scaled up for lab-scale
purifications.

Here, all four components from the RNA sample were
isolated, desalted, and subjected to ESI-MS, where each
component produced the mass of the full-length ON with
both PS linkages. Since this sequence does not self-associate,
this observation demonstrates that the diastereoisomers are
resolved.
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Column: DNASwift SAX-1S (5 x 150 mm)
Eluents: A. 40 mM Tris.Cl, pH 7

B. A +1.25M NaCl
Gradient: 24-48% B in 16.7 min
Flow Rate: 1.5 mL/min

Temperature: 30 °C
Inj. Volume: 2 pL, 6 mg/mL
Detection: UV, 260 nm

Sample: eGFP Sense, 6 mg/mL

(Sequence and PS
positions as shown)

eGFP* (sense strand):5” AGC UGAs CCC UGA AGsU UCA UdCdT 3~
* indicates position of phosphorothioate linkage
S

Four diastereoisomers

950 57 s s 3”
57 s 3”
- T s A
5° s 3° B Y
5~ s __ 3 D
S S
RNA, Sense, 2 PS (4 isomers)
mAZGO B C
A
D
DNA, Sense, 2 PS (4 isomers)
-50 T

T
10
Minutes

20

27299

Figure 2. Separation of isobaric diastereoisomers on the DNASwift

SAX-1S column.




Analysis of ss- and dsRNA

The discovery that short dsRNA species can effect
exquisite control of the expression and turnover of RNA in
animals, plants, and protists led to an explosive increase in
the development of potential RNA therapeutics. The applica-
tions presented here underline the crucial role the DNAPac
plays in RNA therapeutic analysis and meeting the needs of
developers preparing pharmaceuticals in this rapidly growing
field.

This new class of pharmaceuticals consists of two
complementary ssRNAs of 19-21 bases that are annealed
to form a single dsSRNA. In practice, excess sSRNA of

Column: DNASwift SAX-1S (5 x 150 mm)
Eluents: A. 40 mM Tris, pH 7

B.A+1.25 M NaCl

24-48% B in 16.7 min

1.5 mL/min

Temperature: 30 °C

Inj. Volume: 2, 4 pL, 6 mg/mL
Detection: UV, 260 nm
Gradient Sample: 21 mer Sense RNA

Flow Rate:

mAZGU

In RNA form J
—eA— e —— e~ ——

In DNA form
O -

T T
0 10 20
Minutes

27300

eGFP (sense strand):5” AGC UGA CCC UGA AGU UCA UdCdT 3~

Figure 3. Relative retention of RNA and DNA on a DNASwift mono-
lith column.
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either strand is considered an impurity, and so it must be
characterized.

RNA and DNA differ by only one atom per nucleotide.
This difference allows them to adopt slightly different solu-
tion conformations, and thus slightly different interactions
with the stationary phases. Figure 4 demonstrates that DNA
tends to elute significantly earlier than RNA at pH 7. RNA
might be expected to elute later at a very high pH (> 12),
where the 2" hydroxyl will begin to ionize, but not at pH 7 as
shown. Hence, the solution conformation influences the ON
interaction with the stationary phase.

RNA degrades at pH values as low as 8, hence, pH
values above 8 have been considered as a poor choice for
the separation of RNA ONs. However, pH-induced RNA
degradation is a slow process, and does not usually occur in
the time frame for ON analysis on column. To evaluate the
RNA degradation by pH during chromatography, an RNA
sample was run at pH 11 using different flow rates to change
the oligoribonucleotide residence time on the column.

In the example presented here (Figure 3), the number
of peaks and relative peak area for both RNA and DNA
remained essentially unchanged for residence times from 7
to 21 min, indicating a lack of on-column degradation for
that time period even at this very high pH, representing a
thousand-fold increase in hydroxide concentration over
pH 8. Further, control of extensive hydrogen bonds, such as
those formed in G-tetrad ladders of considerable length, may
require pH values up to 12.4 or temperatures > 95 °C. On the
lower pH end, depurination becomes more likely as the pH
falls to < 6. Since depurination will lead to strand scission,
pH values < 6.5 are not typically recommended for ON AEC.



Column: DNAPac PA200 (4 x 250 mm)
Eluents: A. 4 mM diisopropylamine to pH 11 with NaOH
B. A+0.33 M NaClO*
Gradient: 30-70% B in 3.2 column volumes
Flow Rate: 1.0 mL/min (top), 0.67 mL/min (middle), 0.33 mL/min (bottom)
Temperature: 30 °C
Inj. Volume: 5 pL
Detection: UV, 260 nm
Sample: eGFP antisense RNA (sequence as shown)

Sequence: 5’AUG AAC UUC AGG GUC AGC UdTdG 3’

27 Flow: 1.00 mL/min N
329
,2 : :
45 60
207 Flow: 0.67 mL/min s
1.25M Nade””w_m"m_“V”vv“".m”“".m,vvuu.vvnnﬂm,ﬂvuu.w”v"“
M, |1:20 M NaCl
143%
_2 : I
6.15 8.00 1215
27 Fiow: 0.33 mL/min -
46.9%
_2 . : l
150 190 235

Minutes

27301

Figure 4. On-column stability: effect of high pH on eGFP antisense
RNA. Peak labels indicate relative area (area %) at 7, 10.5, and
20.5 min residence time; pH 11.

DNAPac and DNASwift columns are useful for
the analysis of both ss- and dSRNA. The use of elevated
temperatures to control hydrogen bonding, within or between
ON:ss, is a widely used technique. Pellicular anion-exchange
chromatography of dsSRNA and DNA/RNA hybrids can also
benefit from careful selection of temperature during chroma-
tography. As shown in Figure 5, two complementary RNA
strands, and the duplex formed after annealing them together,
were individually analyzed on a DNAPac PA200 column
at pH 7 and 30 °C. Under these conditions, the two ssSRNA
were well resolved from one another, and both were resolved
from the duplex. In this example, a small molar excess of
the antisense strand was present, and the excess appeared as
a small peak eluting at the position of the antisense sSRNA.
This is typical of many efforts to prepare dsRNA; this sepa-
ration technique demonstrates an easy titration method of the
two ssRNA components to molar equivalence.
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By modifying chromatographic temperature, conditions
to better resolve each component may be obtained. As the
temperature is increased, the elution positions of the two
ssSRNAs and the dsSRNA will increase. This optimizes the
resolution of all three components for the new RNA pharma-
ceuticals, allowing ssSRNA impurity characterization.

Column: DNAPac PA200 (2 x 250 mm)  Temperature: 30 °C
Eluents: A 20mM TrispH 7 Inj. Volume: 10 pL
B.A+1.25M NaCl Detection: UV, 260 nm
Elradlgntt: . égasﬁs_;%’ Bin 15 min Sample: Sense and antisense strands of
OW Rate: HL/min eGFP sSRNA,
sSDNA, and duplexes
Antisense sequence: 5’-AUGAACUUCAGGGUCAGCUATAG-3"
Sense sequence:5’-AGCUGACCCUGAAGUUCAUACAT-3"
1,230
230 6GFP antisense  €GFP sense
RNA
MAyzy dSRNA

eGFP antisense RNA

N
eGFP sense RNA
Duplex eGFP RNA
(excess antisense strand)
-20 T T 1

0 5 10 15
Minutes

27302

Figure 5. Resolution of duplex, ssRNA at 30 °C on the DNAPac
PA200 column: 325-750 mM NaClin 17.2°, 300 uL/min, pH 7.

Figure 6 shows that the retention of each RNA compo-
nent has increased, thereby exchanging the relative elution
order of the ds- and antisense ssSRNA strands.



At 60 °C, it is seen that the retention of each RNA com-
ponent has increased further, causing the elution order of the
two ssSRNAs (sense and antisense) to reverse.

Column: DNAPac PA200 (2 x 250 mm)  Temperature: 40 °C
Eluents: A.20 mM Tris pH 7 Inj. Volume: 10 pL
B. A+1.25 M NaCl Detection: UV, 260 nm
Gradient: 26-56% B in 15 min Sample: Sense and antisense strands of
Flow Rate: 300 pL/min eGFP sSRNA
sSDNA, and duplexes
Antisense sequence:5’-AUGAACUUCAGGGUCAGCUATdG-3"
Sense sequence:5’-AGCUGACCCUGAAGUUCAUACAT-3"
12309 eGFP antisense 6GFP sense
RNA A
N
dsRNA
mAQGO
eGFP antisense RNA
| eGFP sense RNA _JL
Duplex eGFP RNA
L (excess antisense strand) .
720 T T T
0 10 15
Minutes
27303

Figure 6. Resolution of duplex, ssRNA at 40 °C on the DNAPac
PA200 column: 325-750 mM NaClin 17.2°, 300 uL/min, pH 7

As seen in Figure 7, at 50 °C, the retention of each RNA

Column: DNAPac PA200 (2 x 250 mm)  Temperature: 60 °C
Eluents: A. 20 mM Tris pH 7 Inj. Volume: 10 pL
B.A+1.25 M NaCl Detection: UV, 260 nm
(Fslr;v(:lagtte ggaﬁ"/&m?nm 1o min Sample: Sense and antisense strands of
: eGFP ssRNA,
SSDNA, and duplexes
Antisense sequence:5’-AUGAACUUCAGGGUCAGCUATAG-3"
Sense sequence:5’-AGCUGACCCUGAAGUUCAUACAT-3"
630 eGFP antisense
RNA
eGFP sense /
dsRNA RNA
mAQGO
L] eGFP antisense RNA L
A eGFP sense RNA
Duplex eGFP RNA
|| (excess antisense strand) y A
-20 d T T
0 75 ) 15.0
Minutes 27305

component has increased, causing the two ssSRNAs (sense

and antisense) to elute closer together.

Minutes

Column: DNAPac PA200 (2 x 250 mm)  Temperature: 50 °C
Eluents: A.20mM Tris pH 7 Inj. Volume: 10 pL
B. A +1.25 M NaCl Detection: UV, 260 nm
Gradient: 26-56% B in 15 min .
) ; Sample: Sense and antisense strands of
Flow Rate: 300 pL/min 6GFP SSRNA,
sSDNA, and duplexes
1930+ Antisense sequence:5’-AUGAACUUCAGGGUCAGCUATAG-3"
’ Sense sequence:5’-AGCUGACCCUGAAGUUCAUACAT-3"
eGFP
) eGFP
antisense RNA sense RNA
dsRNA /
mAzeo )
eGFP antisense RNA
. eGFP sense RNA JL
Duplex eGFP RNA
| | (excess antisense strand) )
rv
-20 T T 1
0 12 18

27304

Figure 7. Resolution of duplex, ssRNA at 50 °C on the DNAPac
PA200 column: 325-750 mM NaCl in 17.2°, 300 uL/min, pH 7
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Figure 8. Resolution of duplex, ssRNA at 60 °C on the DNAPac
PA200 column: 325-750 mM NaCl in 17.2°, 300 uL/min pH 7.

At 70 °C (Figure 9), the retention of each RNA compo-
nent has again increased, causing the two ssRNAs (sense and
antisense) to elute more and further apart.



Column: DNAPac PA200 (2 x 250 mm)  Temperature: 70 °C
Eluents: A.20 mM Tris pH 7 Inj. Volume: 10 uL

B.A+1.25 M NaCl Detection: UV, 260 nm
Elrad';”}: ) 5365?_% B in 15 min Sample: Sense and antisense strands of
ow Rate: uL/min €GFP SSANA,

sSDNA, and duplexes

Antisense sequence:5’-AUGAACUUCAGGGUCAGCUATAG-3"
Sense sequence:5’-AGCUGACCCUGAAGUUCAUACAT-3’

eGFP antisense
1,230 RNA
eGFP sense /
RNA
dsRNA AN

\

mA,

eGFP antisense RNA

260 L
eGFP sense RNA

1|
Duplex eGFP RNA
(excess antisense strand) )
T

r/i

0 75 15.0
Minutes

27306

Column: DNAPac PA200 (2 x 250 mm)  Temperature: 80 °C
Eluents: A 20mM TrispH 7 Inj. Volume: 10 pL

B.A+1.25M NaCl Detection: UV, 260 nm
Gradient: 26-56% B in 15 min ’
) : Sample: Sense and antisense strands of
Flow Rate: 300 pL/min 6GFP SSANA,

sSDNA, and duplexes

Antisense sequence:5’-AUGAACUUCAGGGUCAGCUATAG-3"
Sense sequence: 5’ -AGCUGACCCUGAAGUUCAUACAT-3’

1,230
eGFP antisense
RNA
eGFP sense
RNA
AN
mAZGO
eGFP antisense RNA ~
dsRNA (melting)
eGFP sense RNA
Duplex eGFP RNA \
(excess antisense strand)
-20
T T T
0 6 12 18

Minutes
27307

Figure 9. Resolution of duplex, ssRNA at 70 °C on the DNAPac
PA200 column: 325-750 mM NaCl in 17.2°, 300 uL/min, pH 7.

At 80 °C (Figure 10), the retention of each RNA
component has increased, and the duplex has begun to melt
(causing both ssSRNAs—sense and antisense—to appear in
the duplex chromatogram). Therefore, sense and antisense
strands are less well resolved at 80° C than at 70 °C.

This series of temperature assays (3080 °C) reveals
the ability to optimize the separation of both ssSRNAs from
each other and from the duplex. The 80 °C trace also reveals
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Figure 10. Resolution of duplex, ssRNA at 80 °C on the DNAPac
PA200 column: 325750 mM NaCl in 17.2°, 300 uL/min, pH 7.

a difference in the peak areas for the sense and antisense
strands in the duplex preparation due to partial melting of the
duplex. This peak area difference allows a direct assessment
of the relative molar inequivalence of the sense and antisense
strands. Using the molar extinction coefficients and the peak
areas of each strand, the user can calculate the amount (in
this case, of sense strand) required to prepare a perfect 1:1
molar ratio for duplex formation.



Anion-Exchange ESI/MS of Oligonucleotides—

Analysis of Impurities in theTarget

Oligonucleotide Product

Mass spectrometry capabilities have been applied to
AE-separated ONs after manual desalting on C18 cartridges
by ESI and MALDI-TOF approaches. These techniques
are valuable for the identification of ON impurities. ESI
was shown to provide superior results compared to simple
MALDI-TOF techniques, especially for longer ONs. A
high-throughput method for automated desalting of IP-
RPLC-separated ONs was developed by Novatia LLC.
Here, this method is adapted to automatically desalt anion-
exchange-separated ONs. The automated system employs
the Thermo Scientific Dionex UltiMate 3000 Titanium LC
system equipped with the WPS-3000 TBFC fraction-collect-
ing autosampler as shown in Figure 11. With this system,
ONss are applied to DNAPac or DNASwift pellicular AE
columns, and eluted using a salt gradient. Peaks detected by
absorbance are collected to unique positions in the autosam-
pler, and the collected fractions automatically desalted on
an Acclaim® reversed-phase guard column using an ion-pair
reagent and methanol as eluents. The desalted sample may
be collected and submitted for ESI-MS at a later time, or im-
mediately directed to the ESI-MS inlet.

12

Syringe
Vglllveg

Waste

Syringe

WPS-3000 TBFC

DNASwift
or DNAPac

Sample
—
/0»% @Loop From Pump Quarternary
C ) :lpump
Bridge (Mg, *" .
Tubegf q Sampling l
7O % Needle OligoTrap O
¥ (<] e
w FV " or Acclaim ecsvé
SO Fraction PA-I 6
Valve
Wash Liouid Waste ‘2"¢ (1
Reservoir
| UV Detector
<>Well Plate or Sample Tray From
Detector

| i ] e

Carousel

Waste

27308

Figure 11. Automated purification and desalting using a well-plate
sampler with injection, fraction collection, and column selection

valves.

Anion-Exchange ESI/MS of Oligonucleotides—Analysis of Impurities in the Target Oligonucleotide Product




In the example presented here (Figure 12), an oligode-
oxynucleotide (ODN) was purified on a DNAPac PA200
column using NaCl as eluent and at pH 12, to examine the
purity of a DNAPac-purified ON.

Column: DNAPac PA200 (2 x 250 mm) ~ Flow Rate: 300 pL/min
Eluents: A. Deionized water Temperature: 30 °C
B.1.25 M NaCl Inj. Volume: 20 pL, 37 pg/mL
C. 0.1 M NaOH Detection: UV, 260 nm
Gradient: 16-68% B in 20 min . "
Isocratic 10% C Sample: 21mer DNA, sequence indicated
Fractions: 1 fraction 70

Dx-96: 5  ATT gTA ggT TCT CTA ACG CTg 3~
300+

17.72

The starting flow rate of an ion-pair eluent system (as
shown in Figure 13) was 0.7 mL/min. The blue trace indi-
cates the output of a high-sensitivity conductivity detector,
and shows elution of the salt from the sample in the first
20 s. At 0.7 min, the eluent switches from 1.5% to 40%
CH,OH in the ion-pair eluent, and the flow is reduced to
0.3 mL/minute for possible introduction into the MS. The
ON elutes between 1.7 and 2.0 min, and the initial conditions
are restored to re-equilibrate the cartridge at 2.3 min.

‘When the UltiMate WPS-3000 TBFC was used, the
sample was collected back into the autosampler instead of
being directed into a mass spectrometer; thus, a flow rate
reduction during ODN elution (for MS compatibility) was
optional.

mA,

260

Minutes
27309

Figure 12. Purification of a 21-base oligonucleotide, MW = 6427.
80-195 mMNaCZO4 in 15 min, pH 12.

As shown in Figure 13, the purified ODN sample was
desalted on an Acclaim 4.6 x 50 mm guard column before
submission to ESI-MS.

Column: Acclaim PA 1l (4.6 x 50 mm) Flow Rate: 700 pL/min for 0.8 min
Eluents: A. 0.375% DIEA, 300 pL/min for 1.6 min
0.75% HFIP, 10 uM EDTA 700 pL/min for 1.6 min
B. 40 % CH,OH in eluent A Temperature: 30 °C
Gradient: 1.5% B for 0.7 min, Inj. Volume: 20 pL
100% B for 1.0 min Detection:  Conductivity for salt elution
1.5% B for 2.3 min UV, 260 nm for oligonucleotide
Sample: DNAPac-Purified Dx 131
0.09

1.85 Oligonucleotide

Elution of salt plug A
/ 100% ’/

40% CH,0H:
1.5% !

1.9%
Elute
oligonucleotide

Switch eluent,
Salt reduce flow
emoval  for mass spec.

Re-equilibrate cartridge

~

Absorbance, mA,;

Conductivity, pS
Flow: 700 pL/min

Flow: 700 pL/min
Flow: 300 pL/min

Minutes
27310

Figure 13. Oligonucleotide desalting on an Acclaim PA-1I column;
IP-RPLC retention, oligonucleotide elution with CH,OH.
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The ProMass deconvolution peak report indicates the
presence of three nucleic acid components and a sodium ad-
duct. This purified ODN’s two contaminants include an n-C
and an n-A-both at < 5% of the intensity of the full-length
ODN. Thus, the DNAPac-purified ODN harbored small
amounts of two different n-1 impurities, which were identi-
fied by AXLC-ESI/MS.

12,0
Dx96 Deconvoluted ESI-MS 64273
10.0E* | /
8.0F—
£ 6.0F'-
4.0F*
4 |
208 61147 6138.0 ﬁoz
\
0.0F: A . . L.
6000 6100 6200 6300 6400 6500
Dx96: 5 A TTg TAg gTT CTC TAA CGC Tg 3~

Mass Peak List Sorted by Intensity:

1
6600

Mass  Intensity Delta Mass Relative% %Total Presumed ldentity
Target, 6427.2, A1-G21

6427.3 9.1E+4 0.0 100.00 903
61147 43E+3 3134 444 40
6450.2 2.0E+3 226 310 28
6138.0 20E+0 -289.6 210 1.9
6436.5 1.1E+3 8.5 1.10 1.0

T2-G21, or n-A
n+Na* (adduct )
n-C

27311

Figure 14. The (deconvoluted) spectra of the sample in Figure 13.
The ESI-MS shows impurities in Dx96 primary peak.
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Anion-Exchange ESI/MS of Oligonucleotides—
Analysis of Oxidation Products of Purified
Biotinylated Oligonucleotides

To further demonstrate the separation, desalting, and
Column: DNAPac PA200 (2 x 250) mm) Inj. Volume: 5 pL

ESI-MS process, a biotinylated oligodeoxynucleotide was Eluents: A 10 mM NaOH (pH 12) Detection: UV, 260 nm
. . . B. 1.25 M NaCl in eluent A Sample: Derivatized oligonucleotide,
selected with the sequence shown. This ODN was purified Gradient  16-63% Bin 20 min 02 mg/mL
on a2 x 250 mm DNAPac PA200 column using a NaCl Flow Rate: 300 pL/min Fractions:  # 83, collected with WPS
. . .. BTFC autosampler using
gradient at 300 uL/min at pH 12. Under these conditions, the peak collection
full-length sample appears to resolve from its degradation g, DiotimsTCIG CIT GTA GGA TCT TTA AAG ACG A 37
products and the ON failure sequences (Figure 15). 1744
0 850
Biotin i
NH
BN e s
MA,g, | S ——
16% 160
O‘W L_A)\A
8
T = T
0 10 20

Minutes

27312

Figure 15. DNAPac purification and desalting of Dx-131 (5 -biotin).
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After desalting, the sample is submitted to ESI-MS
analysis, and the raw and deconvoluted spectra are shown in
Figure 16.

As seen, the biotinylated ODN appears to be free of ON-
derived contaminants, and only a small amount of sodium
adduction is observed. However, an impurity is observed
having a mass of ~16 amu larger than that expected for the
biotinylated 25 mer.

The deconvolution peak report generated by ProMass
software highlights the unexpected mass, and proposes
an addition of oxygen to the purified ODN, indicating an
oxidation. Since biotin oxidation is possible, this oxygen is
proposed to be due to the oxidation of the biotin moiety,
possibly from separation at pH 12.

Hence, this system shows effective purification of a
modified ODN, its subsequent and automated desalting, and
successful ESI-MS analysis revealing a possible oxidation.
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9.9E+003
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g Local nibanet 100w =

Mass Peak List Sorted by Intensity, Dx130:
Biotin-CTG CTT GTA GGA TCT TTA AAG ACG A

Mass(Da) +Std. Dev. Intensity ~ Score  Delta-Mass %Relative %Total Presumed Identity

8102.1 02  494E+004 16.10 00 10000 6645 Target Mass: 8101.5,
/5Bio/1-A26

8117.0 02  203E+004 1425 149 MN.07 2729 8101.5 Target +15.5
(*0 Oxidation)

8139.0 02  346E+003 1050 369 699 465 8101.5Target+37.5

(70 Oxidation, *Na Adduct)
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Figure 16. ESI-MS of desalted Dx-131 (5 -biotin) with raw and de-
convoluted spectra, and MS Peak report.
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Analysis of 2°, 5°-Linkage Isomers in RNA
and DNA, and Elucidation of Aberrant

Linkage Position

The use of RNA as a therapeutic tool has been demon-
strated for both ds- (RNA interference and regulatory
microRNA) and ss- (such as aptamer) forms. This has stimu-
lated great interest and led to numerous efforts to prepare
oligoribonucleotides (ORNs) for therapeutic applications.
Unlike DNA, RNA harbors a 2" hydroxyl moiety; under
conditions used for synthetic nucleic acid release and depro-
tection, this can result in a phosphoryl-migration, producing
2’, 5'-linkages. These aberrant linkages are known to inhibit
certain human nucleases and polymerases, and so agencies
responsible for regulating RNA therapeutic development
require demonstration of their presence and linkage position.

In addition, some commercial preparations of RNAi
libraries employ RNA and DNA with 2°, 5’-linkages, so
methods to confirm their presence are also needed. The
presence of 2°, 5'-linkages does not change the ionic charac-
ter, hydrophobicity, or mass of the RNA or DNA. Thus, com-
monly employed analyses were not considered adequate by
the regulatory agencies. However, ONs with 2", 5’-linkages
have been shown to influence ON solution conformation; so,
to the extent that the presence of these linkages impact this
conformation, they may also influence their interaction with
stationary phases.

Here, a DNASwift SAX-1S high-capacity monolith
column is used to to resolve and purify 12 ORN samples with
zero to two 27, 5"-linkages (Figure 17). Using NaCl as the
eluent, resolution of a single-sequence RNA with
2’, 5'-linkages to different positions within the sequence, was

17

Column:
Eluents:

Gradient:
Flow Rate:
Temperature:
Inj. Volume:
Detection:

Sample:

DNASwift SAX-1S (5 x 150 mm)

A. 40 mM Tris.Cl, pH 7
B. A +1.25M NaCl
26-42% B in 16.7 min
1.5 mL/min

30°C

3L

UV, 260 nm

eGFP antisense, 1.5 mg/mL

Probe Aberrant linkage position(s)
Dio-1 none
Dio-2 1
Dio-3 1,2
Dio-4 1,3
Dio-5 10
Dio-6 10, 11
Dio-7 10, 12
Dio-8 5
Dio-9 15
Dio-10 20
Dio-11 18,20
Dio-12 19,20

eGFP Sequence: 5 -A

9)
ot
Position: 1 2 3 5

18

Minutes
GAACUUCATGTGTGUCAGCUUG—B'
101112 15 181920

27314

Figure 17. DNASwift resolution of RNA linkage isomers. 4.5 ug
injected, 325-575 mM NaCl in 10 CV.
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Column: DNAPac PA200 (2 x 250 mm) Flow Rate: 300 pL/min

Eluents: A. 40 mM Tris.Cl, pH 7 Temperature: 60 °C
B.A+1.25 M NaCl Inj. Volume: 25 pL
Gradient: 28-52% B in 16.7 min Detection: UV, 260 nm
Curve 4 Sample: 8GFP antisense RNA,
50 pg/mL
Asterisk (*) indicates position of 2°,5-linkage
12.85

AUG AAC UUC AGG GUC* AGC UUG

AUG AAC UUC AGG GUC AGC UUG (normal) ‘NZJS
L

[ [

AUG AA*C UUC AGG GUC AGC UUG N2'67
i . . 12.49
AUG AAC UUC AGG GUC AGC* UU*G
12.38
A*U*G AAC UUC AGG GUC AGC UUG
;r/
1218
AUG AAC UUC A*GG GUC AGC UUG
AUG AAC UUC A*G*G GUC AGC UUG 11.66
I AUG AAC UUC A*GG* GUC AGC UUG N1~54
_—
T T 1
0 5 10 15

Minutes
27315

Figure 18. DNAPac PA200 column purity check of RNA, 21 mers.

remarkably similar to that obtained on the DNAPac PA200
column, revealing that several of these linkage isomers are
resolved from one another and also from the ORN lacking the
aberrant linkages.

While partial resolution of the ORN harboring the aber-
rant linkages at one position from those harboring them at
different positions is useful, it does not constitute a definitive
analysis for the presence of these aberrant linkages.
However, these linkages are resistant to cleavage by phos-
phodiesterase-I1 [Calf-Spleen exonuclease, PDAse-1I (E.C.:
3.1.16.1)], so digestion with PDAse-II will produce digestion
products reflective of their position within the sequence.

As seen in Figure 19, DNAPac PA200 column
chromatography of PDAse-II-treated, mixed-base RNA 21
mers containing one or two aberrant 2’-5" linkages at differ-
ent positions in the RNA, results in specific, differentially
retained degradation products. The chromatographic elution

Column: DNAPac PA200 (4 x 250 mm) Probe Aberrant linkage position(s)
Eluents: A. 40 mM Tris.CI, pH 8 Dio-1 none
B.A+0.33 MNaCIO, Dio-2 1
Gradient: 3-36% B in 20 min Dio-3 1,2
Flow Rate: 1.0 mL/min Dio-4 1,3
Temperature: 30 °C Dio-5 10
Inj. Volume: 3 pL Dio-6 10, 11
Detection: UV, 260 nm Dio-7 10,12
. D Dio-8 5
Sample: PDAse-Il Digests of eGFP Dio-9 15
NMPs Digestion Products Dio-10 20
395 = : v Dio-11 18,20
1.44 Dio-12 19,20
153/ 1.60
Dio-1
Dio-10
Dio-12
Dio-2
Dio-11
mA, 4
“ 360 Dio-8
42 Dio-6
447 Dio-5
416 4.83 9.5 Dio-9
536, .98 Dio-4 N
568 634 Dio3 |
] Dio-1:L0 1284
-5 T 1
0 6.0 135
Minutes
eGFP Sequence: 5’—ATUTGTA ACUUCAGGGUCAGEC UTU G-3°
Position: 1 2 3 5 101112 15 1819 20
27316

Figure 19. Elution of PDAse-1I digestion products. PDAse-11 fails to
cleave at 2°, 5 -linkages leaving partially digested products.

position is indicative on the length of the digested fragment.
This allows a definitive demonstration of the presence of
these linkages. However, it does not allow elucidation of the
position of these aberrant linkages.

In order to establish the position of the aberrant 2,
5’-linkages in ORN:Ss, the following test was repeated. First,
the authors used the DNASwift hybrid monolith column to
purify ORNs with and without aberrant linkages. Then, their
purity was verified and they were digested with PDase-II.
The digestion products were then purified and desalted using
the automated protocol on an Acclaim PA-II column, and the
desalted digests were examined by ESI-MS.
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DNASwift SAX-1S Purification

Column:  DNASwift SAX-1S Temperature: 30 °C

(5 x 150 mm) Inj. Volume: 85 pL, 1.5 mg/mL
Eluents:  A. 40 mM Tris, pH 7 Detection: UV, 280 nm
B. A+1.25M NaCl .
1,200 :
Gradient: 26-42% Bin 167 min  SomPle €GFP antisense 21 mer
Flow Rate: 1.5 mL/min
A. Dio-11
mAZBD
MA
= K
R
0 1
0 Minutes 21

DNAPac PA200 Purity Assessments

Column: DNAPac PA200 (2 x 250 mm) Inj. Volume:  B. 0.63 pL, 800 pg/mL
Eluents: A.20 mM Tris, pH 7 C. 25 pL, 50 pg/mL

B. A +1.25M NaCl Detection: UV, 260 nm
Gradient: ~ 28-52% B in 12.0 min, curve 4 Sample: B. Maching-grade Dio-11

?OW Ratte: _ ggo EL/mm C. Purified desalted Dio-11
emperature: (eGFP antisense).

B. Dio-11 C. Dio-11
Machine-grade RNA
Full-length purity: 78%

Fraction 20
Full-length purity: 97%

T
0 Minutes 16 0 Minutes 16
27317

Figure 20. RNA purification using the DNASwift SAX-1S column

The DNASwift purification of one of the ORNSs is
shown in Figure 20.

In Figure 21, the desalted, full-length ORN is desalted
(top panel) and examined by ESI-MS (bottom panel) to
verify purity. Only the full-length mass and two sodium
adduct masses are observed.

A. On-Line Desalting

. - Conductivity

E + Trace

¢ (NaCl

'+ Washout)

Lo Purified

H 1 Dio-11

. Elution

: iFlow:

! 1000 pL/min

11000 pL/min

[l
'
'
'
1
Il
'
'
[
.

> 300 pL/min',

Fr-1 UV Trace
Eluent4: 15%" = —
0 . 2
Minutes
1.0E B. ESI-MS of
Purified Desalted Dio-11 6r121
8.0F
6.0E
o4
6757.6
200
6776.8
008 T T T T
6110 6288 6466 6644 6822 7000

Mass (d)
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Figure 21. RNA desalting using the Acclaim PA-II guard column.
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This sample, amongst several others harboring aberrant from ORNSs known to harbor aberrant linkages at specific
linkages, was then treated with PDase-II

The PDase-II digestion products were subsequently
purified on a 4 x 250 mm DNAPac PA200 column with

NaClO, eluent at pH 7, and several fragments were collected

positions in the sequence (Figure 22).

These were then desalted using the Acclaim PA2 column
with reversed-phase eluents instead of ion-pair eluents, and
the desalted fragments were submitted to ESI-MS analyses.

The desalting protocol and an example mass raw

spectrum (not deconvoluted) reveal a molecular mass of

Colmn:  DNAPac PA200 (4x250mm)  Inj. Volume: 65 L 1327.2 amu (Figure 23). This is consistent with a base
Eluents: g- Rei%ﬂggsﬂ Vxlatglro Detection: UV, 260 nm composition of A U G,. Given the ORN sequence, the only
A0, a . : e . . .
C.02 M TrisMSA, pH 7 Samples: - PDAse- Digests of eGFP position in which these bases are contiguous comprises the
Gatient  0.30% 8025 min 750 pgmL
: 38% , ..
10% C isocrtic Probe Aberant linkage positon(s) four bases at the 5" end of the sequence. This indicates the
?OW Raltei gOS ﬂéL/miﬂ B:gg i aberrant linkage to be at position 1 or at 1 and other positions
emperature: ° - 3
Dio-6 10,11 in the first four bases.
RNA Fragments from
Injection Phosphodiesterase digestion
Spike 3" NPs |
Column:  Acclaim PA-Il (4.6 x 50 mm) Flow Rate: 500 pL/min
Eluents: ~ A. 20 mM Ammonium formate, pH 6 Temperature: 30 °C
B. A+40% CH,0H Inj. Volume: 25 pL
Gradient: 1% B, hold for24 s Detection: UV, 260 nm
g:ep {0 ]O/Oé ﬁ Pd"}d “1"2;7 s Samples:  Purified PDASe-I
ep10 1% b, holdlor 1295 digests of éGFP RNA (Dio-3)
41 pg/ml
A Dio-6
MAzgy 900 Dio-3 fragment desalting using Acclaim PA-Il
o5 |0 01 1
Salt (Conductivity trace)
Dio-3 L M RNA Fragment
_— (Absorbance trace
) 1 at 260nm)
0 Minutes 12
27319 |
Figure 22. DNAPac purification of PDAse-11I digests of eGFP anti- 0
sense RNA.
Collected
fraction
Gradient trace I
—400 T i T / ]
0 ! Minutes 3
ESI-MS of purified desalted digestion fragment
8 100 s;:,‘fjﬁ‘;;‘ Dio3-Fragment 1
_§ Z=2 raw mass spectrum
H 2 T, Sediated
3 @ Fragment=A,U.G, o agcts
kS 3 B
@ o [ W . v . : A 4\
200 400 600 o, 800 1000 1200 1400
27320

Figure 23. Oligonucleotide fragment desalting.

20 Analysis of 2°, 5"-Linkage Isomers in RNA and DNA, and Elucidation of Aberrant Linkage Position



Table 1 summarizes the data for the samples purified
on the DNASwift column, digested with PDase-II; and
products purified on the DNAPac PA200, desalted on the
Acclaim PAII column, and evaluated by ESI-MS. The table
aligns the ESI-MS mass assignments with the sequence and
positions of the 21-base RNA at each aberrant linkage. As
summarized here, fragments from two to four bases were
observed, each with base compositions consistent with the
2’-linked base, and one (or two) bases to the 3" side of the
aberrant linkage. In cases where a single aberrant linkage
was inserted, fragments were either two or three bases long.
In cases where two aberrant linkages were present, fragments

of three to four bases were revealed. Further, cases of two
aberrant linkages separated by a normal linkage include Dio-
7 and Dio-11 (aberrant linkage at the 3" end). In each case,
the fragments represent the latest-eluting component and
comprised 4-base RNAs. Dio-11 occurs at the 3-end, so this
fragment terminates with a 3 -hydroxyl group instead of a
phosphate. The fragment base compositions allows sequence
inference from the (known common) parent RNA sequence,
thereby confirming that assignment of the positions of the 2°,
5’-linkages in RNA samples can be deduced from the ESI-
MS-derived base composition and the sequence (unless the
sequence harbors frequent repeats).

Name Fragment Number Sequence and Position of Digest Fragment Fragment ID Mass
Dio1: none 5'-AUG  AAC UUC AGG GUC AGC UUG -3 None (only NMPs) -

Dio3: Fri 5'-A*U*G AAC UUC AGG GUC AGC UUG -3 ApUpGpAp, 1327.2
Dio5: Fr2 5'-AUG AAC UUC A*GG GUC AGC UUG -3 ApGp 691.2
Dio5: Fr3 5'-AUG AAC UUC A*GG GUC AGC UUG -3’ ApGpGp 1037.2
Dio6: Fr4 5'-AUG AAC UUC A*G*G GUC AGC UUG -3’ ApGpGp 1037.2
Dio7: Frb 5'-AUG  AAC UUC A*GG* GUC AGC UUG -3’ ApGpGpGp 1382.2
Dio8: Fré 5'-AUG  AA*C UUC AGG GUC AGC UUG -3’ ApCpUp 958.1
Dio9: Fr7 5'-AUG AAC UUC AGG GUC* AGC UUG -3’ CpAp 652.1
Dio11: Fr8 5'-AUG  AAC UUC AGG GUC AGC* UU*G -3’ CpUpUpG-0H 1200.2

Table 1. Identification of phosphodiesterase-1I RNA fragments (and resulting mass) based on known sequence. Elution on DNAPac PA200 col-
umn. eGFP antisense strand: 5'-AUG AAC UUC AGG GUC AGC UUG-3'. Modifications: Underlined residues have 27 -5" linkages.

Emboldened bases indicate identified fragments.
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Analysis of Nucleoside Mono-, Di-,

and Triphosphates

The analysis of the nucleoside triphosphates in PCR
reaction mixtures allows verification that the dNTPs (or
NTPs for RNA amplification protocols) have not degraded.
Analysis of amplification cocktails after amplification can
reveal which component may have limited the amplification,
and also reveal possible product inhibition. Here, a linear
gradient is used to elute all 24 ANXPs and NXPs found in
RNA and DNA amplification mixes at 23—27 °C.

The optimum temperatures for RNA and DNA compo-
nents with this gradient were observed to be different:

23 °C for DNA components, and 27 °C for RNA compo-
nents. Minor changes to tubing length, mixer design, and
column oven may contribute to somewhat different results
for different chromatography systems.

22 Analysis of Nucleoside Mono-, Di- and Triphosphates

Column: DNAPac PA200 (4 x 250 mm) Elution Order:

Eluents: A. Deionized water 1. dCMP 13.dCTP
B.0.1 M NaOH 2. CMP 14. CTP
D.0.25 M NaCl 3. dAMP 15. dATP

Gradient: 12-60% B in 29 min, 4. AMP 16. dTDP
Isocratic 10% B 5. dCDP 17. ATP

Flow Rate: 1.4 mL/min 6. CDP 18. UDP

Temperature:  23-27 °C, as indicated 7. dTMP 19. dGDP

Inj. Volume: 10 pL, 37 pg/mL 8. dADP 20. GDP

Detection: UV, 260 nm 9.  UmpP 21.dTTP
Sample: Nucleoside mono-, di-, and }? déaﬁ; ggdgi
triphosphates as DNA and RNA 12 oup 21 GTP
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Figure 24. Analysis of nucleoside phosphates: effect of temperature
using the DNAPac PA200 column.



Method Development Using Anion-Exchange
Chromatography for Nucleic Acids

This section demonstrates method development for
nucleic acid separations through nucleic acid interactions
with anion-exchange stationary phases.

The development of ONs to be used for pharmaceutical
applications require critical analyses. This analyis is sup-
ported by Dionex anion-exchange chromatography columns
that were designed to employ ON chemistry for selectivity
optimization.

In Figure 25, a linear salt gradient was used to elute a
mixed-base 25 mer sequence. The top panel is with NaCl
eluent and the bottom panel uses NaClO, as the eluent salt.
In both panels, increasing eluent pH produces a pronounced
increase in retention of the ON. This is due to the ioniza-
tion of the tautomeric oxygen on G and T bases (T shown as
inset). This ionization confers a formal increase in negative
charge for each T and G as the pH increases between 9 and
11 (this does not occur if the ON contains only C and A).
Since different ONs often contain different proportions of G
and T, their pH-dependent retention increases will differ. This

allows users with sequence or composition information to
predict eluent pH values likely to produce resolution between
ONss eluting near one another at neutral pH.

While the effects of pH are qualitatively similar in these
different eluents, perchlorate-based systems elute ONs at
much lower concentrations, and use lower gradient slopes
(5§ mM/mL vs. 15 mM/mL for NaCl) without significant
loss of resolution. Perchlorate is also a chaotropic salt, so it
influences hydration of both the ON and stationary phase.
This tends to minimize the effect of hydrophobic interactions
between the nucleobases and the phase. Therefore, the use of
NaClO, tends to encourage retention primarily on net charge.
Similarly, reducing the pH will minimize the charge on the
nucleobases. Thus, reducing the pH with NaClO, eluent will
tend to encourage retention bases primarily on ON length.
For DNAPac and DNASwift columns, pH represents a more
powerful influence for control of retention, while salt form
exerts a smaller influence.
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Column: DNAPac PA200 (4 x 250 mm)

Eluents: A. 40 mM buffer, pH as indicated 0 0
B.1.25 M NaCl in eluent A H Hy oy H,
or 0.33M NaClO, in eluent A -~ )\N
Gradient: ~ Top: 26-72% B in 32 min 0" / HO™ )
Bottom: 21-56% in 19 min R R
FlowRate: 1.2 mL/min (both) oH7 oH 11

Temperature: 25 °C
Inj. Volume: 14 pL, 40 pg/mL
Detection: UV, 260 nm

Sample: Dx 79, Sequence as indicated
25 mer sequence:CTG AAT GTA GGT TCT CTA ACG CTG A

pH 12
pH 11
pH8
T

0 10 Minutes 2

A. Flow: 1.20 mL/min, 15 mM/mL NaCl

e L pH 10

pH9

B. Flow: 1.20 mL/min, 5 mM/mL NaCIO,

pH 12
MAsg) l, pH 11
pH10
pH9
Ll pH 8
T 1
0 10 20

Minutes
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Column: DNAPac PA200 (4 x 250 mm)

Eluents: A. 40 mM buffer, pH as indicated
(+20% CH,CN)

B. 1.25 M NaCl in eluent A

Top: 26-61% B in 24 min

Flow Rate: 1.2 mL/min (both)
Temperature: 25 °C

Inj. Volume: 12 pL, 40 pg/mL
Detection: UV, 260 nm

Gradient: Sample: Dx 79, sequence as indicated

25 mer sequence:CTG AAT GTA GGT TCT CTA ACG CTG A

Flow: 1.20 mL/min
20% CH,CN 13.8% H1o
14.
A 6.0 9.9jL 35/ pH 11
0 5.42 | I pH10
i —
B S .
0 Minutes 20
Flow: 1.20 mL/min
22.74
No CH,CN 2257 | pH 12
15.04 pH 11
Mo || 74 pH10
pH9
| 68 pH8
| 6.15 pH65
T T T
0 10 20 30
Minutes
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Figure 25. Effect of eluent salts on pH-induced retention using the
DNAPac PA200 column and showing the effects of pH and salt form
on single-stranded nucleic acid retention.

Some ONs used for critical applications harbor more
hydrophobic characteristics. These require a more specific
approach for critical analyses. Like NaClO,, the addition of
solvent to the eluent will tend to reduce interactions between
the nucleobases and the stationary phase.

In Figure 26, pH-dependent retention in NaCl eluent on
the PA200 column is compared in the presence and absence
of 20% CH,CN. With this solvent, pH-dependent retention
persists, but overall retention is significantly reduced. The
effect of solvent also impacts pH-dependent retention, in that
ON elution time increases slightly when the pH shifts from
11 to 12 without solvent, but decreases with the programmed
pH shift in 20% solvent. This effect is not observed when
perchlorate eluents are used without solvent.

An important use of high pH eluents is control of
Watson-Crick or other hydrogen-bonding interactions. For
most ONs, these bonds are overcome at pH values above
10.5 or 11, and eventually GC or poly-G hydrogen bonds are
theoretically denatured at pH 12.4. Hence, use of high pH
is also a useful method for controlling unwanted inter- and
intrastrand interactions during chromatography.

Figure 26. Influence of solvent on DNAPac PA200 retention: NaCl
eluents.

Oligonucleotides may be modified with chemical deriva-
tives for use as capture probes or as specific detection
beacons. These are often very hydrophobic, and can
introduce additional hydrophobic interactions that influence
chromatographic peak shape. These need to be well
controlled for critical analyses.

To demonstrate the utility of salt form for control of
peak shape, a 25 nt sample without and with one or more
common derivatives was analyzed on a DNAPac PA200
column with NaCl and NaClO, eluents (Figure 27).

As seen in the top panel of Figure 27, NaCl eluent were
used without solvent to separate these very hydrophobic
samples. The peak width values (at half-height [PW'2], in
minutes) reveal PW'% values of 0.275 +0.07 min. However,
the same samples separated with NaClO,-based eluents pro-
duced PW'; values of 0.064 + 0.007 min. In this case, use of
NaClO, eluent reduced the peak width parameter to <25%
of that observed using NaCl eluents.

While use of such hydrophobic derivatives is not re-
quired for many ON assays, and often hydrophobic deriva-
tives have no effect on ON peak shape, Figure 27 illustrates
a simple method to control peak shape when hydrophobic
derivatives must be used.
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Panel A Panel B

Column: DNAPac PA200 (4 x250 mm)  Column: DNAPac PA200 (4 x 250 mm)

Eluents: A. 20 mM Tris, pH 8 Eluents: A. 20 mM Tris, pH 8
B.A+1.25 M NaCl B. A+0.33 M NaCIO,

Gradient: 27-59% B in 18.5 min Gradient: 24.2-48.5% B in 13.3 min

FlowRate: 1.2 mL/min FlowRate: ~ 1.2mL/min

Temperature: 35 °C
Inj. Volume: 5 pL, 50 pg/mL
Detection: UV, 260 nm

25 mer + derivative

Temperature: 35 °C
Inj. Volume::  3-5 pL, ~50 pg/mL
Detection: UV, 260 nm

Sample: 25 mer =+ derivative Sample:
Peak labels indicate peak width (half height, min) 0.356

0.346
Dx131 (78+5' TET)

Dx133 (78+5' TET,+3' TAMRA)

Dx132 (78+5°Flr) 0‘%40 0233
Dx130 (78+5'Biatin)

ﬂk’ Dx78

0 8 16

mAZGO

-

0.069] 0.073

Dx78-5'TET,+3' TAMRA 0.062

A Dx78-5TET
. Dx78-5°Flr

Xx78-5'Biotin
. Dx78

0.057

AO.OGO l

mA,

260

Minutes
27324

Panel A Panel B

Column: DNAPac PA200 (4 x 250 mm) Column:

Eluents: A.20 mM Tris, pH 8, no CH,CN  Eluents:
B. A+1.25 M NaCl, no CH,CN

Gradient:  27-59% B in 18.5 min

Flow Rate: 1.2 mL/min

Temperature: 35 °C

Inj. Volume: 3-5 pL, ~50 pg/mL

Detection: UV, 260 nm

Sample: 25 mer + derivative Sample:

DNAPac PA200 (4 x 250 mm)
A.20 mM Tris, pH 8, 20% CH,CN
B. A+1.25 M NaCl, 20% CH,CN
Gradient:  26-56% B in 17.4 min

Flow Rate: 1.2 mL/min

Temperature: 35 °C

Inj. Volume: 5 pL, 50 pg/mL

Detection: UV, 260 nm

25 mer + derivative

Peak labels indicate peak width (half height, min)
A. 20% CH,CN

0073
0055 0.068
0.057
0059
Dx131 (78+5' TET)
Dx133 (78+5' TET+3' TAMRA)
L JL___Dx132(78+5'FIn
F D130 (78+5' Biotin)
A Dx78
m 260
B. No Solvent 0.356
0.346

D131 (78+5' TET)

r Dx133 (78+5' TET+3' TAMRA)
L Dx132 (78+5°Flr) 10.233 0.200
0

020 J|” Dx130 (78+5'Biotin)

Dx78

Minutes
27325

Figure 27. Effect of salt form on hydrophobic DNA peak width: NaCl
vs. NaClO,

As in the previous example, ONs modified with very
hydrophobic chemical derivatives for use as capture probes
or as specific detection beacons introduce additional
hydrophobic interactions that influence chromatographic
peak shape. As a second example of peak shape control, a
25 nt sample without and with one or more common deriva-
tives was analyzed on a DNAPac PA200 column with
NaCl eluents with and without 20% acetonitrile as solvent
(Figure 28).

In the top panel of this example, eluents without sol-
vent were used to separate these very hydrophobic samples.

Figure 28. Effect of solvent derivatized on peak width.

The peak width values (at half-height, [PW’4] in minutes)
reveal PW' values of 0.275 £0.07 min. However, the same
samples separated with 20% CH,CN produced PW'2 values
0f 0.062 + 0.008 min. In this case, use of solvent eluent
reduced the peak width parameter to <25% of that observed
using NaCl eluents.

While use of such hydrophobic derivatives is not re-
quired for many ON assays, and often hydrophobic deriva-
tives have no effect on ON peak shape, Figure 28 illustrates
a second method to control peak shape when hydrophobic
derivatives must be used.
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Column: DNASwift SAX-1S (5 x 150 mm) Order of Elution:

Eluents: A. 40 mM Tris, pH 7 Cal610
B. 1.25 M NaCl in eluent A Parent sequence (unlabeled)
Gradient: 16-80% B in 15 min Biotin
FlowRate: 1.5 mL/min Texas Red
Inj. Volume: 8 pL FAM
Detection: UV, 260 nm FAM + lowa Black
Sample: Derivatized oligonucleotides, Joe
0.4 mg/mL Lg(

Dx-78 Sequence:5°CTG CTT GTA GGA TCT TTA AAG ACG T3~
30+

Dx-78-HEX 1035 HVL

Dx-78-TET

Dx-78-JOE

mAZGO

Dx-78-Texas Red

Dx-78-Biotin
Dx-78-
Unlabeled parent sequence

Dx-78-CAL610 71

0 T T

0 8 Minutes 16
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Figure 29. DNASwift oligonucleotide probes: fluorophore series.

Like the DNAPac columns, the DNASwift hybrid
monolith column also resolves ONs harboring hydropho-
bic probe structures from one another, and from the parent
sequence lacking the derivatives. In Figure 29, 3 ug samples
were separated using a steep (survey) gradient on NaCl at
pH 7. Each of the ONs bearing the derivatives are resolved
from one another and all, except the ONs with Cal610 or
biotin, are resolved from the parent sequence without modi-
fications. As demonstrated, when using DNAPac columns,
a less steep gradient will better resolve the ON derivatives,
and addition of a small amount of solvent, use of NaClO,,
or even use of higher temperature with a column oven, will
improve peak shape.

Temperature:  As indicated
Inj. Volume: 16 pL

Column: DNASwift SAX-1S (5 x 150 mm)
Eluents: A. 30 mM Tris to pH 8 with MSA

B.A+1.25 M NaCl Detection: UV, 260 nm
Gradient: 8-64% B in 15 min Samole:
i ple: AR25 (20 mer) 0.5 mg/mL
Flow Rate: ~ 1.77 mL/min (Top) (Sequence as shown)

Sequence: 5 -GGG ATG CAG ATC ACT TTC CG-3’

—
=

1734L

=2}
©

159 pL

—
=

<

©

162 pL

mA

260

6 , 12 18
Minutes
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Figure 30. Effect of temperature on DNASwift PW": and resolution.

In Figure 30, a 20-base ON was examined on a DNAS-
wift SAX-1S hybrid monolith column at different tempera-
tures. Adequate separation is observed at 30 °C, but increas-
ing the temperature increases retention and reduces peak
width (improving resolution), especially of the components
eluting near the full-length AR25 20 mer. This illustrates
the advantages of high-temperature ON chromatography.
Another advantage is that operation above the melting tem-
perature of the ON eliminates possible intra- and interstrand
hydrogen bonding.

Since use of low pH, NaClO,, and solvent all tend to
reduce the influence of nucleobases on retention, combining
these three conditions should tend to promote elution primar-
ily in order of ON length, and this is a common goal during
analysis.
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To demonstrate this effect, 21 ONs with alterations at
5" and 3" ends, and containing 21-25 bases were separated
on a DNAPac PA200 column at pH 6.5, using NaClO,
eluents with 20% CH,CN. The earliest- and latest-eluting
components for each ON length were overlaid together on
this set of chromatograms. The components of each length
are at least partially resolved from the components of every
adjacent length, even though they all have nearly identi-
cal sequence. This demonstrates that ONs with related base
sequences are resolved from one another primarily on the
number of bases under these conditions.

Column:  DNAPac PA200 (4 x 250 mm)  Temperature: 30 °C

Eluents:  A. 20 mM phosphate, pH 6.5, Inj. Volume: 5 pL
with 20% CH,CN Detection: UV, 260 nm
B.0.33 M NaGI0, in eluent A Sample: Oligonucleotides of

Gradient:  21-43% B in 12 min

Flow Rate: 1.2 mL/min related sequence, 40 pg/mL

21 Elution Order: By length

Oligonucleotide length:

T T T 1
3 4 5 6 7
Minutes 27308

Figure 31. Oligonucleotide elution based primarily on length using
the DNAPac PA200 column. Excerpted from Analytical Biochemis-
try 2005, 338, 39-47.

As mentioned earlier, often, unwanted hydrogen-bond-
ing within- or between-oligonucleotide strands can interfere
with chromatographic separations regardless of the separa-
tion mode. With anion-exchange chromatography, high pH
or high temperature can be used. In this case where the pH
must remain low, unwanted hydrogen bonding interactions
can be controlled either by increased temperature, or by
the addition of chaotropic agents, such as 6 M urea or 25%
formamide. These agents increase the eluent viscosity, and
thus the operating pressures, so their use requires some care
to ensure that rapid increases in flow (and thus very high
pressure) do not damage the instrument.

Since the increase in pH increases ON retention, and
since the retention increases depend on the number of T and
G bases. Changes in pH can also influence retention order. In
the cases where two closely related ONs must be resolved,
for example n and n-1 sequences, changes in pH can allow
control of selectivity.

In Figure 32, the effect of pH on selectivity with two
23-base ODNs (sequences provided) in NaCl, and NaClO,
eluent systems is demonstrated. Both ONs exhibit dramati-
cally increased retention with increasing pH. This is due to
the ionization of the tautomeric oxygen on each G and T as
the pH increases (T shown). These two ONs also exhibit pH-
dependent elution order reversals in each salt. With NaCl, the
elution order reverses between pH 9 and 10. With NaClO,,
the reversal is between pH 9 and 11 (coelution at pH 10).
The extent of the retention difference between the ONs is
more dramatic in NaCl than in NaClO,. This derives from
the chaotropic nature of NaClO,, that suppresses hydropho-
bic interactions, contributing to the separation in NaCl.

Oligonucleotide 23 mer sequences:
1. (Dx88): GA TTG TAG GTT CTC TAA CGC TGA
2. (Dx89): TGA TTG TAG GTT CTC TAA CGC TG

A. Flow: 1.20 mL/min, 15mM NaCl/mL gradient

B 2 pH 11
" T DA
260
BE it
t A2 p
ft:j“ sone T M
— Y w— Y

B. Flow: 1.20 mL/min, 5 mM NaCl0,/mL gradient

TEZ: i
] 1: pH 11
lonization of Thymine

mA,, |« 1:pH10 0 0

]
260
J 2:pH9 HN CH, N CH,
L 1pHo - |
0" /N HO
L 2:pH8 R R
) I 1:pH8 pH7 pH 11
T T T
0 10 Minutes 2 30
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Figure 32. Effect of salt form on pH-dependent selectivity.
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IP-RPLC does elute ONs based on their size, but does
not support facile control of selectivity, and does not resolve
many ONs having identical mass, such as RNA linkage
isomers, or diastereoisomeric ONs, even when coupled to
single-stage MS.

Because ON retention is profoundly influenced by pH
between 6 and 12.4, the authors have developed a method
to quickly and reliably deliver eluents at pH values in that
range. While it is possible to employ eluent selection valves
to deliver premade eluents at various pH values, these are
cumbersome to execute as each eluent must be separately
prepared and multiple valve systems must be employed.
The method developed is a programmable system with
quaternary eluent proportioning. This allows use of one pair
of eluents for pH control, and the other pair of eluents to
provide a salt gradient. Usually, the gradient eluents are 1)
deionized water, and 4) a salt solution (e.g., 1.25 M NacCl or
0.33 M NaClO,). Eluent 2 and 3 are used for pH program-
ming. Eluent 2 is 0.2 M NaOH, and eluent 3 is TAD buftfer, a
combination of Tris-base, 2-amino-2-methyl-1-propanol, and
di-isopropylamine, each at 0.2 M, and adjusted with meth-
ane sulfonic acid (MSA) to pH 7.2. These buffers harbor pK
values ranging from pH 8 to 11. While HCl is typically used
to adjust pH for eluents, it was found that HCl-adjustment
of this buffer set tends to promote microbial growth, while
MSA tends to inhibit it. Proportioning between eluents 2
and 3 allows delivery of a target pH. Generally, a fixed
fraction of the total delivered eluent (e.g., 20%) is used to
generate the desired pH, but this system also allows pH
gradient formation.

An advantage of this system is that the salt form can
be quickly changed by preparing a single new eluent (e.g.,
0.33 M LiCIO,). To determine the proportion of each of
the pH-generating eluents, the authors prepared a standard
curve from the pH delivered by each proportion (0-20%) of
the two eluents. The pH is monitored with a calibrated pH
detector placed in the eluent line after the column and UV
detector. Since three buffers are used, the relationship of
proportion to pH is not linear. Each buffer contributes a dis-
tinct pH curve, and these are designed to overlap. Our pH vs.
relative proportion data is converted into the standard curve
using a sixth-order polynomial regression using Microsoft
Excel, and the data with the regression line printed to use
for day-to-day experiments. In most of the authors' work,

sodium salts are used which are known to influence pH mea-
surements; also, relatively high salt concentrations are used,
usually between 50 mM and 1 M. To examine the effect of
sodium ion on pH measurement, the pH measurements were
repeated using salt concentrations of 100, 400, and 800 mM.
It was found that the pH vs. eluent 3 to eluent 4 proportion is
essentially identical under each condition. Figure 33 illus-
trates a standard curve prepared with NaCl

This figure also provides the Excel-derived sixth-order
polynomial equation, which is then employed to calculate
the proportions of eluents 2 and 3 to deliver a desired eluent
pH. To verify that the desired pH is correctly delivered, we
employ a calibrated, in-line pH electrode. Using this system
one can program a desired pH with eluents 2 and 3, and
use eluents 1 and 4 to prepare simple or complex multistep
gradients.

Sixth order polynomial equation, x = desired pH
% [E2] = 0.0317x° - 1.8247x° + 43.524x* - 550.61%° + 3894.1x? - 14584x + 22572
% [E3] =20 - % [E2]

pH vs. Eluent Proportion [E2] (Duplicate Assays)

20
: 7
16
14
12
%E2
10
8
6
4
. 4
0
6 7 8 9 10 1 12 13
Resulting pH
Calculation of Eluent Proportions
Desired % E2 % E3 Desired % E2 % E3
pH  [NaOH]  [Buffer] pH  [NaOH]  [Buffer]
7.00 0.1 19.9 9.75 14 8.6
725 0.8 19.2 10.00 1.9 8.1
750 2.2 17.8 10.25 12.5 75
7.75 38 16.2 10.50 13.0 7.0
8.00 53 147 10.75 135 6.5
8.25 6.7 133 11.00 139 6.1
8.50 79 121 11.25 143 5.7
8.75 8.8 1.2 11.50 14.8 52
9.00 9.6 10.4 1.75 15.7 43
9.25 10.2 9.8 12.00 17.3 2.7
9.50 10.8 9.2

27330

Figure 33. Dial-a-pH standard curve: pH vs. eluent proportion using
0.2 M NaOH vs. 0.2 M TAD. TAD = 0.2 M Tris, 0.2 M, 2-amino-
2-methyl-1-propanol, 0.2 M di-isopropylamine, pH 7.2.
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Application Note 100

High-Resolution Analysis and Purification
of Oligonucleotides with the

DNAPac™ PA-100 Column

INTRODUCTION

The DNAPac™ PA-100 anion-exchange column is
specifically engineered to provide unit-base resolution of
synthetic oligonucleotides to 60 bases and beyond. This
column is packed with a pellicular anion-exchange resin
in which quaternary amine-functionalized microbeads are
bound to a 13-iim diameter nonporous polymeric substrate
(see Figure 34). The rapid mass transport characteristics of
this resin result in higher resolution oligonucleotide
separations than are possible with traditional macroporous
resins or reversed-phase columns. Additionally, the
DNAPac PA-100 can be operated routinely under strongly
denaturing conditions, including high temperature or high
pH. Anion-exchange separations under denaturing conditions
are particularly useful for the resolution of oligonucleo-
tides with high guanine (G) content or with regions of
complementary sequence.

In this application note, methods for the separation
of various synthetic oligonucleotides on the 4-mm
diameter DNAPac PA-100 analytical column are presented.
Included are pH 8.0 and pH 12.4 gradient programs. Also
presented are strategies for the scale up of analytical
separations to semipreparative purifications using a
22-mm diameter column.

EQUIPMENT
Dionex DX 500 HPLC system consisting of:

GP40 Gradient Pump
AD20 UV/Visible Absorbance Detector
LC20 Chromatography Enclosure

Dionex PeakNet Chromatography Workstation

REAGENTS AND STANDARDS

Deionized water, 17.8 MQ-cm resistance or better
Sodium hydroxide solution, 50% w/w, low carbonate

Tris(hydroxymethyl)aminomethane (molecular
biology grade)

Sodium chloride
Sodium perchlorate monohydrate

Disodium ethylenediaminetetraacetate (EDTA),
dihydrate (molecular biology grade)

pd(A),, ,, (Pharmacia Biotech Inc., Piscataway,
New Jersey, USA)

pd(A)
pd(G)

-20 sequencing primer, crude 17-mer,

10-60, (Pharmacia Biotech Inc.)

s, (Pharmacia Biotech Inc.)

(Genosys Biotechnologies, Inc. Woodlands,
Texas, USA)

CONDITIONS

Columns: DNAPac PA-100 analytical, 4 x 250 mm
DNAPac PA-100 guard, 4 x 50 mm
DNAPac PA-100 semipreparative,
22 x 250 mm

Eluent A: Deionized water

Eluent B: 0.20 M NaOH

Eluent C: 0.25 M Tris-Cl, pH 8.0

Eluent D: Option 1: 1.0 M NaCl
Option 2: 2.0 M NaCl
Option 3: 0.375 M NaClO,

Flow Rate: 1.5 mL/min, except where noted

Inj. Volume: 200 uL

Detection: UV, 260 nm

High-Resolution Analysis and Purification of Oligonucleotides with the DNAPac PA100 Column
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PREPARATION OF SOLUTIONS AND REAGENTS
Eluent A: Deionized H,0
Vacuum degas 1 L of deionized water.

Eluent B: 0.20 M NaOH

Dilute 10.4 mL of low carbonate 50% w/w sodium
hydroxide to 1 L with degassed, deionized water. Pellets of
NaOH are coated with a layer of sodium carbonate and are
not suitable for eluent preparation.

Eluent G: 0.25 M Tris-Cl, pH 8.0

Dissolve 30.28 g of tris(hydroxymethyl)amino-
methane in 800 mL of deionized water. Adjust the
pH to 8.0 by the addition of approximately 10 mL
of concentrated HCl. Add deionized water to a final
volume of 1 L and vacuum degas the solution.

Eluent D, Option 1: 1.0 M NaCl

Dissolve 58.45 g of sodium chloride in 800 mL of
deionized water. Add deionized water to a final volume of
1 L and vacuum degas the solution.

Eluent D, Option 2: 2.0 M NaCl

Dissolve 116.9 g of sodium chloride in 800 mL of
deionized water. Add deionized water to a final volume of
1 L and vacuum degas the solution.

Eluent D, Option 3: 0.375 M NaCl0,

Dissolve 52.67 g of sodium perchlorate monohydrate
in 800 mL of deionized water. Add deionized water to a
final volume of 1 L and vacuum degas the solution.

0.5 M EDTA, pH 8.0

Add 93.1 g of disodium ethylenediaminetetraacetate
dihydrate to 400 mL of deionized water. While stirring,
add NaOH (approximately 10 g of pellets) until the EDTA
is completely dissolved and the pH is stable at 8.0. Add
deionized water to a final volume of 500 mL and autoclave
to sterilize.

TE Buffer, pH 8.0
10 mM Tris-Cl, pH 8.0
1 mM EDTA, pH 8.0

100 nm diameter MicroBeads

1710

Figure 34. Pellicular structure of the DNAPac PA-100 resin.

SAMPLE PREPARATION
pd(A),, , PA(A),, ;, and pd(B),, .,

Each lyophilized DNA homopolymer sample
was dissolved in TE buffer to produce a 1-mg/mL
solution. Before injection, DNA was diluted to the
appropriate concentration with deionized water.
The “p” in the chemical symbol indicates that the
oligomers are phosphorylated.

-20 Sequencing Primer

The lyophilized, unpurified synthetic oligonucleotide
was suspended in TE buffer. To remove particulate matter,
the sample was centrifuged at 12,000 x g for 5 minutes and
the supernatant was transferred to a fresh tube. The DNA
concentration was determined by measuring the absorbance
at 260 nm and applying the manufacturer’s suggested
conversion factor of 1.0 A, = 30 pg/mL. The oligonucleo-
tide was diluted with deionized water to the indicated
concentration before injection.

RESULTS AND DISCUSSION
High-Resolution Separations at pH 8.0

The high resolving power of the DNAPac PA-100
can be demonstrated by the analysis of synthetic DNA
homopolymers. Typical results for the analysis of 1 g
of pd(A),, ,, are shown in Figure 35. A gradient of 100
to 450 mM NaCl in the presence of 25 mM Tris-Cl
pH 8.0 was used to elute the pd(A) oligonucleotides.

High-Resolution Analysis and Purification of Oligonucleotides with the DNAPac PA100 Column
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Time (min) %A %C %D Curve
0.00 80 10 10 5

2000 45 10 45 4 Peaks:
0.018 —
AU
0.00
[ I [ [ 1
12 14 16 18 20
Minutes

10952

Time (min) %A %C %D Curve
0.00 85 10 5 5

20.00 64 10 26 4 Peaks:
0.018 —
AU
0.00
T T T T T |
10 12 14 16 18 20
Minutes

10953

Figure 35. Separation of I ug of pd(A),, ,, at pH 8.0 with a
100 to 450 mM NaCl gradient. Small peaks represent dephos-
phorylated impurites (see text). Eluent D, Option 1 was used:
1.0 M NaCl.

The sample was injected at a relatively low NaCl
concentration of 100 mM to ensure efficient binding
of the oligonucleotides to the column. The pd(A)
homopolymer mixture was resolved into seven main
peaks, which represent the seven phosphorylated
oligonucleotides described by the manufacturer. Also
detected were seven minor peaks, which coeluted with
the d(A),,
tion of the pd(A) ,
(data not shown).
DNA can be eluted from the DNAPac PA-100
by a variety of anions other than chloride, including
acetate,! bromide,? and perchlorate.' The use of NaClO,
as an eluent has been thoroughly investigated.' Perchlo-

sample with alkaline phosphatase

rate is particularly useful for the analysis of phospho-
rothioate DNA, in which sulfur has been substituted
for non-bridging oxygen on the phosphate backbone.
Since this sulfur substitution results in an increased
affinity of DNA for the DNAPac resin, conventional salt
gradients such as 0-2 M sodium chloride often will not
elute phosphorothioates."? For the pd(A),, . sample,
gradient elution with NaClO, rather than NaCl produced
similar chromatographic results (see Figure 36). Relative
to NaCl, much lower concentrations of NaClO, are
needed for DNA elution.

A somewhat different NaCl gradient was used for

analysis of a pd(A),, ., oligonucleotide mixture (see

40-60

Figure 37). In addition to the 21 expected peaks, at least
one additional minor peak was detected. Since these

oligonucleotides produced by dephosphoryla-

Figure 36. Separation of 1 ug of pd(A),, ,, at pH 8.0 with a 19
to 98 mM NaClO, gradient. Slightly different selectivity relative
to NaCl elution is observed (see Figure 35). Eluent D, Option 3
was used: 0.375 M NaClO,.

Time (min) %A %C %D Curve
0.00 80 10 10 5
2.00 49 10 4 5

25.00 39 10 51 3

0.004 —
AU
-0.001
[ I I |
5 10 15 20 25
Minutes

10954

Figure 37. Separation of 1.5 ug of pd(A),, ., at pH 8.0 with a
shallow 410 to 510 mM NaCl gradient. The sample was injected
at 100 mM NaCl to ensure efficient binding of the DNA to the
column. Eluent D, Option 1 was used: 1.0 M NaCl.

oligonucleotides are longer and possess a stronger negative
charge than the pd(A),, |
tions are needed for elution. After sample injection at

100 mM of NaCl, the NaCl concentration was stepped

to 410 mM over 2 minutes. A shallow (410 to 510 mM)
NaCl gradient over 23 minutes was used for elution of the
DNA. This gradient strategy couples the high resolving

species, higher NaCl concentra-

power of shallow gradients with short run times.

High-Resolution Analysis and Purification of Oligonucleotides with the DNAPac PA100 Column



High pH Separations o
Self-complementary sequences or poly-G stretches T”B%(Umm) S/BA 1%0 1%[) C%rve

can result in intra- and intermolecular associations of - 20.00 0 10 % 3

oligonucleotides. These associations can prevent efficient

oligonucleotide separation under non-denaturing conditions.
The DNAPac PA-100 can be operated at high temperature AU
(to 90 °C) or athigh pH (to pH 12.4) for the separation of
samples that contain such sequences. As an example, the
attempted separation of pd(G),, ,, at room temperature 0.000
with a 100 to 900 mM NaCl gradient at pH 8.0 is shown
in Figure 38. The poly-G sequence composition causes the 0 2 4 6 8 10 1 14 1B 18 2

sample to elute as one broad, diffused band. At pH 12.4, Minutes 10055

hydrogen bonding is abolished. As a consequence, the

Figure 38. Attempted separation of 3 ug of pd(G),, ,, with a

12-18

seven primary pdG homopolymers are resolved at pH 12.4, NaCl gradient at pH 8.0. Self-complementary sequences or

as are a number of minor contaminating species (see Fig- poly-G regions in DNA can prevent oligonucleotide separation
. .. . . under non-denaturing conditions. Eluent D, Option 1 was used.:

ure 39). Relative to pH 8.0, an additional negative charge is 1.0 M NaCl.

present on the bases G and T at pH 12.4. This extra charge

provides additional separation selectivity because it causes

oligonucleotides with high levels of G and T to elute later Time (min) %A %B %D Cunve Peaks: 1. pd

(G)1p

than sequences low in G and T. 000 825 125 5 5 2.pd(G)y5
200 625 125 25 5 3.pd(G)14

0.010 — 20.00 425 125 45 4 4 3 67 4 pd(G)15

Analytical to Semipreparative Scale Up 5 5. p0(C)yg
DNAPac PA-100 columns are available in diameters 6. pd(G)y7

of 9 mm and 22 mm for semipreparative applications. AU
Analytical separations on the 4-mm diameter column
can be scaled directly to the larger columns, so that

methods development for semipreparative applications 0.000
can be performed rapidly on the analytical column with r— 1 1 T 1T T T T T 1

. . 0 2 4 6 8 10 12 14 1 18 20
small amounts of sample. For direct scale up of analytical Minutes
gradient chromatography, a constant column volume 1056
scaling rule should be observed: The number of column- Figure 39. Resolution of pd(G),, ,, homopolymers at pH 12.4

with a 500 to 900 mM NaCl gradient. The sample was injected

. . at 100 mM of NaCl. At high pH, hydrogen bonding between
gradient should remain constant. To demonstrate scale poly-dG sequences is eliminated. Eluent D, Option 2 was used:

up of a method from the 4-mm diameter to the 22-mm 2.0 M NaCl.
diameter column, an analytical separation was developed

volumes of eluent delivered over the duration of the

for the “-20 primer,” a crude synthetic 17-mer with the
sequence 5-GTAAAACGACGGCCAGT-3. A7.5to ways to accomplish the transfer:

124 mM NaClO, gradient over 20 minutes at pH 8.0 1) The flow rate of the analytical method was decreased
was used for separation of the primer from the various from 1.5 mL/min to 0.33 mL/min. A 10.0-mL/min
failure sequences in the sample. Figure 40a shows an flow rate on the 22-mm diameter column is equivalent

to a 0.33-mL/min flow rate on the 4-mm column

The analytical method was modified in the following three

analytical separation of 1.0 pg of this sample on the

4-mm diameter column. because flow rate scales with the cross-sectional area

The objective of the scale up exercise was the of the column:
transfer of this analytical method from the 4-mm diameter
column at a flow rate of 1.5 mL/min to the 22-mm diameter

2
column at 10.0 mL/min. 10.0 mL/min X (2 mm)

(11 mm)? = 033mL/min {1}
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Figure 40a. Separation of the -20 primer from synthesis
failure sequences. A 7.5 to 124 mM NaClO, gradient was used
for analysis of the 1-ug sample. Eluent D, Option 3 was used:
0.375 M NaClO,

2) The duration of the analytical method was increased to
90 minutes. The constant column volume scaling rule
dictates that the 20-minute gradient at 1.5 mL/min is
equivalent to a 90.9-min gradient at 0.33 mL/min:

(1.5 mL/min) _

~ = 909 min {2}
(0.33 mL/min)

20 min X

Separation of 1 pig of DNA on the 4-mm diameter
column with a 90-minute gradient at a flow rate of
0.33 mL/min is shown in Figure 7b. Nearly identical
chromatograms were obtained in Figures 7a and 7b,
which demonstrates the scaling fidelity of separations
on the DNAPac PA-100.

3) The final step in the scale up was to transfer this
90-minute separation from the 4-mm diameter to the
22-mm diameter column. For this transfer, the grad-
ient used for Figure 40b was delivered to the 22-mm
diameter column at a flow rate of 10.0 mL/min. Figure
40c shows the separation of 30 LLg of DNA by this
method. The chromatography scales in a highly
predictable manner, so that analytical methods can
be transferred easily to preparative applications.

Oligonucleotide Purification

Injections up to approximately 10 pg of crude
synthetic DNA yield sharp, symmetric peaks on the
analytical 4-mm diameter column. On the 9-mm and
22-mm diameter columns, upper load limits for analytical
chromatography are approximately 50 pg and 300 pg,
respectively. Purification of larger samples is possible by

Figure 40b. Separation of 1 Ug of the -20 primer with a
90-minute NaClO, gradient delivered at 0.33 mL/min. Note
the similarity between this separartion and the 20-minute
separation shown in Figure 40a. Eluent D, Option 3 was used.:
0.375 M NaClO,.

Time (min) %A %C %D Curve
0.00 8 10 2 5

90.00 57 10 33 4
0.03 — Full length

AU

0.00 _M\_,LW&\\._____

Minutes

10959

Figure 40c. Scale up of the -20 primer analytical separation

to the 22-mm diameter DNAPac column. A 30-ug sample was
analyzed at a flow rate of 10.0 mL/min. Eluent D, Option 3 was
used: 0.375 M NaClO,.

overloading the analytical capacity of the DNAPac
column. The full-length oligonucleotide can elute as a
very broad peak under overload conditions. However, a
highly pure full-length oligonucleotide typically is present
throughout this peak. Figure 41a shows an example of
overload purification of 150 g of the -20 primer on the
4-mm diameter analytical column. The separation was
performed with a 90-minute NaClO, gradient at a flow rate
of 0.33 mL/min, exactly as in the analytical separation in
Figure 7b. The target oligonucleotide appears as an intense
3-minute peak beginning at about 61 minutes. Three 1-
minute fractions were collected as shown in Figure 41b and

High-Resolution Analysis and Purification of Oligonucleotides with the DNAPac PA100 Column



35

reanalyzed (see inset for fraction #2). The overall purity of
the oligonucleotide collected from 61 to 64 minutes was

> 98%. For another example of overload purification, a
1-mg purification of crude primer DNA to > 97% purity
on the 4-mm diameter DNAPac has been demonstrated

in reference 1.

CONCLUSION

By using a variety of eluent salts, highly efficient
separations of synthetic DNA are possible on the DNAPac
PA-100. The DNAPac pellicular anion-exchange resin
provides higher resolution separations of single-stranded
DNA than macroporous resins or reversed-phase columns.
Analytical and semipreparative chromatography addition-
ally can be performed under denaturing conditions for the
separation of difficult samples. High-resolution analytical
chromatography can be transferred directly to the 9-mm
and 22-mm diameter columns for semipreparative
applications.
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Figure 41a. Purification of 150 ug of the -20 primer on the
4-mm diameter column. The full-length primer elutes as a broad
peak under these overload conditions. Chromatographic condi-
tions are identical to those used for Figure 40b.
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Figure 41b. Expanded view of full-length primer peak from
Figure 41a. Fractions are indicated. Purity of pooled fractions
was >98%. Inset: rechromatography of fraction 2.
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Biocompatible LC Systems

Exceptional results and speed, resolution, versatility with
Bio-LC separations

Thermo Fisher Scientific provides solutions for
biopharmaceutical LC analysis. Thermo Scientific Dionex
UltiMate™ 3000 Titanium Systems provide solutions for
biochromatographic demands from micro to analytical
range. System components are perfectly matched to meet
the requirements for high-performance analysis as well as
purification. The wide range of solvent options allows easy
implementation of different gradient profiles, essential for
method development. Additionally, these systems provide
superior ease of use and are compatible with all Thermo
Scientific mass spectrometers, including our hybrid and
Orbitrap™ instruments.

Benefits of our Bio-LC systems include:
»  Superior chromatographic performance
* Industry-leading range of biocompatible pumps
»  Titanium and PEEK flow-path for full biocompatibility
*  Dual-gradient pump for true parallel, tandem, or
multidimensional chromatography
*  High-precision autoinjections from 0.1 to 250 pL
(default) with ultralow carryover
»  Sample fractionation and reinjection with the WPS-
3000TBFC Thermostatted Biocompatible Pulled-Loop
Well Plate Autosampler with Integrated Fraction
Collection and Thermo Scientific Dionex Chromeleon™
Chromatography Data System (CDS) software
The UltiMate 3000 Titanium System ensures full
biocompatibility—critical to integrity of proteins during
separation—while delivering high day-to-day reproducibility
and robust operation, even under harsh salt and pH
conditions.
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Orbitrap MS Instruments

Single-point control and automation for improved ease of
use in LC/MS and IC/MS

Thermo Fisher Scientific provides advanced integrated
IC/MS and LC/MS solutions which combine ease of use with
modest price and space requirements. UltiMate 3000 System
Wellness technology and automatic MS calibration allow
continuous operation with minimal maintenance.

The Thermo Scientific Dionex IC and Reagent-Free™
IC (RFIC™) systems automatically remove mobile phase
ions for effort-free transition to MS detection. The Orbitrap
family makes up some of the most powerful MS instruments
on the market to date. With resolving powers and MSn
capabilities, these systems offer broad screening possibilities
and confidence in identification and quantitation analysis.

Some of the benefits of our Orbitrap MS instruments
include:
High-confidence, high-resolution/accurate mass
(HR/AM) intact mass analysis
e Resolving power >240,000 full width at half maximum
(FWHM) on our most advanced systems
e Spectral multiplexing for enhanced duty cycle
e Self-cleaning ion sources for low-maintenance
operation
e Chromeleon CDS software for single-point method
configuration, instrument control, and data management
e Compatible with all existing IC and LC methods
Our Orbitrap MS instruments are not only ideal for
interfacing with our chromatography systems, they also
provide confidence with HR/AM detection to deliver
excellent performance and tremendous versatility.
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Nucleic Acid Columns

Analysis of oligonucleotide purity, screening, and
purification

Thermo Fisher Scientific provides a variety of nucleic
acid columns for oligonucleotide purity analysis, fast
screening, and purification. Both the DNAPac PA100 and
PA200 Semi-Preparative Columns are nucleic acid, anion-
exchange, polymer-based columns. The DNAPac columns
provide excellent separation of oligonucleotides—including
full length from n-1, n+1 and other failure sequences—
and support screening of synthetic oligonucleotides for
production yield and failure sequences. The DNAPac PA200
column offers improved efficiency and enhanced stability
under alkaline conditions.

Benefits of our DNAPac column line include:

*  High-resolution separation of oligonucleotides and
nucleic acids

40 Product Focus: Consumables

e Capable of n-1, n+1 resolution for oligonucleotides
*  Compatible with solvent, high pH, and high
temperatures
*  Provides easy scale up
Additional column technologies within the DNAPac
family include the DNASwift SAX-1S Monolith anion-
exchange column, which provides exceptionally high purity
and yields of oligonucleotides. This column combines
DNAPac and monolith technology to provide exceptionally
high resolution and capacity for oligonucleotide purification,
making it the ideal column for therapeutic and diagnostic
research. All of these nucleic acid columns provide high
resolution of full length from n-1, n+1, and other failure
sequences that may not be possible with other columns on
the market.
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Chromeleon 7 Chromatography Data System

Software

The fastest way to get from samples to results

Discover Chromeleon CDS software version 7, the
chromatography software that streamlines your path from
samples to results. Get rich, intelligent functionality and
outstanding usability at the same time with Chromeleon CDS
software version 7—the Simply Intelligent™ chromatography
software.

*  Enjoy a modern, intuitive user interface designed around
the principle of operational simplicity.

*  Streamline laboratory processes and eliminate errors
with eWorkflows, which enable anyone to perform a
complete analysis perfectly with just a few clicks.

*  Access your instruments, data, and eWorkflows instantly
in the Chromeleon Console.

*  Locate and collate results quickly and easily using
powerful built-in database query features.

e Interpret multiple chromatograms at a glance using
MiniPlots.

*  Find everything you need to view, analyze, and report
data in the Chromatography Studio.

—
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e Accelerate analyses and learn more from your data
through dynamic, interactive displays.

e Deliver customized reports using the built-in Excel-
compatible speadsheet.

Chromeleon CDS software version 7 is a forward-
looking solution to your long-term chromatography data
needs. It is developed using the most modern software tools
and technologies, and innovative features will continue to be
added for many years to come.

The Cobra™ integration wizard uses an advanced
mathematical algorithm to define peaks. This ensures that
noise and shifting baselines are no longer a challenge in
difficult chromatograms. When peaks are not fully resolved,
the SmartPeaks™ integration assistant visually displays
integration options. Once a treatment is selected, the
appropriate parameters are automatically included in the
processing method.

Chromeleon CDS software version 7 ensures data
integrity and reliability with a suite of compliance tools.
Compliance tools provide sophisticated user management,
protected database structures, and a detailed interactive audit
trail and versioning system.
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