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Native and modified synthetic oligonucleotides were
purified by reversed-phase HPLC using volatile ion-
pairing mobile phases. Purification of 10–90 nmol of
oligonucleotides in a single injection was demon-
strated using a 4.6 3 75-mm HPLC column packed with

orous 2.5 mm C18 sorbent. Separation of target prod-
ucts from N-1 failure fragments was achieved for oli-
gonucleotides in the 4- to 60-mer size range. We em-
ployed a combination of absorbance and mass
spectrometry detection to identify by-products of oli-
gonucleotide synthesis. This method was also em-
ployed for analysis and purification of fluorescently
labeled oligonucleotides. © 2001 Academic Press

Key Words: oligonucleotide purification; ion-pair re-
ersed-phase HPLC; mass spectrometry; fluorescent
rimers; genotyping.

The annual production of synthetic oligonucleotides
has increased dramatically in recent years in order to
meet the demand of the biotechnology market. This
demand has been propelled by the development of two
major technologies: (i) high-throughput DNA sequenc-
ing (1, 2) and (ii) DNA genotyping (3–6). Sample prep-
aration for DNA analysis is almost exclusively based
on the polymerase chain reaction (PCR).1 It is usually
performed in two steps. First, the interrogated region
of genomic DNA is selectively amplified and then the
amplicon is used for subsequent generation of a geno-
typing sample or DNA sequencing ladder. The quality

1 Abbreviation used: SPE, solid-phase extraction; RP, reversed-
phase; IP, ion-pair; DMT, dimethoxytrityl; HFIP, hexafluoroisopro-
panol; TEA, triethylamine; TEAA, triethylammonium acetate;
FLSN, fluorescein; TAMRA, carboxytetramethylrhodamine; PCR,
polymerase chain reaction; ESI, electrospray ionization; PDA, photo-

diode array.
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of the PCR primers used in both steps determines the
success of sequencing as well as genotyping accuracy.

Oligonucleotide synthesis typically yields the target
oligonucleotide contaminated with truncated by-prod-
ucts, so-called failure, and mismatch sequence oligonu-
cleotides (7, 8). Using low-quality primers for PCR may
result in a failure to amplify a selected sequence, as
well as in generation of undesirable nonspecific ampli-
fication products. Frequent PCR failure presents a se-
rious problem for the logistics of sample reprocessing
and sample history record keeping, especially when
working in the high-throughput sample processing
mode.

It is known that sequencing performance suffers
when poor quality primers are used for generation of a
DNA sequencing ladder (9, 10). However, the decrease
in sequencing accuracy does not directly correlate with
the purity of the primers. This is especially true for
primers tagged at their 59 end with a fluorescent label,
because the prematurely halted failure products of
synthesis are not tagged with the fluorescent group.
Therefore, these impurities do not interfere with base
calling even though they are present in a sequencing
mixture.

Genotyping accuracy is one of the important criteria
for choosing a genotyping method. Generally, better
than 99% accuracy is required. Reliability of many
genotyping techniques, however, strongly depends on
the purity of the oligonucleotide probes. Low-quality
oligonucleotides may have a detrimental impact on the
performance of genotyping assays based on fluorescent
oligonucleotide probes such as Invader (11, 12), Taq-
Man (13–15), and molecular beacons (13, 16, 17). Back-
ground fluorescence from failure sequence oligonucle-
otide probes contributes to false positive or false
negative genotype assignments. One of the main ad-
vantages of mass spectrometry genotyping techniques

is that genotype call accuracy is in principle not af-
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197ANALYSIS AND PURIFICATION OF SYNTHETIC OLIGONUCLEOTIDE
fected by primer purity. However, frequent PCR fail-
ures compromise the efficiency of high-throughput MS
data collection (3, 18).

Purification of synthetic oligonucleotides is a
straightforward approach to improve the reliability of
genotyping techniques. Three techniques traditionally
used for DNA separation are (i) polyacrylamide gel
electrophoresis, (ii) chromatography, and (iii) solid-
phase extraction (SPE). Although the separation abil-
ity of highly cross-linked polyacrylamide gel is superior
to that of chromatographic techniques, it is difficult to
scale up the oligonucleotide mass load without a loss of
resolution. Other problems of slab gel electrophoresis
are visualization of separated bands, excision from the
gel, isolation of DNA from the gel strip, and desalting
of the sample contaminated with electrophoretic buff-
ers. Moreover, slab gel electrophoresis is difficult to
automate.

Both reversed-phase (RP) and anion-exchange chro-
matography are commonly used for oligonucleotide pu-
rifications. HPLC permits separation of up to approx-
imately 20- to 30-mer oligonucleotides, but the
separation selectivity decreases with the oligonucleo-
tide length. In addition, slow diffusion of high-molecu-
lar-weight analytes in the sorbent pores causes peak
broadening, which results in low separation efficiency.
Nonporous sorbents have been shown to be efficient for
HPLC separations of polynucleotides and dsDNA (19–
21), due to enhanced stationary phase mass transfer.
However, the mass capacity of nonporous sorbents is
low, which limits their usefulness for preparative pu-
rifications.

Nonporous ion-exchange HPLC sorbents have been
successfully used for synthetic oligonucleotide cleanup
(22, 23). The disadvantage of ion-exchange HPLC is the
contamination of oligonucleotides with inorganic salts.
An additional desalting step is required, often employ-
ing RP-HPLC.

Reversed-phase HPLC is commonly utilized for the
so-called “dimethoxytrityl (DMT) on” oligonucleotide
purification method (7). The method is based on the
hydrophobic properties of the DMT protection moiety
used in DNA synthesis. After the last step of synthesis
the cleavage of the DMT group from the full-length
product is deliberately omitted. As a result, the target
oligonucleotide bearing the trityl group is strongly re-
tained on RP-HPLC sorbents and therefore separated
from “DMT off” failure products. SPE purification of
oligonucleotides uses the same “DMT on” purification
principles. “DMT on” SPE offers the advantage of fast
and parallel purification. However, due to the lower
separation efficiency, it yields lower purity and oligo-
nucleotide recovery than RP-HPLC.

Although simple and popular, the “DMT on” method
has several drawbacks. It is known that synthesis of-

ten yields failure “mismatch sequence” oligonucleo-
tides, with one or more nucleotides missing within the
chosen DNA sequence (8). Because these mismatch
oligonucleotides are elongated to the last step of syn-
thesis (last nucleotide of a mismatch oligonucleotide is
identical with the full-length product), they have the
DMT group attached to the 59 end (7). As a result, these
mismatch failure fragments cannot be easily separated
from target oligonucleotides using the “DMT on”
method. In some cases the content of “DMT on” impu-
rities may exceed 10% or more, which has a detrimen-
tal effect on the “DMT on” method performance.

An alternative to the “DMT on” RP-HPLC method is
the ion-pair reversed-phase HPLC (IP-RP-HPLC) sep-
aration of detritylated oligonucleotides. IP-RP-HPLC
was proposed for purification of synthetic oligonucleo-
tides using volatile buffers typically containing triethyl-
amine (TEA) as the ion-pairing agent (24, 25). The
usefulness of ion-pair RP-HPLC was limited to purifi-
cation of rather short 10- to 26-mer oligonucleotides
(24). Better separation performance can be obtained
using nonporous polymeric or silica-based sorbents,
pellicular sorbents (26), or monolithic columns (27, 28).
The drawback of IP-RP-HPLC, however, is that reten-
tion of oligonucleotides is driven not only by charge-to-
charge interaction of phosphate internucleotide link-
ages with the ion-pairing agent adsorbed on the
stationary phase, but also by hydrophobic interactions
of the nucleobases with the reversed-phase sorbent (23,
27). It was found that oligodeoxythymidines are more
retained that oligodeoxyadenosines and oligodeoxycy-
tidines, respectively (21). This behavior complicates
routine oligonucleotide purification. More efficient ion-
pairing agents were utilized to eliminate sequence de-
pendent retention of oligonucleotides. Tetraaklylam-
monium cations (e.g., tetrabutylammonium ions) are
more strongly adsorbed on RP surfaces than triethyl-
ammonium ions, which results in stronger retention
and predominantly charge-dependent oligonucleotide
separations (29). However, the tetraalkylammonium
ion-pairing agents are not volatile and cannot be re-
moved from purified oligonucleotides by lyophilization.

Recently, LC-MS methods were developed for oligo-
nucleotide separation and identification using aqueous
triethylammonium–hexafluoroisopropylalcohol (TEA–
HFIP) buffers compatible with MS detection (30). How-
ever, the separation did not fully match the separation
achieved with the triethylammonium acetate buffer
(31). Alternatively, a triethylammonium bicarbonate
mobile phase was used for oligonucleotide separation
with postcolumn acetonitrile addition to the eluent.
The ion-pairing buffer was chosen to give the best MS
detection sensitivity, but the separation performance
was not optimal (32).

In this paper we describe a method for analytical and
semipreparative purification of synthetic oligonucleo-

tides using RP-HPLC columns packed with a 2.5-mm
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198 MARTIN GILAR
fully porous C18 sorbent. Elevated temperature, small
sorbent particle size, and slow mobile phase flow rate
were used to enhance the oligonucleotides mass transfer
in the stationary phase. We used a triethylammonium
acetate (TEAA) buffer with UV detection and an opti-
mized TEA–HFIP mobile phase for LC-MS separation
and characterization of failure sequence impurities from
the synthesis of native and modified oligonucleotides. We
demonstrate a semipreparative purification of 0.09 mmol
of a 30-mer in a single injection.

MATERIALS AND METHODS

Chemicals

Triethylamine (99.5%), glacial acetic acid (99.99%),
acetonitrile (HPLC grade), and methanol were pur-
chased from J. T. Baker (Phillisburg, NJ). Water (18
MVcm) was purified in house using a Milli-Q system
(Millipore, Bedford, MA). Bovine intestinal mucosa
phosphodiesterase I (39-exonuclease), calf spleen phos-
phodiesterase II (59-exonuclease), and hexafluoroiso-

ropyl alcohol (991%) were purchased from Sigma
St. Louis, MO). The oligonucleotides were obtained
rom Midland Certified Reagent Company (Midland,
X). The sequences are as follows (59–39): 15-mer GAC
TA GAC TTA GAC; 35-mer GAC TTA GAC TTA
AC TTA GAC TTA GAC TTA GAC TT; and 60-mer
AC TTA GAC TTA GAC TTA GAC TTA GAC TTA
AC TTA GAC TTA GAC TTA GAC TTA GAC TTA.
aqMan 21-mer probe was obtained from Genetics

nstitute (Cambridge, MA): (FLSN)–CAC CTC CAG
GG AAA TCA AGT–(carboxytetramethylrhodamine

TAMRA)).

PLC Equipment and Conditions

The Alliance 2690 separation module with a 996
hotodiode array detector (Waters Corp., Milford, MA)
as used for analytical and semipreparative HPLC
urifications. Oligonucleotides were separated using a
5 3 4.6-mm XTerra MS C18 column packed with
.5-mm particles (average pore diameter 140 Å). The

mobile phases were composed of 0.1 M triethylammo-
nium acetate, pH 7, and acetonitrile. The flow rate was
0.5 ml/min. For gradient and other conditions see fig-
ure captions. Columns were thermostated in a Neslab
Endocal circulating water bath (Neslab Instruments,
Inc., Newington, NH). Water bath temperature was set
to 50°C; actual temperature was measured by ther-
mometer. SPE was performed using a Millipore vac-
uum pump Model XX55 000 00 (Millipore) and a Wa-
ters extraction plate vacuum manifold. SPE-purified
samples were evaporated using a SpeedVac SC110A
concentrator (Savant, Holbrook, NY). A CapLC system
(Waters Corp.) equipped with a photodiode array de-

tector was connected with an LCT mass spectrometer e
(Micromass, Manchester, UK) using a 30-cm fused sil-
ica capillary (50 mm i.d.). A 50 3 1-mm XTerra MS C18
column packed with 2.5 mm (average pore diameter
140 Å) was used for LC-MS experiments. The built-in
column heater of the CapLC system was set to 50°C;
mobile phase flow rate was 23.6 ml per minute. The
LC-MS system was operated by MassLynx software
(Micromass). For gradient conditions see figure cap-
tions.

HPLC Mobile Phase Preparation

The 100 mM triethylammonium acetate buffer, pH 7,
was prepared by mixing of appropriate volumes of TEA
and acetic acid in water. Because of limited solubility of
TEA in water we used followed protocol (400 ml of 100
mM buffer): The 2.21 ml of glacial acetic acid was
dissolved in ;350 ml of water. While mixing, 5.58 ml of

EA was added slowly; the pH of the resulting solution
s typically between pH 5 and 9. The pH was carefully
djusted to pH 7 by addition of either TEA or acetic
cid. Because the desirable pH 7 is between the pKa of
EA (10.72) and acetic acid (4.71), the amount of acid
r base needed to adjust the pH is very small. After
djusting the volume to 400 ml, the final concentration
f both TEA and acetic acid is ;100 mM.
Similarly, the TEA–HFIP buffers were prepared by

itrating the acid solution (HFIP) with TEA. To pre-
are 400 ml of 400 mM HFIP–16.3 mM TEA buffer, we
issolved 16.84 ml of HFIP in ;350 ml of water and
lowly added 5.57 ml of TEA. Solubility of TEA in HFIP
olution is poor. The last addition of TEA usually dis-
olves after adjusting the solution to 400 ml. The final
H is ;7.9. In our experience, it is possible to prepare
higher concentration of TEA in 400 mM HFIP only
hen methanol is added to the buffer to improve TEA

olubility.

SI-MS Data Acquisition

Mass spectra were acquired using an LCT system
rom Micromass (Micromass, Manchester, UK). LC-MS
hromatograms were acquired in negative ion mode
sing a capillary voltage of 2.5 kV, a sample cone
oltage of 35 V, an extraction cone voltage of 1 V, and
CP detector voltage of 3000 V. The desolvation gas

ow rate was maintained at 520 liters per hour. The
esolvation temperature and source temperature were
et to 180 and 80°C, respectively. The scanning range
overed 420–2500 m/z; the 0.6-s scanning cycle was
omposed of a 0.5-s scan and a 0.1-s interscan time.
ypically, 25–60 individual spectra were added to gen-

rate a summed spectrum.
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RESULTS AND DISCUSSION

IP-RP-HPLC Analysis and Purification of
Oligonucleotides

As reported earlier (7), we have studied the perfor-
mance of several RP-HPLC columns for the separation
of oligonucleotides. A 75 3 4.6-mm column packed with
2.5-mm XTerra MS C18 sorbent was found to be most
suitable for separating an 8- to 30-mer oligodeoxythy-
midine mixture. This column and separation condi-
tions were in this work employed for the purification of
crude 30-mer oligodeoxythymidine. Crude oligonucleo-
tide synthesized at the 0.2-mmol scale was obtained
from a vendor and dissolved in 100 ml of 0.1 M triethyl-
ammonium acetate buffer, pH 7. The chromatogram
shown in Fig. 1 represents the purification of 2 nmol
(1-ml injection) of oligonucleotide. The target fraction
was manually collected within the window indicated in
Fig. 1. Separation of the 30-mer full-length product
from the N-1 failure sequence oligonucleotide was
achieved. The crude 30-mer purity estimated by HPLC
analysis was 78% (Fig. 1); the collected fraction purity
was better than 99%.

Oligonucleotide synthesis is usually performed on
the 0.05- to 1-mmol synthesis scale (the most common
scale is probably 0.2 mmol). Therefore, it is desirable to
design an HPLC method suitable for purifying rela-
tively large oligonucleotide mass loads. We studied the
influence of mass load on the quality of the oligonucle-

FIG. 1. Ion-pair RP HPLC purification of 1 nmol of crude synthetic
interval. XTerra MS C18 75 3 4.6 mm, 2.5 mm. Mobile phase A, 0.1
ml/min, 51.5°C. (Inset) The enlarged part of the same chromatogram
nm was 78%.
otide purification performance using the 2.5-mm
XTerra MS C18 analytical column, 75 3 4.6 mm. Fig-
ure 2 shows three chromatograms resulting from injec-
tion of 0.01, 0.03, and 0.09 mmol of 30-mer oligodeoxy-
thymidine. The peak of the 30-mer product noticeably

mer oligodeoxythymidine. Target fraction was collected in indicated
TEAA, pH 7; B, ACN. Gradient from 10 to 14.5% B in 36 min, 0.5
0-mer oligodeoxythymidine purity measured as a peak area at 260

FIG. 2. Semipreparative purification of 30-mer oligodeoxythymi-
dine. Solid line (A) 0.01 mmol; dashed line (B) 0.03 mmol; dotted line
(C) 0.09 mmol injected on column. Target fractions were collected in
the indicated intervals. The purity of the collected fraction for injec-
tion of 0.03 mmol is shown in the inset chromatogram. XTerra MS
C18 75 3 4.6mm, 2.5 mm. Mobile phase A, 0.1 M TEAA, pH 7; B, 25%
ACN in 0.1 M TEAA, pH 7. Gradient from 40% B to 55% B in 30 min,
30-
M
; 3
0.5 ml/min, 51.5°C.



c
c
a
(
o
i
t
b
c
c
n
a
p
e

A

u
a
b
o
o
m
o
N
n
i
a
p
t
p

t
T
t
(
i
i
o
i
n

i
o
p
s
t
t
s
(
i
t
i
m
H
e
p
c

200 MARTIN GILAR
broadens due to mass overloading, which is most ap-
parent for the largest injected mass. Note that the peak
shape is also affected by the UV detector nonlinear
response at absorbance values greater than 2. The
purity of the collected fractions is given in Table 1.
Better than 96% purity was obtained for both 0.01- and
0.03-mmol purification scales. When collected as shown
in Fig. 2, the purification of 0.09 mmol of the oligonu-
leotide resulted in 93.2% purity. HPLC analysis of the
ollected fraction confirmed the presence of small
mounts of N-1 and N-2 failure sequence contaminants
Table 1). It is evident that the large-scale oligonucle-
tide purification on a 75 3 4.6 mm analytical column
n overloading conditions may undermine the purity of
he target fraction. The purity of the target fraction can
e improved by heart cutting of the target peak. Be-
ause oligonucleotides are rarely separated with suffi-
ient resolution, heart cutting is a commonly used tech-
ique in HPLC purification. However, one should be
ware that the purity of the collected fraction is im-
roved at the expense of target oligonucleotide recov-
ry.

lternative Buffers for Ion-Pair RP-HPLC

Triethylammonium acetate is the most commonly
sed ion-pairing mobile phase for oligonucleotide sep-
rations. However, with this ion-pairing agent it has
een observed that retention depends partially on the
ligonucleotide sequence. The separation of the ladder
f heterogeneous sequence oligonucleotides can be
ore difficult than the separation of homooligonucle-

tide ladders. We experienced difficulties in resolving
and N-1 fragments for particular .25-mer heteroge-

eous sequence oligonucleotides (data not shown). Us-
ng the tetrabutylammonium bromide ion-pairing
gent can suppress the oligonucleotide sequence-de-
endent retention (29). However, the low volatility of
his ion-pairing mobile phase makes its use for semi-

TABLE 1

Effect of 30-mer Oligodeoxythymidine Mass Load on the
Ion-Pair RP-HPLC Purification Efficiency

Injected mass
Injected
volumea

(ml)

Collected
fraction
purityb

(%)

N-1
contentc

(%)

N-2
contentc

(%)mmol mg

0.01 0.091 5 96.3 1.7 2.0
0.03 0.272 15 96.3 2.2 1.5
0.09 0.816 45 93.2 3.8 3.0

a 0.2 mmol synthetic scale oligonucleotide was dissolved in 100 ml
of 0.1 M TEAA buffer, pH 7.

b Purity was calculated as peak area % at UV 260 nm.
c No other impurities than N-1 and N-2 were found.
reparative applications impractical.
An alternative ion-pairing buffer composed of triethyl-
amine and hexafluoroisopropyl alcohol was described
recently (30, 31). Apfell et al. utilized this buffer system
for oligonucleotide analysis with direct ESI-MS detec-
tion, because TEAA buffers (33) as well as some other
ion-pairing buffers (32) are known to dramatically sup-
press the ESI-MS detection sensitivity. Huber and
Krajete have found that the signal intensity can be
correlated to the equivalent conductivity of an acid
used as a counter ion for TEA1. Although HFIP does
not noticeably suppress an oligonucleotide ESI-MS sig-
nal, the HPLC separation performance of 2 mM TEA–
400 mM HFIP buffer was not optimal (30–32).

One may expect that increased concentration of TEA
in the TEA–HFIP buffer system should enhance its
separation performance. We prepared and evaluated
several TEA–HFIP buffers for oligonucleotide separa-
tion (34). Buffers were made by titrating the aqueous
solutions of 400 or 100 mM HFIP (weak acid, pKa ;9.2;
he pH of 400 mM HFIP aqueous solution was 4.9) with
EA (see Materials and Methods). The final concentra-
ion of TEA in the 400 mM HFIP buffer was 16.3 mM
pH 7.9), which appears to be the limit of TEA solubil-
ty in this particular buffer. The solubility of TEA
mproves in a solution of 100 mM HFIP, so the two
ther ion-pairing buffers have been prepared consist-
ng of 8.6 mM TEA–100 mM HFIP, pH 8.25, and 31.4
M TEA–100 mM HFIP, pH 9.
Apffel et al. (30) and others (35) studied the impact of

on-pairing agent concentration in the mobile phase on
ligonucleotide separation. Generally, the decrease in
airing ion concentration resulted in a decrease in
eparation efficiency and selectivity. The TEA concen-
ration in TEA–HFIP buffers is significantly lower
han in typical TEAA buffers (100 mM TEA), but the
eparation efficiency of oligonucleotides has improved
34). The separation performance of the TEA–HFIP
on-pairing buffer does not strictly follow the concen-
ration of TEA in mobile phase. Instead, the resolution
mproves in line: 8.6 mM TEA–100 mM HFIP , 31.4

M TEA–100 mM HFIP , 16.3 mM TEA–400 mM
FIP (34). According to the theory, the ion-pairing

fficiency is not directly related to the concentration of
airing ion in the mobile phase (36–38). Instead, the
oncentration of pairing ion (in this case TEA1) ad-

sorbed on the stationary phase surface is principally
important for the separation. We believe that the lim-
ited solubility of the triethyammonium ion in 400 mM
HFIP aqueous solution affects the distribution of TEA1

between the mobile and stationary phases, which re-
sults in more efficient absorption of the triethylammo-
nium cation on the C18 sorbent and improved ion-
pairing efficiency.

The example of a heterooligonucleotide ladder sepa-
ration in IP-RP-HPLC using 16.3 mM TEA–400 mM

HFIP buffer with a methanol gradient is shown in Fig.
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201ANALYSIS AND PURIFICATION OF SYNTHETIC OLIGONUCLEOTIDE
3. Minor peaks in Fig. 3 eluting closely to the 11-, 12-,
and 13-mer originated from the contaminants present
in the 15-mer peak before digestion. Figure 4 shows the
separation of a ladder of partially digested 35-mer and
60-mer oligonucleotides. We achieved a good resolution
up to 60-mer, including the separation of the 59-/60-
mer peaks.

Impact of Sequence on the Oligonucleotide Separation

As mentioned earlier, the separation of heterooligo-
nucleotides may present a challenge for ion-pair RP-
HPLC using TEAA buffers. The TEA–HFIP buffer
gave us good separation of a mixed sequence oligonu-
cleotide ladders (Figs. 3 and 4). Figure 3 shows the
separation of a 5- to 25-mer oligonucleotide ladder pre-
pared by partial digestion of 15- and 25-mer oligonu-
cleotides with a 39-exonuclease. One can notice uneven
spacing of some peaks, but all N, N-1, N-2 . . . products
were well separated. A 100 mM TEAA buffer system
(in the pH range 7–8.5) did not permit a complete
separation of this mixture; close eluting fragments
such as the 24 and 25-mers coeluted (data not shown).

In Figs. 3 and 4, we indicate the fragment length and
the 39-terminal nucleotide at the top of the peaks. A
careful look at the chromatogram reveals a pattern. A
loss of the more hydrophobic A or T mononucleotides
from the 39 end results in a more pronounced decrease
in peak retention than loss of rather hydrophilic C and

FIG. 3. Ion-pair RP-HPLC separation of an oligonucleotide ladder
repared by partial digestion of 15- and 25-mer oligonucleotides (for
equences see Materials and Methods). Peaks labeled 5–25 were
dentified by ESI-MS. 39-terminal nucleotide is indicated at the top of

the peak. Unlabeled minor peaks originate from impurities present
in crude 15- and 25-mer before digestion. A CapLC system with PDA
and ESI-MS detection was equipped with an XTerra MS C18 column,
50 3 1mm, 2.5 mm. Mobile phase A, aqueous TEA–HFIP buffer (16.3
and 400 mM), pH 7.9; B, MeOH. Gradient from 11% B to 20% B in 30
min and then 20% B to 24.5% B from 30 to 60 min, 23.6 ml/min, 51°C.
For ESI-MS conditions see Materials and Methods.
G mononucleotides. The contribution of hydrophobicity
of oligonucleotides to the retention in ion-pair RP-
HPLC was noticed earlier (21, 29). The retention of
homooligonucleotides is known to follow the trend
p(dT)n . p(dA)n .. p(dC)n. We believe that the hydro-
phobicity contribution to the retention has an impact
on the separation of heterooligonucleotide ladder. We
studied the retention behavior of homooligonucleotide
ladders (digested homooligonucleotide) with a single
heterogeneous nucleotide incorporated at the 39 oligo-

ucleotide end using TEAA and TEA–HFIP buffers
data not shown). Based on our observation, we de-
uced a few rules for prediction of N and N-1 fragments
eparation success.

(i) Contribution of A and T mononucleotides hydro-
hobicity to the oligonucleotide retention is similar.
(ii) C and G mononucleotides contributes to the oli-

onucleotide retention similarly.
(iii) When the oligonucleotide sequence at the 39 end

is a combination of A and T nucleotides (or C and G),
the peak spacing is rather even as it is common for
homooligonucleotide sequences. For example, the sep-
aration of 16- to 18-mer, 22- to 24-mer, and 58- to
60-mer (Figs. 3 and 4).

(iv) The separation seems to be enhanced when A
and T mononucleotides are cleaved from the 39 end for
equences CA, GA, CT, and GT (59–39) (see 9-/10-mer,
3-/14-mer, 19-/20-mer, and 31-/32-mer; Figs. 3 and 4).
(v) The separation selectivity decreases when C or G

s cleaved from the 39 end for sequences AC, AG, TC,
nd TG (59–39) (see 12-/13-mer, 14-/15-mer, 18-/19-mer,
4-/25-mer, and 32-/33-mer; Figs. 3 and 4).

FIG. 4. Ion-pair RP-HPLC separation of an oligonucleotide ladder
prepared by partial digestion of 35- and 60-mer oligonucleotides (for
sequences see Materials and Methods).The identity of peaks labeled
30–35 and 57–60 was confirmed by ESI-MS. 39-terminal nucleotide
is indicated at the top of the peaks. Conditions: CapLC system with
PDA and ESI-MS detection. XTerra MS C18 column, 50 3 1 mm, 2.5
mm. Mobile phase A, aqueous TEA–HFIP buffer (16.3 and 400 mM),
pH 7.9; B, MeOH. Gradient from 21% B to 27% B in 60 min, 23.6

ml/min, 51°C. For ESI-MS conditions see Materials and Methods.
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We speculate that the rules of hydrophobicity contri-
bution to oligonucleotide retention and separation can
be extended to the 59 end sequences, as well as gener-
alized to the whole oligonucleotide. If the influence of
oligonucleotide secondary structure on retention is
negligible (under the separation conditions), the loss of
a nucleotide affects the retention independently
whether it occurs at the terminus or in the middle of
the oligonucleotide sequence. Recent (39) and earlier
published reports (40, 41) support this hypothesis.

Figure 4 shows the retention behavior of partially
digested 35- and 60-mer oligonucleotides. Using a 400
mM HFIP–TEA buffer, pH 7.9, the separation of frag-
ments differing by a single nucleotide was achieved.
The 59-mer and 60-mer oligonucleotides were clearly
separated using a shallow gradient of methanol. One
may notice that the separation of the 32-/33-mer oligo-
nucleotides is more difficult than the 57- to 60-mer
fragments (identity of all main peaks was confirmed by
MS detection). This behavior is caused by the impact of
oligonucleotide sequence on its retention.

LC-MS Analysis of Oligonucleotides

Taking advantage of the compatibility of the opti-
mized TEA–HFIP buffer with ESI-MS detection, we
were able to use a combination of UV detection and
ESI-MS for identification of eluting peaks. The outlet

FIG. 5. LC-MS analysis of SPE purified 15- and 25-mer oligonu-
leotides (for sequences see Table 2). (A) Chromatogram at 260 nm;
B) total ion current MS chromatogram. (Inset) The deconvoluted
ass spectrum of peak 15C. See Table 2 for peak identification.
C-MS conditions are the same as in Fig. 3.
UV detector capillary was directly connected to the
mass spectrometer source. The signal-to-noise (S/N)
ratio of the MS chromatogram (total ion current mode)
was lower than for UV detection (Figs. 5 and 6). How-
ever, the MS sensitivity was sufficient for positive iden-
tification of all main peaks. The molecular mass from
the oligonucleotide multiply charged signal was decon-
voluted by MaxEnt1 software.

To demonstrate the capabilities of LC-MS detection,
we identified the molecular mass of all major peaks in
Figs. 3 and 4. The difference in mass between adjacent
peaks was ;289, 304, 313, or 329 for the loss of a C, T,
A, or G mononucleotide, respectively. In this fashion
we were able to directly read the oligonucleotide se-
quence from the ladder (Figs. 3 and 4), although this
sequencing method is certainly crude and has a limited
application.

Ion-pair RP-HPLC with MS detection was used as an
effective tool for quality control of both crude and pu-
rified synthetic oligonucleotides. The TEA–HFIP mo-
bile phase allows for the separation of failure sequence
oligonucleotides from the target oligonucleotide and
the identification of impurities based on the acquired
molecular mass. We investigated the purity of two
oligonucleotides, a 15-mer and 25-mer (for sequences
see Table 2) purified by the “DMT on” SPE method
described previously (7). The final purity of the oligo-
nucleotides determined by CE was ;90%. We used

C-MS to study the remaining impurities as a part of
he SPE method evaluation.

Figure 5 shows the separation of minor contami-
ants present in a mixture of the 15-mer and 25-mer

FIG. 6. IP-RP-HPLC analysis of a 21-mer TaqMan probe. (A) Chro-
matogram at 556 nm, detection of TAMRA; (B) chromatogram at 500
nm, detection of fluorescein; (C) total ion current MS chromatogram.
For peak identification see Table 3. Conditions: CapLC system with
PDA and ESI-MS detection. XTerra MS C18 column, 50 3 1mm, 2.5
mm. Mobile phase A, aqueous TEA–HFIP buffer (8.6 and 100 mM),
pH 8.25; B, MeOH. Gradient from 15% B to 45% B in 30 min, 23.6

ml/min, 50°C. For ESI-MS conditions see Materials and Methods.
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purified oligonucleotides. Interestingly, impurities elute
both before and after the target oligonucleotide peaks.
Two of the more retained peaks were found to be corre-
sponding full-length oligonucleotides with an addition of
;53 Da (peaks 15F and 25A; see Table 2), which indi-
cates the presence of the cyanoethyl moiety used as a
protecting group in the oligonucleotide synthesis. Appar-
ently, the cyanoethyl groups were not completely cleaved
in the postsynthesis deprotection reaction with ammo-
nium hydroxide. The hydrophobic character of the pro-
tecting moiety is responsible for the increased oligonucle-
otide retention. Peaks in the group labeled 25A have
identical molecular mass. These 25-mers were separated
probably due to differences in the position of the cyano-
ethyl group in the oligonucleotide chain.

A summary of the LC-MS analysis is given in Table
2. We did not find the presence of 59-truncated failure
sequence oligonucleotides. Instead we observed the
N-1 and N-2 oligonucleotides with the molecular mass
suggesting the loss of a different nucleotide than ex-
pected (for detail see Table 2). The results strongly
suggest that these oligonucleotides are “mismatch”
failure sequences. Because mismatch sequences have
the trityl group attached after the last step of the
synthesis (7), they were not removed from the full-
length product in the wash step of the SPE procedure.
On the other hand, the absence of 59-truncated N-1 and
N-2 oligonucleotides confirms that the SPE procedure
efficiently removes “trityl off” failure sequences.

Among the other impurities we detected were prod-
ucts of depurination and a branched-backbone oligonu-

TAB

Oligonucleotide Impuri

HPLC peak
labela

Measured
m/z (Da)

m/z difference from
parent compound

(Da)b

15 A 3524 21051

15 B 3837 2738
15 C 4167 2408
15 D 4271 2304
15 X 4443 2132
15-mer 4575 0
15 E 4810 235
15 F 4629 54
15 G 4325 2250

25 X 7366 2313
7375 2304

25-mer 7679 0
25 A 7732 53

a See Fig. 5.
b Loss of dC, 2289.187 Da; loss of dT, 2304.198 Da; loss of dA,

depurination, 2117 Da; acetyl capping, 142 Da; cyanoethyl protecti
c Oligonucleotide sequence (59–39): 15-mer, GAC TTA GAC TTA G
cleotide (see Table 2). The sensitivity of mass spectrom-
etry was sufficient to measure a molecular mass even
for a minor contaminant such as the peak labeled 15C
(Fig. 5). Other unlabeled peaks eluting before 20 min
and between 35 and 45 min are also oligonucleotide
fragments (MS data are not shown).

LC-MS-PDA Analysis of Modified Oligonucleotides

LC-MS permits not only the identification of syn-
thetic impurities, but most importantly the identifica-
tion of the target oligonucleotide. This is beneficial for
difficult syntheses, such as those of special oligonucle-
otides with modified backbones, DNA–RNA combina-
tions, or oligonucleotides labeled with two different
fluorescent tags. In our experience the syntheses of
modified backbone and fluorescent oligonucleotides of-
ten result in several major products. MS detection of
the desired molecular mass permits the choice of the
proper collection interval and offers the possibility of
fraction collection automation. Figure 6 illustrates the
separation of a 21-mer TaqMan oligonucleotide probe
labeled at the 59 and 39 ends with fluorescein and
TAMRA, respectively. The current approach to purify-
ing TaqMan probes is to collect the peaks with signif-
icant absorbance at both 500 nm (fluorescein) and 556
nm (maximum absorbance for TAMRA dye). The goal is
to remove nonlabeled failure sequences, as well as the
failure oligonucleotides labeled with only one of the
fluorescent tags. Since the fluorescence of such prod-
ucts is not quenched, they may undermine the perfor-
mance of TaqMan-based genotyping assays and quan-

2

s Identified by LC-MS

Sequence differencec (59–39) Peak assignment

Loss of CGA, A depurination 12-mer mismatch or 12-mer
truncated from 39

Loss of CG, A depurination 13-mer mismatch
Loss of C, A depurination 14-mer mismatch
Loss of T 14-mer mismatch
G depurination 15-mer depurinated

15-mer
Branched A 15-mer 1 A branch
Addition of cyanoethyl group 15-mer 1 CNEt
Loss of T, addition of

cyanoethyl group
14-mer mismatch 1 CNEt

Loss of A 25-mer mismatch
Loss of T 25-mer mismatch

25-mer
Addition of cyanoethyl group 25-mer 1 CNEt

13.211 Da; loss of dG, 2329.211 Da; G depurination, 2133 Da; A
5 153.
; 25-mer, GAC TTA GAC TTA GAC GAC TTA GAC T.
LE

tie

23
on
titative PCR.
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Figure 6 shows the separation of a 21-mer target
product from impurities. The group of peaks labeled S
represents nonlabeled failure sequences. The peaks
labeled FL were found to be mostly 59-FLSN-21-mer
isomers (see Table 3). A partially resolved group of
peaks eluting at approximately 10 min labeled TMR
comprises 39-TAMRA labeled failure sequences trun-
cated from the 59-end (we identified 10- to 21-mer fail-
ure oligonucleotides) along with unidentified mismatch
39-TAMRA oligonucleotides. The main fraction eluting
at 11.5 min contains the target TaqMan probe. The
observed peak split is likely due to the partial separa-
tion of dye positional isomers. The nonlabeled 21-mer
oligonucleotide (expected m/z 6398.3) was not de-
tected. However, we identified 21-mer-TAMRA conju-
gate (m/z 7021; TAMRA dye 1 linker mass is 623) and
21-mer-FLSN (m/z 6997; FLSN 1 linker mass is 598.6)
for details see Table 3).

Several peaks were found to elute after the main
raction (peaks 1–8 eluting between 12.8 and 26.0

TAB

LC-PDA-MS Quality Control of

HPLC peak labela m/z measured (Da)b

S 580, 785, 824, 992, 1137, 1197, 1315, 1424, 1
1492, 1530, 1543, 1590, 1601, 1625, 1655,
1663, 1673, 1821, 1823, 1920, 1973, 2016,
2121, 2132, 2135, 2217, 2230

L 6997
7004
7045
7257

7299

MR 3684
4013
4317
4646
4958
5249
5538
5843
6132
6420
6733
7021
3097, 3306, 4354, 5755, 6462, 7066

1-mer 7619
7629
7670

7684
7711

, 2, 3, 4, 5, 6, 7, 8 1818, 1506, 1194, 1178, 890, 1729, 1310, 112

a See Fig. 6.
b m/z shown only for major MS signals. TAMRA dye 1 linker, 623

mass 6398 Da) was not detected in crude oligonucleotide mixture.
in). They show pronounced absorbance at 556 nm
TAMRA); the signal at 500 nm is caused by a dye
pectral overlap (TAMRA has residual absorbance at
00 nm). The MS results indicate that peaks 1–8 are 2-
o 4-mer oligonucleotide fragments. However, the m/z
alues do not correspond to those expected for the
9-truncated oligonucleotides with 39-TAMRA. Strong

retention of these fragments indicates that the reten-
tion of short oligonucleotides is governed by the hydro-
phobicity of fluorescent dye rather than the oligonucle-
otide length (for a summary of 21-mer TaqMan
impurities see Table 3). We are currently evaluating
the use of mass directed fraction collection for auto-
mated purification of both native and fluorescent oli-
gonucleotides.

CONCLUSION

Ion-pair RP-HPLC is an efficient method for analyt-
ical and semipreparative purification of oligonucleo-
tides up to 60-mer length. Using a 75 3 4.6-mm XTerra

3

-mer TaqMan Oligonucleotide

Peak assignment

, unidentified short oligonucleotides fragments, not labeled

59 FLSN labeled 21-mer
59 FLSN labeled 21-mer 1 7 Da (?);
59 FLSN labeled 21-mer 1 7 1 42 Da (capping?);
59 FLSN labeled 21-mer 1 7 1 42 1 212 Da (FLSN

derivative 1 capping?)
59 FLSN labeled 21-mer 1 7 1 42 1 212 1 42 Da (FLSN

derivative 1 23 capping?)
59-G AAA TCA AGT-TAMRA-39 10-mer
59-GG AAA TCA AGT-TAMRA-39 11-mer
59-TGG AAA TCA AGT-TAMRA-39 12-mer
59-G TGG AAA TCA AGT-TAMRA-39 13-mer
59-AG TGG AAA TCA AGT-TAMRA-39 14-mer
59-CAG TGG AAA TCA AGT-TAMRA-39 15-mer
59-C CAG TGG AAA TCA AGT-TAMRA-39 16-mer
59-TC CAG TGG AAA TCA AGT-TAMRA-39 17-mer
59-CTC CAG TGG AAA TCA AGT-TAMRA-39 18-mer
59-C CTC CAG TGG AAA TCA AGT-TAMRA-39 19-mer
59-AC CTC CAG TGG AAA TCA AGT-TAMRA-39 20-mer
59-CAC CTC CAG TGG AAA TCA AGT-TAMRA-39 21-mer
Unidentified mismatch sequences labeled at 39 with TAMRA
Target 21-mer, 39TAMRA, 59 FLSN
Target 21-mer, 39TAMRA, 59 FLSN 1 10 Da (derivative?)
Target 21-mer, 39TAMRA, 59 FLSN 1 10 1 41 Da (derivative,

capping?)
Target 21-mer, 39TAMRA, 59 FLSN 1 65 Da (dye derivative?)
Target 21-mer, 39TAMRA, 59 FLSN 1 92 Da (dye derivative?)
39 TAMRA labeled oligonucleotide fragments (2-4—mer?)

; FLSN dye 1 linker 5 598.6 Da. The nonlabeled 21-mer (expected
LE

21

449

2

Da
MS C18 column, 2.5 mm, we purified up to 90 nmol of a
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30-mer oligonucleotide in a single injection. We have
evaluated mass spectrometry-friendly TEA–HFIP ion-
pairing buffers for the separation of native and fluo-
rescent oligonucleotides. TEA–HFIP (16.3 mM TEA,
400 mM HFIP, pH 7.9) was found to be a more efficient
ion-pairing buffer for the separation of oligonucleotides
than TEAA (100 mM TEA, 100 mM acetic acid, pH 7).
We studied the impact of oligonucleotide sequence
(nucleobase composition) on the separation of the tar-
get product from N-1, N-2 . . . failure sequence frag-
ments.

A 1 3 50 mm XTerra MS C18 column, 2.5 mm was
utilized for the LC-MS analysis and quality control of
synthetic oligonucleotides. We investigated the re-
maining impurities in purified oligonucleotide samples
that were not removed by the “trityl on” SPE purifica-
tion method. The impurities were found to be mostly
mismatch sequence oligonucleotides originating from
incomplete capping in the oligonucleotide synthesis.
We also detected impurities eluting after the main
product peak. They were identified as full-length oligo-
nucleotides with a cyanoethyl protecting group, which
was not cleaved in the postsynthesis deprotection step.
Finally, we employed HPLC with PDA and MS detec-
tion to identify the main product and impurities in a
crude 21-mer TaqMan synthetic mixture.
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