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ABSTRACT 

Reversed-phase and ion-exchange HPLC are compared with both slab gel and capillary gel electrophoresis for the separation of 
antisense phosphorothioate oligomers. The chromatographic separations were found to be markedly inferior to the electro- 
phoretic separations, especially for oligomers greater than 20 bases in length. The potential of gel high-performance capillary 
electrophoresis for the analysis of phosphorothioate analogues is shown. 

INTRODUCTION 

A new field, “antisense DNA”, was born 
following the discovery that a synthetic 1Zmer 
DNA selectively inhibited gene expression in 
Rous Sarcoma virus [ 11. Oligodeoxynucleotides 
(ODNs) that are complementary or “antisense” 
to a specific gene or mRNA sequence are poten- 
tial chemotherapeutic agents [2,3]. Initially, this 
concept was accepted with skepticism. The half- 
life of short single-stranded DNA (ssDNA) in a 
living organism (and in vitro) is short; before it 
penetrates the cell membrane and reaches its 
target, most of it is digested by exonucleases. 
Therefore ssDNA is not effective as a targeted 
therapeutic drug at low dosages. To diminish 
enzymatic hydrolysis, synthetic analogues of 
oligonucleotides were synthesized. It is impor- 
tant to the antisense strategy to minimize disrup- 
tion of the normal formation of hydrogen 
bonded Watson-Crick base pairs. Thus, an- 
tisense DNA modifications should be conserva- 
tive. The substitution of a sulfur atom for an 
oxygen atom on the phosphate group is a con- 
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servative substitution which increases nuclease 
resistance without significantly impairing the 
hybridization of the antisense with the target 
mRNA [4]. These ssDNA analogues are known 
as phosphorothioates (SODNs). 

SODNs have been successfully used as anti- 
viral agents [5,6] and gene inhibitors [5]. Toxicity 
and pharmacokinetics of SODN oligomers have 
been conducted successfully on animals with 
promising preliminary results [7]. The principle 
by which such a compound is used is rather 
simple. Antisense DNA, the complement to a 
specific segment of mRNA, hybridizes to the 
target sequence and inhibits the gene’s expres- 
sion. If the product of the inhibited gene (e.g., a 
protein) is essential to the cell, the cell will 
perish. Antisense DNA analogues are small 
synthetic molecules (i.e., &I, ca. 10000). The 
development and manufacture of antisense phar- 
maceuticals must address the issues of oligomer 
length, base composition, base sequence and 
chemical as well as stereochemical purity. 

RP-HPLC is of limited use for the resolution 
of modified DNA because of the small differ- 
ences in hydrophobicity with increasing chain 
length [8]. In addition, the resolution of SODNs 
may be complicated by stereochemical effects. 
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The substitution of a sulfur for an oxygen atom 
on the phosphate group results in the formation 
of a chiral center. Thus, for an oligomer with at 
SODN linkages, there can be 2” stereoisomers 
only one of which may represent the most active 
molecule [4]. The reversed-phase partitioning is 
complicated by the nature of the DNA back- 
bone, which requires low pH for suppression of 
SODN ionization. The addition of a cationic 
ion-pairing reagent increases the efficiency of 
reversed-phase separations and ODNs with up to 
20 bases have been resolved [9]. However, these 
data were generated with phosphodiester DNA, 
not the sulfur analogue. Ion-exchange HPLC 
appears to offer the highest chromatographic 
resolution of modified oligomers. Polymer based 
columns yield more predictable behavior and 
increased longevity over silica based columns 
[lo]. This is probably due to secondary interac- 
tions with silanol groups and the chemically 
labile nature of silica bonded phases. A potential 
benefit of polymer based columns is the ability to 
utilize pH extremes to differentiate between 
oligomers of equal length, but different base 
sequence [ll]. The use of weak or strong anion- 
exchange columns (WAX/ SAX) yielded compar- 
able separations although the selectivity of the 
WAX column could be modified by pH. The 
advantage of ion-exchange HPLC over ion-pair 
HPLC is selectivity; ion-exchange HPLC res- 
olution of SODNs is sequence and length depen- 
dent while ion-pair HPLC is only length depen- 
dent [9]. 

The length and heterogeneity of natural or 
modified DNA are best assessed by poly- 
acrylamide gel electrophoresis (PAGE). There is 
a great deal of interest in the separation and 
characterization of SODN analogues for use as 
antisense pharmaceuticals. Synthetic SODNs 
have become standard reagents in most antisense 
laboratories using molecular biology techniques. 
When synthesized, the product is a mixture of 
truncated oligomers and the desired oligomer. 
Purification usually involves PAGE and RP- 
HPLC [12]. The task of purification is a challeng- 
ing one, because failure sequences differ only in 
base number and possibly in the sequence of 
bases. A technique for the rapid separation of 
SODNs could result in important advances in the 
molecular biology of antisense pharmaceuticals. 

We have demonstrated the high resolution 
power of PAGE filled capillaries for the separa- 
tion of low-molecular-mass DNA [13] and en- 
zymatic sequencing reaction mixtures [ 141. Capil- 
lary gel columns with low monomer concen- 
trations (less than 3% T) generate large numbers 
of theoretical plates; however, they are not 
suitable for SODN separations. 

In this paper we compare and contrast the 
separation of SODNs via chromatographic and 
electrophoretic methods. Several factors which 
control efficiency and resolution of SODNs by 
HPCE are explored. The separation conditions 
for SODNs are significantly different from those 
recommended for phosphodiesters [ 141. The 
results were used to define conditions where 
separation of SODNs can be achieved with 
single-base resolution up to 50 bases in length. 

EXPERIMENTAL 

Chemicals and reagents 
Water and acetonitrile (ACN) were HPLC 

grade (J.T. Baker, Phillipsburg, NJ, USA). 
Tetrabutylammonium phosphate (TBAP) was 
obtained from Fluka (Ronkonkoma, NY, USA). 
Sequagel Sequencing System (acrylamide-bis- 
acrylamide, 19: 1) purchased from National Diag- 
nostics (Manville, NJ, USA) was used for slab 
gel preparations. Ultra-pure Tris base, urea, 
acrylamide, and EDTA were purchased from 
Schwartz/Mann Biotech (Cleveland, OH, 
USA). N,N,N’,N’-tetramethylethylenediamine 
(TEMED) and ammonium persulfate were pur- 
chased from Bio-Rad (Richmond, CA, USA). 
Boric acid was obtained from Sigma (St. Louis, 
MO, USA). All SODNs were synthesized in- 
house, desalted, lyophilized and reconstituted in 
sterile water for injection (Lyphomed, a division 
of Fujisawa USA, Deer-field, IL, USA). Stains- 
All (4,5,4’,5’-dibenzo-3,3’-diethyl-9-methylthia- 
carboncyanine bromide) was purchased from 
Eastman Kodak (Rochester, NY, USA). 

HPLC apparatus 
Two HPLC systems were employed in this 

work: an HP 1090m (Hewlett-Packard, Burling- 
ton, MA, USA) and a Waters system consisting 
of a 600E system controller, a 717 autosampler 
and a 490E UV detector (Waters, a division of 



A.S. Cohen et al.1 .I. Chromatogr. 638 (1993) 293-301 295 

Millipore, Milford, MA USA). The reversed- 
phase resolution of SODNs was performed on a 
NovaPak Crs, 4 pm, 150 x 3.9 mm I.D. column 
(Waters) using the following mobile phases: (I) 
A: 0.1% formic acid, B: ACN containing 0.1% 
formic acid; (II) A: 0.1 M ammonium acetate 
(NH,Ac), B: ACN-0.1 M NH,Ac (80:20); (III) 
A: 50 mM KH,PO, (pH 4.3), 10 mM TEAP, B: 
ACN-water (80:20) containing 10 mM TBAP. 
Ion-exchange separations were performed on a 
Partisphere WAX, 5 pm, 110x 4.7 mm I.D. 
GENPAK column (Whatman, Clifton, NJ, 
USA), a GEN-PAK FAX, 2.5 pm, 100 x 4.6 
mm I.D. column (Waters) and a NucleoPac PA- 
100, 13 pm, 250 x 4.0 mm I.D. column (Dionex, 
Sunnyvale, CA, USA). The mobile phases used 
for ion-exchange HPLC were (IV) A: 20 mM 
KH,PO,, 100 mM (NH&SO, (pH 6.3)-ACN- 
MeOH (8:2:1, v/v/v), B: 20 mM KH,PO,, 1 M 
(NH,),SO, (pH 6.3)-ACN-MeOH (8:2:1, v/v/ 
v) and (V) A: 25 n&Z, Tris 1 m&f EDTA (pH 

8.0)-ACN (9:1, v/v), B: 25 mM Tris, 1 mh4 
EDTA, 2 M NH&l (pH 8.0)-ACN (1:9, v/v). 
All effluents were monitored at 270 nm and 
gradients were as defined in Table I. 

Slab gel apparatus 
Electrophoresis was carried out in a vertical 

slab gel apparatus (Model V16, GIBCO BRL, 
Gaithersburg, MD, USA). The electric field was 
supplied by a regulated power supply (Model FB 
400, Fisher, Pittsburgh, PA, USA). The applied 
voltage was 250 V, which corresponded to an 
effective field strength of 19.2 V/cm. Gels were 
stained with Stains-All and dried on a gel dryer 
(Buchler Instruments, Lenexa, KA, USA). Elec- 
tropherograms were obtained on a laser densi- 
tometer (Molecular Dynamics, Sunnyvale, CA, 
USA). 

HPCE apparatus 
The capillary electrophoresis apparatus with 

TABLE I 

GRADIENT PROGRAMS USED FOR HPLC ANALYSES 

Gradient 
program 

I 

II 

III 

IV 

V 

VI 

Column 

NovaPak C,, 

NovaPak C,, 

NovaPak C,, 

Partisphere WAX 

GenPak FAX 

Nucleopak PA-100 

Flow-rate and temperature 
(ml/min, “C) 

1.5 at 50°C 

1.5 at 50°C 

1.5 at 50°C 

1.5 at room temperature 

0.75 at 65°C 

2.0 at 70°C 

Time 

(min) 

0 
3 

13 

0 
2 

12 

0 
2 
8 

0 
2 

25 
30 

0 
15 
15.1 
30 

0 
6 

10 

Mobile phase 
composition (%) 

A B 

94 6 
94 6 
26 76 

100 0 
100 0 

0 100 

50 50 
50 50 
50 100 

100 0 
100 0 
40 60 
40 60 

40 60 
5 95 
0 100 
0 100 

90 10 
0 100 
0 100 
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UV detection and the preparation of gel-lilled 
capillary for the separation of DNA molecules 
have been described previously [13,15]. A 30 kV, 
500 PA direct current high-voltage power supply 
(Model ER/DM; Glassman, Whitehouse Sta- 
tion, NJ, USA) was used to generate the poten- 
tial across the capillary, UV detection of SODNs 
at 270 nm was accomplished with a Spectra 100 
(Spectra-Physics, San Jose, CA, USA). The data 
were acquired and stored on an AcerPower 4W 
33 computer (Acer American, San Jose CA, 
USA) through an analog-to-digital converter 
(Model 970, Nelson Analytical, Cupertino, CA, 
USA). 

Gel-filled capillaries 
Fused-silica capillary tubing (Polymicro Tech- 

nologies, Phoenix, AZ, USA) with 75 pm I.D., 
375 pm O.D., effective length of 15-20 cm and 
the total length of 30-60 cm was treated with 
(methylacryloxypropyl)trimethoxysilane (Pet- 
rarch Systems, Bristol, PA, USA) and then filled 
with a degassed solution of 13-18% polymeriz- 
ing linear acrylamide in aqueous or formamide 
media (0.1-0.3 M Tris-borate, 2-6 mM EDTA 
TBE buffer, pH 8.3 containing 7-8.3 M urea). 
Polymerization was achieved by adding am- 
monium persulfate solution and TEMED. An 
electric field of 400 V/cm was normally applied 
unless otherwise is indicated. 

shape was skewed vs. chromatography at pH 6.5 
(Fig. 1A and B). In both cases no resolution of 
individual oligomers was achieved. Ahquots 
from RP-HPLC (Fig. 1B) were collected and 
analyzed by PAGE. The aliquots from the front, 
middle and end of the peak showed the same 
ratio of oligomers indicating no resolution of 
bases had occurred. The addition of TBAP to 
the mobile phase increased the interaction with 
the hydrophobic support, but the resolution of 

A 

RESULTS AND DISCUSSION 

The analysis of SODN antisense compounds is 
in its infancy. There are few published chromato- 
graphic or electrophoretic methods for the 
baseline resolution of phosphorothioate homo- 
logues beyond 20 bases. 

Reversed-phase liquid chromatography 
The separation of large SODN oligomers by 

RP-HPLC was unsuccessful. The resolution of 
SODNs of less than 7 bases was possible, but 
larger oligomers coeluted. Reversed-phase sup- 
ports are useful for separation of dimethoxy- 
trityl-blocked vs. deblocked species. Decreasing 
the pH of the mobile phase increased the inter- 
action of the phosphorothioates with a hydro- 
phobic stationary phase; however, the peak 

38 Time (min) 68 

Fig. 1. Resolution of phosphorothioates via HPLC and 
HPCE. The sample is a crude 25-mer SODN containing 
failure sequences. (A) RP-HPLC at low pH, Table I, gra- 
dient I, (B) RPtEIPLC at pH 6.5, gradient II, (C) ion-pair 
HPLC, gradient III, (D) ion-exchange HPLC, gradient VI, 
and (E) capillary gel HPCE conditions as in Fig. 4. 
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the 25mer from the failure sequences was poor 
(Fig. 1C). The most effective chromatographic 
resolutions were obtained on anion-exchange 
HPLC supports (Fig. 1D). The best separation 
of this mixture was obtained with capillary gel 
HPCE (Fig. IE). The reasons for such high 
efficiency will be discussed later. 

Anion-exchange chromatography 
Anion-exchange HPLC of the SODNs was 

possible on weak and strong anion-exchange 
supports. Reproducibility and efficiency were 
better with polymer-based supports vs. silica- 
based supports. The chemical stability of the 
polymer based columns and the absence of 
secondary effects from residual silanol groups 
were likely factors in their improved perfonn- 
ante. The Partisphere column, a weak anion 
exchanger based on diethylaminoethyl groups 
covalently bonded to 10 pm silica, required 
several injections of concentrated phosphoro- 
thioate before reproducible recoveries were ob- 
tained. This presumably covered active sites in 
the column. The column efficiently resolved over 
20 failure sequences from a 25mer synthesis. 
However, the gradient program required daily 
modification because the retention of oligomers 
decreased by cu. 0.5 min per day. The GenPak 
FAX column and the NucleoPac PA-100 are 
polymer based pellicular supports. Although the 
GenPak FAX column contained weak anion- 
exchange groups and the NucleoPac PA-100 

A 

h J 
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strong anion-exchange groups, the resolutions 
were virtually identical. Both polymer based 
columns yielded reproducible separations over 
several hundred injections. The ability to work 
at elevated temperature (60-7O”C, i.e., denatur- 
ing conditions) also reduced the possibility of 
secondary structure. The interaction of the 
SODNs increased with increasing temperature 
due to exposure of more ion-exchange sites on 
the SODN as the conformation became more 
relaxed [16]. The resolution of oligomers greater 
than 23 bases in length proved difficult. This 
appeared to be exacerbated when the compo- 
nents were present in unequal ratios (Fig. 2A- 
F). A spiking study was performed to determine 
the ability to separate oligomers of 23 and 25 
bases in length. The retention times of the 23 
and 25 mers appeared to be dependent on the 
relative ratios of the components (Fig. 2A-F). 
Since the mass load on the column was within 
the linear range, the reason for this phenomenon 
is uncertain. 

Slab gel electrophoresis 
Separations of SODN and other DNA ana- 

logues have been achieved by flat bed or slab gel 
electrophoresis [17]. Normal sequencing gel was 
used to separate SODN analogues with up to 50 
bases [17]. We first examined the separation of a 
mixture of failure sequences ranging from 1 to 50 
bases on a sequencing slab gel (Fig. 3). Although 

4 
z 

F 

_; - 
Fig. 2. Ion-exchange HPLC of 23- and 25-mer SODNs. The retention behavior was investigated vs. relative concentration of each 
oligomer. (A) 25mer, (B) 1:3 (25X3), (C) 2:3, (D) 3:3, (E) 4:3 and (F) 23-mer. The analyses were performed on a GenPak 
FAX column, gradient V. Injection volume: 20 pl. Peak numbers indicate retention times in min. 
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Fig. 3. Separation of failure sequence on a polyacrylamide 
slab gel. Conditions: 19% T, 1% C containing 8.3 M urea, 
0.1 M TBE (pH 8.3); applied electric field 19.2 V/cm, 
voltage 250 V. Electropherogram was obtained by laser 
densitometry, peak numbers indicate delineation of bands by 
densitometer. 

25 distinct bands could be seen on the gel, 
baseline separation was not obtained by den- 
sitometry because of the background from the 
Stains-All reagent (figure not shown). A laser 
densitometer gave better results under the exact 
same conditions (Fig. 3). Although the laser 
densitometer had better performance than the 
conventional densitometer, only 21 out of the 
expected 50 bands were detected. In addition to 
the problems of background absorbance and 
reproducibility of the staining, the binding of 
Stains-All to single-stranded phosphorothioate 
(ssSODN) was not a linear function of base 
length. Thus, quantitation or even relative 
quantitation, was not possible using this ap- 
proach. 

Gel HPCE separations 
The separations of individual SODNs on gel 

matrices were investigated. The migration times 
of the SODNs were longer than the phos- 
phodiester analogues. Electropherograms indi- 
cated no linear correlation between migration 
and SODN length (Fig. 4). Mobility and thus 
migration time were sensitive to temperature 
changes (e.g., ca. 2% PC) due to the sensitivity 
of the gel’s viscosity to temperature. Therefore 

Fig. 4. Gel HPCE migration of SODNs on a capillary gel 
column. (A) 15-mer; (B) 19-mer; (C) 23-mer; (D) 25-mer; 
(E) 27-mer and (F) 29-mer. Conditions: 12% T, 0% C, 7 M 
urea, 0.1 M TBE (pH 8.3); capillary dimensions: 75 pm 
I.D., total length 30 cm (effective length 20 cm); applied 
electric field 300 V/cm, current 10 PA. 

care was exercised to keep the Joule heating in 
the HPCE system below 0.5 W/m. 

We approximated the amount of sample in- 
jected in Fig. 5 (5 kV for 2 s) by calibrating the 
capillary detector response in the absence of gel 
with known concentrations of sample. A linear 
plot was observed (r2 = 0.998). The analyte 
concentration in each band passing through the 
detector was interpolated from this calibration 
curve. The average concentration of an indi- 
vidual band was determined from the average 
peak height of the bands in the electrophero- 
gram (Fig. 5). The volume of the band was 
calculated from the baseline peak width and the 
migration velocity of the species. The estimated 
peak volume was ca. 5 nl and the average mass 
per peak was 375 pg. 

We have used the conventional sequencing gel 
formulation [14] which was found to have low 
resolving power (Fig. 4). A higher density gel 
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m 1 4 6 7 10 

B 

-_k 
12 15 16 21 24 27 30 33 

Time (min) 

Fig. 5. Gel HPCE separation of a mixture of 23-, 24- and 
25-mers of SODNs. (A) effective length 8 cm and (B) 
effective length 25 cm. Conditions: 13% T, 0% C, 8.3 M 
urea, 0.2 M TBE (pH 8.3); applied electric field 400 V/cm. 

(i.e. higher %T) yielded a better separation (Fig. 
5A and B). Artificial mixtures of 23-, 24-, 25 
mers of SODNs were separated on a denaturing 
gel (7 M urea, 12% T) in 30 min (Fig. 5B). To 
reduce analysis time, the column was shortened 
from 25 to 8 cm (Fig. 5A). The ability of the 
&cm column to maintain high resolution with 
short run times was remarkable. The calculated 
efficiency for the 25-mer was 1.9 - lo6 plates/m 
vs. 0.34 - lo6 plates/m for the longer column. 
Thus, the shorter columns was three times as 
efficient in one third the time. Though the 
efficiency was not as high as expected based on 
known efficiencies for phosphodiester DNA, the 
number of possible diastereomers which migrate 
with the same effective charge was 224 for the 
SODN 25-mer. As expected, the mass sensitivity 
also increased in the shorter column due to 

decreased band broadening. Since no efforts 
were made to thermostat the capillaries, a longer 
capillary may have experienced more tempera- 
ture inhomogeneity than a short capillary. This 
phenomena will be the topic of future investiga- 
tions. 

An artificial mixture of 24- and 25-mers of 
SODNs was resolved on the 28cm column, Fig. 
6. The time window between the oligomers is 
large enough to accommodate an additional 
peak. This peak is presumed to be a failure 
sequence of the synthesized 25-mer and there- 
fore a 24-mer. Since this peak is migrating right 
from the main 25-mer under denaturing condi- 
tions, we assume that the two 24-mers (possibly 
two 25-mers) are separated based on the differ- 
ence in base sequence. 

An improved version of the electrophoresis 
column is currently being developed for the 
separation of SODN analogues. The gel compo- 
sition was modified with formamide [18]. Using 
this modified gel formulation, improved resolu- 
tion of bases 1 through 50 was obtained (Fig. 7A 
and B) [ 181. When migration time was examined 
with res ect to fragment length, a linear relation- 
ship (r P = 0.999) was observed (Fig. 8). The 
linear behavior of SODNs ranging from 1 to 50 
bases in length (or longer) is an important 
feature for SODN analyses. It is important to 
recognize that under these experimental condi- 
tions, no peak compression was observed in the 

Time (min) 

Fig. 6. HPCE separation of an artificial mixture of 24- and 
25-mers of SODNs. For experimental conditions see Fig. 5. 
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Fig. 7. Electropherograms of failure sequence of SODNs 
from 1 to 50 bases on (A) regular sequencing gel column and 
(B) modified sequencing gel column. Conditions: effective 
length 20 cm, applied electric field 400 V/cm. 
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Fig. 8. Calibration plot of migration time vs. base length. All 
conditions identical to those of Fig. 7B. 
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range of 1 to 50 bases. We are currently inves- 
tigating resolutions of SODNs beyond the 50 
base range. 

CONCLUSIONS 

The analysis of SODNs via chromatographic 
means was possible for short oligomers with less 
than 30 bases. The highest resolutions were 
obtained using polymer based pellicular anion- 
exchange resins. Gel HPCE provides a facile 
approach to separation, analysis and purity de- 
termination of SODNs. High resolving power 
was possible with these capillary gel columns, 
permitting rapid separation of SODNs that differ 
by one base. A significant potential exists for 
sequencing of SODNs with HPCE gel columns. 
In addition, rapid assessment of the purity of 
synthesized oligonucleotides is possible by gel 
HPCE. 
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