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Research Article

Retention of nucleic acids in ion-pair
reversed-phase high-performance liquid
chromatography depends not only on base
composition but also on base sequence

The study on nucleic acid retention in ion-pair reversed-phase high-performance liquid
chromatography mainly focuses on size-dependence, however, other factors influencing re-
tention behaviors have not been comprehensively clarified up to date. In this present work,
the retention behaviors of oligonucleotides and double-stranded DNAs were investigated on
silica-based Cyg stationary phase by ion-pair reversed-phase high-performance liquid chro-
matography. It is found that the retention of oligonucleotides was influenced by base com-
position and base sequence as well as size, and oligonucleotides prone to self-dimerization
have weaker retention than those not prone to self-dimerization but with the same base
composition. However, homo-oligonucleotides are suitable for the size-dependent separa-
tion as a special case of oligonucleotides. For double-stranded DNAs, the retention is also
influenced by base composition and base sequence, as well as size. This may be attributed
to the interaction of exposed bases in major or minor grooves with the hydrophobic alky
chains of stationary phase. In addition, no specific influence of guanine and cytosine con-
tent was confirmed on retention of double-stranded DNAs. Notably, the space effect resulted
from the stereostructure of nucleic acids also influences the retention behavior in ion-pair
reversed-phase high-performance liquid chromatography.
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acids / Retention behavior
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techniques, genotyping techniques, in situ hybridization, and
PCR have facilitated many achievements of biotechnological

Nucleic acids play an important role in all biochemical, bio-
logical, and biomedical sciences [1]. Improvements in DNA
technology, such as DNA sequencing [2, 3], DNA cloning
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revolution. For example, the DNA shuffling is widely applied
in the fields of vaccine research and development [4, 5], gene
therapy [6, 7], etc. Chemically modified oligonucleotides, the
so-called antisense oligonucleotides, have shown promise as
the therapeutic agents of viral infections, cancer and inflam-
mation [8,9]. The rapid growth of the human genome projects
as well as the novel therapeutics based on antisense oligonu-
cleotides has stimulated the search for development of fast
and reliable methods for the separation and analysis of nu-
cleic acids. The standard method for the separation of DNA
fragments is electrophoresis in polyacrylamide and agarose
gels. Despite impressive advances, however, modern elec-
trophoresis remains a laborious methodology that cannot be
run unattended or automatically, and is prone to limited re-
producibility and accuracy [10]. By virtue of its high resolving
capability, short cycle times, full automation, and preparative
separation capability, HPLC has become a practical tool for
nucleic acid separation and analysis [1]. The major chromato-
graphic modes utilized for nucleic acid separation and anal-
ysis include SEC [11, 12], anion-exchange chromatography
(AEC)[13-16], and ion-pair reversed-phase high-performance
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liquid chromatography (IP-RP-HPLC) [17-21], among which
AEC and IP-RP-HPLC are the most used modes because of
their excellent resolution and the ability to separate mixtures
containing a large size range of both single (oligonucleotides)
and double-stranded deoxyribonucleic acids (dsDNAs) [22].
However, the high salt mobile phase of AEC limits its appli-
cation in combining with MS for structure identification and
quantitative determination of nucleic acids. The feasibility
of separating nucleic acids on commercial packing materials
by means of IP-RP-HPLC was first tried by Eriksson et al.
in 1986 [23]. Since 1992, the separation of nucleic acids by
IP-RP-HPLC has become more and more popular [24].

The prediction of molecular properties for a given
molecular structure is of considerable interest for many
physicochemical and biochemical processes [25]. Efforts are
particularly being made to theoretically predict retention be-
havior and evaluate physical and chemical parameters of
small molecules (such as the n-octanol/water partition coef-
ficients) in the area of chromatographic separations [26-37].
The correlation between molecular structure and retention
behavior is the basis of quantitative structure-retention rela-
tionships (QSRR), which contributes to the optimization of
separation condition, the exploration of retention mechanism
of chromatography, and rapid determination of physical and
chemical parameters. Research toward nucleic acid retention
benefits to the selection of chromatographic separation sys-
tems to purify, characterize, and quantify them. Different
with rigid small molecules, for the large size and a certain
degree of chain flexibility, nucleic acids are usually folded,
contorted and coiled, forming a distinct 3D structure [38].
Investigations into the relationship between structure and
retention behavior of nucleic acids become more complex,
mainly because of the highly dynamic nature of the process.
For example, abrupt “on-off” behavior is the characteristic of
nucleic acid retention in IP-RP-HPLC, and a relative higher
acetonitrile (ACN) ratio used as the elution beginning with a
shallow gradient are always beneficial to the separation [22].

Up to now, the studies on chromatographic retention
behavior of nucleic acids by IP-RP-HPLC have been carried
out by several research groups. The dominant models are
established as followings [38—43].

In 2002, Gilar et al. utilized XTerra MS C;5 column to sep-
arate 10-30mer oligonucleotides, and proposed the empirical
formula (Supporting Information Eqs. S1 and S2) for predict-
ing oligonucleotide retention based on base length and base
composition [39]. The model is useful for a rational choice of
the initial mobile phase strength, and can be applied to the
fast purification of synthetic oligonucleotides.

Sturm and co-workers in 2007 proposed a new model for
predicting the retention time of oligonucleotides based on v-
support vector regression (SVR), which can model non-linear
relationships while optimizing both the model performance
and the model complexity. Beside sequence, the temperature
dependency of the secondary structure is captured by adding
information similar to a melting curve, which makes the pre-
diction of oligonucleotide retention time for arbitrary tem-
peratures possible [38]. In 2015, Studzifiska and Buszewski
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established several QSRR models for oligonucleotide anal-
ysis using cholesterol, alkylamide and octadecyl stationary
phases, respectively, with which the retention of oligonu-
cleotide could be predicted based only on molecularly de-
scriptors or experimental derived descriptors [40].

In 1986, fragments in dsDNAs from 10 to 3000 bp were
separated on a silica-based PepRPC (C,/Cys) column, and it
was discovered that the resolution depended primarily upon
molecular size [23]. About ten years later, nonporous alkylated
poly(styrene-divinylbenzene) (PS-DVB)-C;s column was em-
ployed by Huber et al. for separating dsDNAs ranging from
51 to 2176 bp in length, and a size-dependent model was pro-
posed (Supporting Information Eq. S3 ), which can be used
for rapid sizing of dsDNAs with the inaccuracy of length
measurement being 0.05-3.2% in given mobile phase [41].

In 2013, Zhang et al. established a new model (Eqs. (1)
and (2)), which can describe the size-dependent separation of
dsDNAs (10-400 bp) for any characteristic of linear mobile
phase gradient on silicon micro-pillar array columns with
uncertainty of about 2% [42].

Ink(n, ¢) = ag + a1n — (mo + myn)e (1)

where k(n,¢) is the capacity factor in an isocratic condition
with ACN concentration of ¢; ag, a1, my and m, are constant;
n is the number of DNA bp.

k = In[1 + mb(tok(a) — 7)]/ mbty + T/ty (2)

where k is the capacity factor at gradient elution; k(a) is the
capacity factor at the initial condition (can be determined
using Eq. (1)); m equals to mo+myn; 1y is the dead time, 7 is
the gradient delay time.

Although these models derived can provide good pre-
diction for the separation of nucleic acids in IP-RP-HPLC,
some apparent problems exist inevitably. Gilar’s formula [39]
for oligonucleotide retention was derived at a high column
temperature of 60°C, therefore the influence of the second
structure of oligonucleotide was ignored. Atlow temperature,
however, there was a poor correlation between predicted and
experimental results for the oligonucleotides forming partial
double-helical structure and hairpin structure [38]. A signifi-
cant advantage was presented in Sturm’s model by taking the
influence of base sequence and secondary structure on reten-
tion into consideration [38]. However, the secondary structure
data were all calculated from software, which are probably dif-
ferent from the real structure of these oligonucleotides in mo-
bile phase. The correlation for Studzinska and Buszewski’s
models [40] was rather low with correlation coefficients (R?)
between 0.61 and 0.91, except for the one obtained on SG-
CHOL stationary phase (R* = 0.96), therefore, the predicted
results of oligonucleotide retention might be unsatisfactory.
As for dsDNA separation, inversion of expected retention ac-
cording to size-dependence was observed in reported data
frequently. In the work of Eriksson et al. [41], retention of
the 281 and 271 bp fragments from ®X174 RF Haelll di-
gest inversed, and retention of the 517 and 506 bp fragments
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from pBR322 Hinfl digest inversed. Same phenomenon was
also observed in Huber’s work [41]. The predicted sizes of
392 bp fragment from ®X174 HinclI digest and 394 bp frag-
ment from pBR328 Bgll digest were reversed, and the pre-
dicted size of 453 bp fragment from pBR328 BglI digest and
458 bp fragment from pBR322 HaellI digest were reversed.
The remarkable advantage of Zhang’s model is that the re-
tention prediction will not be restricted by mobile phase [42].
However, the 10 and 15 bp fragments were co-eluted, that is
because large size spans of dsDNAs (10—400 bp) were em-
ployed in establishing the model, and the model suitability to
the analysis of dsDNAs with minor difference in size has not
been demonstrated in more detail. Based on the above all, itis
reasonably considered that, besides size, some other features
such as shape and conformation caused by base sequence,
and etc., may be related to nucleic acid retention.

To verify the previous results and to seek the potential
influence factors other than size on retention behavior of
nucleic acids, a deep study on oligonucleotides and dsDNAs
with little size span was carried out by IP-RP-HPLC. It is
known that the choice of reversed-phase stationary phase
type is not crucial, as many columns perform comparably
well for nucleic acids with small particle size [39]. Commer-
cial silica-based Cyg is always the most used stationary phase
in IP-RP-HPLC for its high separation efficiency. And nowa-
days, silica-based Cis is used more frequently, due to the
completely end-capping technology, which can eliminate the
effect of silanol, extend the pH tolerance range and improve
the stability and reproducibility of columns. Therefore, in
this work, a narrow-bore silica C;3 column was used to in-
vestigate the retention behavior of nucleic acids including
oligonucleotides and dsDNAs.

2 Materials and methods
2.1 Apparatus

Instrumentation for HPLC analysis was a Shimadzu LC-
20AD that consisted of a vacuum degasser, a binary high-
pressure pump, an autosampler, a thermostatted column
compartment, and a dual-wavelength UV detector (Shi-
madzu, Kyoto, Japan). The Labsolution software was used
for the date acquisition and management. A FiveEasy Plus™
pH meter (Mettler-Toledo, Schwerzenbach, Switzerland) was
used for the pH determination of buffer solutions. ¢, and 7
were determined according to the procedure described in the
Supporting Information.

2.2 Materials

HPLC-grade ACN and triethylamine (TEA) were purchased
from Honeywell (Ulsan, Korea) and TEDIA (Fairfield, OH,
USA), respectively. Acetic acid (= 99.5%, analytical reagent)
was obtained from Sinopharm Chemical Reagent (Shanghai,
China). Ultrapure water was used throughout the experiment.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Twenty-two oligonucleotides including 14 hetero-
oligonucleotides and 8 homo-oligonucleotides were pur-
chased from Invitrogen Biotechnology (Shanghai, China).
Ten dsDNAs were synthesized by GenScript (Nanjing)
(Nanjing, China). All the nucleic acids were prepared in water
with the final concentration of 10 pmol/L before use.

2.3 Chromatographic conditions

Triethylammonium acetate (TEAA) was used as ion-pair
reagent in the mobile phase. The preparation of mobile
phases referred to our previous work [40]. Separation was
accomplished on an Ultimate XB-C;g column, 150 x 2.1 mm
id, 3 wm (Welch Materials, Inc., Shanghai, China) with the
column temperature set at 25°C for oligonucleotides and 25—
45°C for dsDNAs. A linear gradient elution of mobile phase A
(0.1 M TEAA containing 5% ACN, pH 7.0) and mobile phase
B (0.1 M TEAA, containing 25% ACN, pH 7.0) was carried out
at flow rate of 0.2 mL/min. All mobile phases were filtered by
0.22 wm filter membrane before use. The injection volume
was 1 pL, and the effluent was monitored at 260 nm for nu-
cleic acids and 220 nm for NaNO;. At least three injections
were performed for every sample solution.

2.4 Experimental procedure

2.4.1 Determination of retention times
of oligonucleotides

The retention times (tz) of 14 hetero-oligonucleotides
(Table 1) from 10mer to 22mer in length were determined
for studying the influence of base composition and base se-
quence on retention behavior in IP-RP-HPLC, and room tem-
perature of 25°C was selected to maintain the stereo-structure
of oligonucleotides in mobile phase. All the test compounds
were performed under a linear gradient of 10-60% B in
50 min, with other chromatographic parameters the same
as described in Section 2.3.

The retention time of adenine (A) series was deter-
mined to investigate the applicability of Zhang’s size-
dependent model to homo-oligonucleotides [39]. Oligonu-
cleotides (dA)q, (dA)ss, (dA)y, and (dA)sy were selected as
model compounds to determine the constants of ay, a1, my
and m; in Zhang’s equations (Egs. (1) and (2)). Six different
linear gradients were performed at column temperature of
25°C. And mobile phases were as following: 1. 22-62% B in
32 min; 2. 20-72.5% B in 32 min; 3. 18-58% B in 40 min; 4.
15-55% B in 40 min; 5. 18-48% B in 40 min; 6. 19-39% B in
40 min. Other chromatographic parameters were the same
with Section 2.3 unless otherwise mentioned.

Oligonucleotides (dA);, (dA)17, (dA)ys and (dA),; were
test compounds, of which tr were tested under two different
gradient elutions (linear gradient 1: 19-39% B in 40 min and
linear gradient 2: 17-77% B in 40 min).
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Table 1. Retention behavior of hetero-oligonucleotides

Liquid Chromatography 4505

Samples Sequence (5-3') Size G (%) C (%) A (%) T (%) AG (kcal/mol) @ tg (min) b)
oligo 1 AACCGGTCGA 10 30 30 30 10 —12.43 35.69
oligo 2 TCGACCGGTT 10 30 30 10 30 —12.43 35.76
oligo 3 CGTACCTTGG 10 30 30 10 30 —3.65 39.08
oligo 4 TGTAGCTCCAAGATGCC 17 235 29.5 235 235 —6.34 37.90
oligo 5 TTGAGCTCCAAGATGCC 17 235 29.5 235 235 —9.49 38.54
oligo 6 TTGAGCTCCAAGAGTCC 17 235 29.5 235 235 —9.49 38.50
oligo 7 GACAGGAAAGACATTCCGGT 20 30 20 15 35 —9.75 36.95
oligo 8 GACAGGAAAGACATTCTGGC 20 30 20 15 35 —3.55 38.40
oligo 9 GACAGGAAAGACTTTCTGGG 20 35 15 20 30 —7.06 39.97
oligo 10 GACAGGAAAGACGTTCTGGT 20 35 15 20 30 —6.3 39.52
oligo 11 GTCACTTTTTCTCCCGTTGCCA 22 13.6 36.4 9.1 40.9 —3.61 45.84
oligo 12 GTCACTCCATCTCCCGTTGTTT 22 13.6 36.4 9.1 40.9 —3.61 45.24
oligo 13 CTCAGTAGCGAGCTCAGTCCGA 22 213 31.8 18.2 22.7 —9.49 41.70
oligo 14 ACTCAGTGTAGCCCACGATGCG 22 213 31.8 18.2 22.1 —3.61 41.99

a) AG (Gibbs free energy) for oligonucleotides to form self-dimer was obtained from website of http://www.idtdna.com/calc/analyzer.
b) tz was determined using a linear gradient of 10% to 60% B in 50 min; flow rate: 0.2 mL/min; column temperature: 25°C; other conditions

were the same with that in Section 2.3.

2.4.2 Determination of retention times
of double-stranded deoxyribonucleic acids

The retention times of ten dsDNAs of same length but differ-
ent base composition, or same base composition but different
sequence were determined to investigate the influence factors
other than size on the retention of dsDNAs in IP-RP-HPLC.
The dsDNA sequences are listed in Supporting Information
Table S1 in detail, and all the test compounds were performed
under a linear gradient from 30 to 70% B in 40 min at column
temperature of 25, 30, 35, 40, and 45°C, respectively.

2.5 Data calculation

1StOptl15pro software (7D-Soft High Technology, China)
was used to perform non-linear fitting of the homo-
oligonucleotides data to determine the retention parameters
o, a1, Mo and my based on Egs. (1) and (2). Different combina-
tions of the six gradients elution data determined in Section
2.4.1 for model compounds of homo-oligonucleotide were
used to seek the optimal fitting curve.

3 Results and discussion

In IP-RP-HPLC, the retention behavior of a nucleic acid is de-
termined by the interaction between stationary phase, solutes,
and mobile phase, which is related to several factors, such as
the hydrophobicity of column packing, the type and concen-
tration of paring ion, the concentration of organic modifier in
mobile phase, the chain length and existing form of nucleic
acid, and etc. However, the IP-RP-HPLC retention mecha-
nisms of oligonucleotide and dsDNA still have some differ-
ences due to their respective specificity in structure.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.1 Retention behavior of oligonucleotides

The retention time of oligonucleotide in IP-RP-HPLC has
been found to depend highly on the base composition [44].
This is because nucleobases and sugar-phosphate backbone
oligonucleotides are oriented at opposite sides of the single
molecular chain, which are both exposed to mobile phase. The
negative sugar-phosphate reacts with the positive counter ion
agents forming a hydrophobic ion-pair in the mobile phase
[45]. Thus, both the number and the hydrophobicity of bases
contribute to the retention of oligonucleotides.

Two different elution sequence cytosine (C) < guanine
(G) < adenine (A) < thymine (T) and C < G < T < A were
reported using highly cross-linked PS-DVB-PVB [44] and PS-
DVB-C;s columns [46] respectively, probably due to the dif-
ferent stationary phase hydrophobicity of the two column
packing. While in Devaney’s work, the two elution orders
were presented respectively when column temperature was
70 and 50°C on the same PS-DVB-Cg column [45]. An elution
sequence of A < T was observed in our previous work when
silica-based C;5 column used at temperature of 35-60°C [43].

The retention behavior of 14 hetero-oligonucleotides was
investigated, and the retention times are listed in Table 1.
There was a little retention difference between the two com-
plementary chains of oligos 1 and 2. The retention time of
oligo 3 was longer than that of some bigger size oligonu-
cleotides with 17mer and 20mer, thus, the retention is
affected apparently by the base composition. Retention dis-
crepancy was observed for all the groups with same base com-
position but different base sequence, indicating retention of
oligonucleotide is also related to the base sequence. Same
phenomenon was observed in the work of Biba et al. [47], in
which six base-flip isomeric RNAs showed a modest separa-
tion under a same IP-RP-HPLC condition due to the subtle
difference in conformation. Additionally, in our work, for
oligonucleotides with same base composition, there was a
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longer retention when two “T” were both near the 5’-end (oli-
gos 5 and 6) than one “T” was exchanged by “G” (oligo 4).
However, the retention was almost the same when “I” and
“G” exchanged in a position a little far from 3’-end (oligo 5 ver-
sus oligo 6). Therefore, retention of oligos 4, 5 and 6 implied
that the change of base near the end position of oligonu-
cleotides contributes more to the retention than that in the
middle position, which is in accordance with the results in
Luo’s work [48]. That is because the elution sequence is G <
T, and base near the end position will have an enough hy-
drophobic interaction with the C;s chains assembled on the
stationary phase surface. Therefore, Supporting Information
Eqgs. S1and 2 are not suitable for hetero-oligonucleotides anal-
ysis at room temperature in this present research, because of
the different retention for oligonucleotides with same base
composition.

There exists hairpin or dimer structure in some oligonu-
cleotides induced by intra- or inter-molecular hydrogen bond-
ing interaction. All the oligonucleotides in Table 1 cannot
form hairpin structure according to the calculation from
http://www.idtdna.com/calc/analyzer, but some have the
tendency to form self-dimers (AG < —4.5 kcal/mol). Inter-
estingly, a relatively weaker retention was observed for all the
oligonucleotides prone undergoing self-dimerization than
those that do not self-dimerize but with same base compo-
sition, such as oligo 2 versus oligo 3, oligo 7 versus oligo 8,
and oligo 13 versus oligo 14. Moreover, the retention differ-
ence became smaller accompanying the increase of oligonu-
cleotides size. It is probable that there is a steric hindrance
effect for oligonucleotides prone to self-dimerization, so their
retention times were relatively short. However, as the chain
length of oligonucleotide increases, the steric hindrance ef-
fect becomes not significant compared with those not prone
to self-dimerization, since there is a relative large steric hin-
drance effect for themselves. It can be believed that, besides
the length of oligonucleotide, the fraction of four bases and
the base sequence also play an important role in hetero-
oligonucleotides retention.

As the special case of oligonucleotides, each monomer of
homo-oligonucleotides exhibits the same degree of electro-
static interaction with the ion-pairing agent and each base has
the same hydrophobicity, so the retention is highly depended
on the base number. Base on this, size-dependent model may
be suitable for the analysis of homo-oligonucleotides. Com-
pared with the model established by Huber et al. [41], the
prediction is effective in arbitrary linear mobile phase using
Zhang’s model with a limited number of separation runs for
the model establishment [42]. Therefore, the applicability of
Zhang’s model to homo-oligonucleotide was tried for adenine
(A) series. Six different linear gradients of model compounds
(dA)10, (dA)ss, (dA),; and (dA)sp at column temperature of
25°C are displayed in Fig. 1, and a typical chromatogram is
shown in Fig. 2. There was a quadratic linear correlation be-
tween the retention factor k and homo-oligonucleotide length
for all the gradients, in accord with our previous work [43].

The values of ay, a1, my and m, in Egs. (1) and (2) deter-
mined by 1stOpt15PRO software through non-linear fitting

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Homo-oligonucletide size

Figure 1. The retention factors k versus homo-oligonucleotide
length of model compounds under six different linear gradi-
ents. Column temperature: 25°C; Flow rate: 0.2 mL/min; Detection
wavelength: 260 nm for oligonucleotides and 220 nm for NaNOs.
Mobile phases: 1. 22-62% B in 32 min; 2. 20-72.5% B in 32 min; 3.
18-58% B in 40 min; 4. 15-55% B in 40 min; 5. 18-48% B in 40 min;
6. 19-39% B in 40 min.

75000
(dA),,
60000

45000 4

30000

Absorption
a
Z

15000 4

10 20 30 40 50

7, (min)

Figure 2. Typical chromatogram of model homo-
oligonucleotides separated under linear gradient 6 in Fig. 1.

were 9.84, 0.57, 1.14, and 0.04, respectively, with R* of 0.9987
for the final fitting curve. The experimental and calculated
k values (ke and ke, respectively) of test oligonucleotides
(dA)12, (dA)17, (dA),s, and (dA),; under two different gradient
elutions are shown in Table 2. A good agreement between
the calculated and the experimental k values indicated that
Zhang’s model can be well applied in the retention predic-
tion of homo-oligonucleotides. However, different with long
chain dsDNA, the values of a9, a1, my, and m; will inevitably
change with the variation of base in homo-oligonucleotides
for the different hydrophobicity of A, T, C, and G. In addition,
the size range of model compounds must cover the predicted
compounds.
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Table 2. Errorsin kestimation of (dA)2, (dA)17, (dA)ss, and (dA)27
based on Egs. (1) and (2)

Samples Linear gradient 1: 19-39% Linear gradient 2: 17-77%

B in 40 min B in 40 min

Kexp Keal Error (%) Kexp Keal Error (%)
(dA)yz 6.57 6.38 —2.89 7.10 1.27 2.39
(dA)y7 9.04 9.10 0.66 7.92 7.93 0.13
(dA)s  11.22 11.21 —0.09 8.52 8.48 —0.35
(dA)y; 1158 11.59 0.09 8.61 8.58 —0.35

3.2 Retention behavior of double-stranded
deoxyribonucleic acids

Different with oligonucleotides, for dsDNA, the double-
helical structure secludes the hydrophobic nucleobases inside
the double helix, whereas the two helical sugar-phosphate
chains spiral down the outside of the double-stranded struc-
ture, presenting a polyanionic and hydrophilic surface to
mobile phase [49], electrostatic interaction and the ion-pair
hydrophobicity vary proportionally with the degree of poly-
merization in IR-RP-HPLC, therefore, the retention and the
size of dsDNA may have some close relevance.

Three groups of dsDNAs of same length but different
base composition, (5-3'), ACC ATG CAT GTA GCA TTIG
GA versus CCC AGG TAC GGG ATC CTT GC (20 bp), CCT
CGC TTC AGG CAA TAC TCG TAA ACC ATA versus CCT
CGC TCC AGC CAG TAC ACG TAG ACA ATC (30 bp), and
TGA ATG GAG CCA ACG TAT TAC TCT ACT AGC GTG
ACA AGT Cversus AGA CGATAT CGAATC CTACGCGCT
GAA CGCCAG CTGTGT G (40 bp) (Supporting Information
Table S1) were investigated first, and the temperature depen-
dence of retention is exhibited in Fig. 3. It is evident that the
retention times of the two 20 bp and the two 30 bp dsDNAs

—8—20 bp dsDNA-1
34 4 === 20 bp dsDNA-3
—de—30 bp dsDNA-1
——30 bp dsDNA-3
=40 bp dsDNA-1
324 P _ [=#—40 bp dsDNA-2
~ 304
=
E
S
w28
26
24 T T T : I . : . I

25 30 35 40 45
Column temperature (°C)

Figure 3. Temperature-dependent retention of dsDNAs with dif-
ferent length. Mobile phase: a linear gradient from 30 to 70% B
in 40 min; Flow rate: 0.2 mL/min; Detection wavelength: 260 nm.
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decreased continually with ascending temperature, while
those of the two 40 bp dsDNAs increased first and decreased
later. Retention difference was observed for all the three pairs
of dsDNAs having same length. Although it seems that the
retention tendency on column temperature for 20 and 30 bp
dsDNA was same with that in denature HPLC (dHPLC) [50],
in fact, thermal denature appeared for the two 20 bp dsDNAs
until above 35°C and for the two 30 bp dsDNA until above
45°C in our experiment. There are two assumptions: first,
if the size-dependent separation were valid, in that way, the
20 bp dsDNA should have a shortest retention compared with
the 30 and 40 bp dsDNAs; second, if there were thermally de-
natured, the 20 bp dsDNA-1 should denature first compared
with the 30 bp dsDNAs-1 and 40 bp dsDNAs-1 for an approxi-
mate GC content but a shortest chain length, so the retention
for 20 bp dsDNA-1 should be the shortest according to dH-
PLC [50]. But in fact, the retention of 20 bp dsDNA-1 was
the strongest at temperature of 25°C, and retention inversion
phenomenon was also observed at 30°C. Therefore, the dsD-
NAs kept its double-helical structure under the experimental
condition in Fig. 3 rather than denatured. Based on the above,
it is concluded that, the base composition has an influence
on the retention of short dsDNAs other than size.

In Fig. 3, less GC contents showed a relatively strong re-
tention for the same length dsDNAs, for instance, (5'-3), ACC
ATG CAT GTA GCA TTG GA versus CCC AGG TAC GGG
ATC CTT GC (20 bp), CCT CGC TTC AGG CAA TAC TCG
TAA ACC ATA versus CCT CGC TCC AGC CAG TAC ACG
TAG ACA ATC (30 bp), etc. To investigate if the phenomenon
is universal, the retention of two groups dsDNAs with same
length (one group includes 20 bp dsDNA-1, 20 bp dsDNA-2,
20 bp dsDNA-3, and 20 bp dsDNA-4; another group includes
30 bp dsDNA-1, 30 bp dsDNA-2, 30 bp dsDNA-3, and 30 bp
dsDNA-4) were compared, respectively (Supporting Informa-
tion Table S1). Their retention behaviors are shown in Fig.
4. However, no specific influence of GC content on retention
was detected, because 20 bp dsDNA-2 (GC% = 45) and 20 bp
dsDNA-3 (GC% = 65) had almost the same retention time
at 25-35°C, and 30 bp dsDNA-4 (GC% = 56.7) had a higher
retention than 30 bp dsDNA-1 (GC% = 46.7) at 25-45°C. A
previous report proposed that the separation for dsDNAs was
strictly size-dependent under 20-50°C and a sequence de-
pendent separation appeared at temperature above 50°C [50],
in our work, however, all the pairs of different sequence
with the same composition exhibited a different retention
under 45°C, such as 20 bp dsDNA-1 versus 20 bp dsDNA-2,
20 bp dsDNA-3 versus 20 bp dsDNA-4, and the like. There-
fore, we considered that not only the base composition but
also the base sequence affects retention for dsDNAs shorter
than 40 bp.

It is known that proteins can selectively recognize DNA
base sequence, which plays a central role in gene expression.
How do these proteins bind to dsDNA? The key points are
the major grooves and minor grooves in dsDNA (see DNA
structure in https://en.wikipedia.org/wiki/DNA), induced by
the contortion of base-stacking and sugar-phosphate skeleton,
which lead to an exposure of functional groups and provide
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Figure 4. Retention behaviors of ds-
DNAs of same length with dif-
ferent base composition or differ-
ent base sequence. Groups: 20 bp
dsDNA-1, 20 bp dsDNA-2, 20 bp
dsDNA-3, 20 bp dsDNA-4 (left); 30 bp
dsDNA-1, 30 bp dsDNA-2, 30 bp

25 30 35 40 45 25

Column temperature (°C)

the structure basis for the protein-DNA interaction [51-54].
Besides proteins, small molecules (drugs) can also interact
with DNA through major and minor grooves [55-57], some
of which are used in the treatment of cancer. In IP-RP-HPLC,
it is generally acknowledged that the retention of dsDNA
is mainly determined by the interaction of sugar-phosphate
with the counter-ion, which is dominated by the size. How-
ever, inspired by the DNA-protein binding, DNA-drug bind-
ing, and the retention phenomena in our experiment for ds-
DNA, it is inferred that the minor and major grooves may
also supply some sites for the alkyl chains (e.g. Cis) deco-
rated on the surface of stationary phase to perform short-
or long-distance interactions with the bases in dsDNA. Con-
sequently, we speculate that besides the charge-interaction
of sugar-phosphate with the counter-ion, hydrophobic in-
teractions between the stationary phase and exposed bases
are possible influence factors for dsDNA in IP-RP-HPLC, al-
though their apparent hydrophobicity is smaller than those of
oligonucleotides due to the space effect of the double-helical
structure.

On the other hand, in short dsDNA, the limited chains
weaken the base-stacking force and hydrogen bonding inter-
action, resulting in the loosening of the double-helix struc-
ture. The looser structure and the lower steric hindrance
make the hydrophobic interactions between base group and
stationary phase more prominent for short dsDNA. The sec-
ondary structure of dsDNA induced by base composition and
sequence may affect the exposure level of bases, which can
satisfactorily explain why there are different retentions for
dsDNAs with same length but different base composition or
base sequence. The 20 and 30 bp dsDNAs are relatively small
molecules, and they should always take a stretched and loose
form at experimental temperature due to the short chains.
Their retention trend is consistent with the thermodynamic
theory of chromatography, of which the exothermic enthalpy
changes associated with transfer of solutes from the mobile
phase to stationary phase dominate the retention process,
and an increase in column temperature is propitious to en-
hance the mass transfer rate [58]. For 40 bp dsDNAs, the
double-helical structure is more compact and takes a random
coil under low column temperature, and the contact area of
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35 40 45 dsDNA-3, 30 bp dsDNA-4 (right). All the

chromatographic conditions were the
same with Fig. 3.

DNA with stationary phase is smaller due to the steric effect.
However, their structure will become looser and take a rather
linear conformation under a high column temperature, con-
sequently, enable stronger interaction of the DNA molecule
with the stationary phase [59]. When column temperature
continued increasing, the exposure of phosphate and base
groups could not counteract the effect of exothermic enthalpy
variation, so the retention time becomes shorter [43]. Thereby,
the size-dependent model in IP-RP-HPLC may be limited by
the length of dsDNAs, and retention should incorporate the
influence of their base composition and base sequence, and
the resulting secondary structure.

4 Concluding remarks

The detailed retention behaviors of nucleic acids in IP-RP-
HPLC were investigated based on previous researches on the
theory and practice about the retention mechanism. As re-
ported in the literature, the retention of oligonucleotides was
related to the base composition and base sequence. How-
ever, for hetero-oligonucleotides, we found that the oligonu-
cleotides prone to self-dimerization have weaker retention
than those not prone to self-dimerization but with same
base composition. As the special case of oligonucleotide, we
found that homo-oligonucleotides are suitable for the size-
dependent separation. Meanwhile, it is revealed that the re-
tention of dsDNA shorter than 40 bp is also influenced by
the base composition and base sequence other than size,
which may be induced by the interaction of exposed bases
in major or minor grooves of dsDNA with the hydrophobic
alky chains decorated on the surface of stationary phase. No
specific influence of GC content on retention was detected,
however. For longer dsDNAs, the influence factors on reten-
tion were not investigated in this work, but it is probably that
the retention also has relevance with base composition and
sequence, which may be smaller than that in short dsDNAs.
In summary, the elucidation of nucleic acids retention in
[P-RP-HPLC should incorporate their base composition and
sequence in physiological conditions.
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