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ARTICLE INFO ABSTRACT

In this work, retention behaviors of oligonucleotides and double-stranded deoxyribonucleic acids (dsDNAs) have
been investigated in ion-pair reversed-phase liquid chromatography (IP-RPLC). We demonstrated that classic
linear solvent strength (LSS) model is applicable for describing isocratic retention of oligonucleotides and
dsDNAs, which indicated that nucleic acids share the similar retention mechanism as other common small
molecules in IP-RPLC. The separation of nucleic acids in IP-RPLC is driven by both hydrophobic and electrostatic
interactions. We defined the parameter Ink,,/S obtained from LSS model in IP-RPLC as chromatographic hy-
drophobic and electrostatic interaction index (CHEI). CHEI of a nucleic acid has been revealed to correlate well
with its gradient retention time. Notably, we proposed a strategy for retention prediction based on CHEI and
base sequence information of nucleic acids. Corresponding to base locus, each base sequence is converted to a
featured locus vector consisting of zeros and ones. CHEI prediction models were established by support vector
regression (SVR) algorithm with locus vectors. Predicted CHEI values have been applied to predict retention
times under desired gradient elution runs. This protocol is easy to grasp and worth pursuing further development
for more precise retention prediction performance of nucleic acids in IP-RPLC.
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1. Introduction

It is hard to pick up a newspaper or a news magazine without
hearing some new applications of DNA technology. DNA related tech-
nologies, such as DNA sequencing [1] and genotyping techniques [2],
boost the development of life sciences. Synthesized and chemically
modified oligonucleotides, the so-called antisense oligonucleotides,
have shown promise as the therapeutic agents in antisense therapy [3].
Thus, development of fast and reliable methods for nucleic acid analysis
is highly desired. Ion-pair reversed-phase liquid chromatography (IP-
RPLC) is one of the most suitable key technologies for separation and
analysis of a large size range of both single (oligonucleotides) and
double-stranded deoxyribonucleic acids (dsDNAs) [4]. The most note-
worthy parameter in nucleic acids separation by IP-RPLC is the reten-
tion time, which is highly related to the structure of nucleic acids.
Precise retention prediction is of great significance not only for rapid
optimization of IP-RPLC separation conditions of nucleic acids but also
for facilitating the elucidation of their existing status in physiological
environment.

There have been a few investigations into the relationship between
structure and retention behavior regarding to oligonucleotides. It has
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been found that the retention of oligonucleotides in IP-RPLC is influ-
enced by both base composition and base sequence. Gilar et al. pro-
posed an empirical formula for predicting oligonucleotide retention
based on summation of retention times determined for individual nu-
cleotides [5]. However, this formula was derived at high column tem-
peratures, and it has been confirmed not applicable for oligonucleotides
forming partial double-helical structure and hairpin structure at lower
temperatures [6]. Sturm et al. [6] and Kohlbacher et al. [7] constructed
the models with support vector regression (SVR). These models in-
cluded temperature dependent secondary structural features of oligo-
nucleotides, making it possible to predict retention times of oligonu-
cleotides at fixed column temperatures. Since the secondary structures
of oligonucleotides were simulated by software, this strategy was highly
dependent on the reliability of secondary structure prediction methods.
Lei et al. [8] proposed a different approach with the same dataset of
oligonucleotides reported by Sturm et al. They used base sequence
autocorrelation (BSA) descriptors to develop quantitative structure-re-
tention relationship (QSRR) models. Their models allowed retention
estimation at a fixed column temperature or at an arbitrary column
temperature between 30 and 80 °C. Although satisfactory for retention
prediction, the generation of BSA features for oligonucleotides was
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relatively complex. Studzifiska and Buszewski [9] established several
QSRR models for oligonucleotides with molecular modeling-descriptors
calculated using Hyperchem software. However, the correlations of
these models were often low, indicating they are insufficient for re-
tention prediction of oligonucleotides. Different with rigid small mo-
lecules, oligonucleotides are usually folded, contorted and coiled, and
then might form distinct 3D structures in chromatographic mobile
phase systems. As for dsDNAs, their retention behaviors were found
mainly depended on the size. Huber et al. [10] proposed a size-de-
pendent model for rapid sizing of dsDNAs under a given mobile phase.
Zhang et al. [11] developed another size-dependent model, which could
predict retention of dsDNAs under arbitrary linear gradient elution
runs. However, the suitability of size-dependent models for analyzing
dsDNAs with minor difference in size has not been validated. In our
previous work, we found that retention of dsDNAs shorter than 40 bp is
influenced by the base composition and base sequence other than size
[12]. Thus, both base composition and base sequence would influence
retention behaviors of oligonucleotides and dsDNAs.

The retention characteristic of nucleic acid in IP-RPLC is that a small
change in the mobile phase strength would cause a sharp change in
retention factor, and therefore gradient elution is beneficial for nucleic
acid separation [4]. An important thing should be noticed is that some
of the above models were applicable for predicting retention time under
a fixed chromatographic condition. Models proposed by Sturm et al.
[6], Kohlbacher et al. [7], and Lei et al. [8] could predict retention at
different column temperatures. In optimization of the chromatographic
condition, the starting concentration of organic modifier in mobile
phase and the gradient slope are often more important than the column
temperature. The size-dependent model by Zhang et al. [11] could
predict retention times of dsDNAs under arbitrary linear gradient runs.
However, this model has not been used for oligonucleotides or dsDNAs
with minor difference in size, which inspired us to re-investigate the
retention behaviors of nucleic acids in IP-RPLC.

Zhang et al.’s model was derived from a retention equation estab-
lished by Shoenmakers et al. [13] for solute under a linear gradient
elution run. This retention equation was retrospectively based on linear
solvent strength (LSS) model [14]:

Ink = Ink,, — So )

where ¢ is the volume fraction of the organic modifier in the mobile
phase, Ink,, is the extrapolated retention factor corresponding to pure
water as mobile phase and S is a constant calculated via linear regres-
sion analysis. LSS model is commonly established in RPLC with an
adequate range of organic modifier concentration [14]. In some refer-
ences, LSS model was also found applicable in IP-RPLC for small mo-
lecules [15,16]. Early, Gilar et al. reported a linear dependency of Ink
on the acetonitrile (ACN) concentration ¢ for oligodeoxythymidines
(dT), to (dT)3p at 60 °C [5]. In Zhang et al.’s work [11], although used
in establishing retention predicting models, the LSS model had not been
demonstrated applicable for dsDNAs with isocratic retention data. If
retention behaviors of oligonucleotides and dsDNAs could be described
by the LSS model like small molecules, should other retention equations
established for small molecules also be suitable for nucleic acids?

In this present work, LSS model was first demonstrated applicable
for nucleic acids with isocratic retention data of some oligonucleotides
and short dsDNAs in IP-RPLC. And the parameters Ink,, and S in the LSS
model were discussed in detail for oligonucleotides and dsDNAs re-
spectively. Then retention times of oligonucleotides and short dsDNAs
under different linear gradient runs were tried to be predicted with the
parameter Ink,,/S calculated from LSS model. The parameter Ink,/S
was first described by Valko et al. as the chromatographic hydro-
phobicity index (CHI) in RPLC for estimating octanol/water partition
coefficients (logP) of small molecules [17]. CHI is the volume fraction
of organic modifier required to achieve an equal distribution of an
analyte between mobile and stationary phases (k = 1, Ink = 0). Then,
Krokhin and Spicer [18] used a similar parameter named as
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hydrophobicity index (HI) for peptides retention study in RPLC. HI is
the concentration of organic modifier that yields a retention factor of 10
under isocratic elution conditions for any peptide. Good linear corre-
lations have been found between gradient retention times and CHI or HI
values, which enlightened us to predict retention of nucleic acids with
this parameter. Peptides are weak ionizable amphoteric compounds,
while nucleic acids are strong ionizable acids. Besides, peptides are
more hydrophobic than nucleic acids. In nucleic acids separation, ion-
pair reagents are often necessary. Except for the hydrophobic interac-
tions, ion-ion interactions play an important role in IP-RPLC separation
of nucleic acids. So we defined Ink,,/S in IP-RPLC as the chromato-
graphic hydrophobic and electrostatic interaction index (CHEI) al-
though it has the same expression as CHI. Obviously, CHEI is dependent
on the chromatographic condition (column, mobile phase and column
temperature) used. Considering the difficulty to establish LSS model for
nucleic acids with isocratic retention data, we calculated Ink,,/S from
gradient retention data. CHEI was then demonstrated sufficient for re-
tention prediction of nucleic acids under different linear gradient elu-
tion runs. Many strategies for peptides retention prediction from their
sequence information have been reported. SSRCalc [19] and ELUDE
[20] are two well-trained predictors available at websites based on
peptide sequence widely used in proteome analysis. Recently, Lu et al.
[21] proposed locus-specific retention predictor (LsRP) based on base
locus information and SVR for predicting peptide retention time. In
LsRP, a series of vectors were designed as the idea of translating amino
acid order into vectors. Like peptides whose sequences consist of 20
kinds of amino acids, the sequences of nucleic acids consist of 4 kinds of
nucleotides. However, there are no well-established retention pre-
dictors for nucleic acids. Herein, we elucidated that modified LsRP
could be applied for predicting CHEI or retention time of nucleic acids.
Finally, an easily prehensible protocol was proposed for predicting re-
tention times of nucleic acids under desired linear gradient elution runs.
In order to demonstrate the universal applicability of the LsRP based
strategy for nucleic acid retention prediction, two datasets were used in
this work. One is from references, which was used by Sturm et al. [6]
and Lei et al. [8] for retention prediction model establishment and
evaluation. The other was from our experiments performed on a
common commercial silica-based C;g column with mostly used mobile
phase composed of ACN and triethylammonium acetate (TEAA) at
column temperature of 30 °C.

2. Experimental section
2.1. 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 purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Ultrapure
water was used throughout the experiment.

59 oligonucleotides ranging from 5 to 25 bases were synthesized by
Invitrogen Biotechnology Co., Ltd. (Shanghai, China). 12 short dsDNAs
(20bp, 25bp, or 30bp) were synthesized by GenScript Co., Ltd.
(Nanjing, China). All the nucleic acids were provided in lyophilized
form and then dissolved in proper amount of water to get the final
concentration of 10 pmol/L before use. The sequences of oligonucleo-
tides and dsDNAs are listed in Table S1 of the Supplementary material.

2.2. Apparatus

A Waters 2695 Alliance separation module (Milford, MA, USA) was
employed consisting of a vacuum degasser, a quaternary pump and an
auto-sampler, and a Waters 996 photodiode-array (PDA) detector set at
260 nm. Data acquisition and processing were performed on a Waters
Empower chromatography manager system. The pH values of mobile
phases were measured after mixing buffer with ACN using a FiveEasy
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Plus™ pH meter (Metter-Toledo, Schwerzenbach, Switzerland). The
electrode system was standardized with ordinary aqueous buffers of pH
4.00, 7.02 and 9.26 at 25 °C (Mettler-Toledo).

2.3. Experimental procedure

2.3.1. Determination of retention times of oligonucleotides and dsDNAs

Chromatographic studies for oligonucleotides and dsDNAs
were performed on a Purospher® Star RP-18 endcapped column
(150 x 4.6 mm, 5 um, Merck KGaA, Darmstadt, Germany) at flow rate
of 1.0mL/min. The column temperature was maintained at 30 °C.
Triethylammonium acetate (TEAA) was used as ion-pair reagent in the
mobile phase. The preparation of mobile phases referred to our pre-
vious work [22]. The injection volume was 1pL and samples were
eluted isocratically and gradiently by adjusting the ratio 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). Isocratic elution was firstly
applied with ACN range from 5.0% to 13.5% (in constant steps of 0.5%)
for 8 oligonucleotides and 10.5-14.5% (in constant steps of 0.5%) for
12 dsDNAs. At least 4 different isocratic retention time (tg) values were
obtained for each sample. Then all 59 oligonucleotides and 12 dsDNAs
were eluted under linear gradients (¢p = ¢o +bt) with different ¢ and
b. Gradient elution runs for oligonucleotides and dsDNAs were different
due to their different retention behaviors. For each sample, 9 different
gradient retention time (t;) values were obtained. Details of isocratic
and gradient elution procedures are summarized in Table 1. At least
three injections were performed for every sample solution. The t
values recorded were corrected by dual-point retention time correction
(DP-RTC). The detailed process of DP-RTC refers to our previous work
[23].

2.3.2. Determination of dead time, extra-column volume and gradient delay
time

The dead time (t,) was determined by using uracil solution injected
with samples. The extra-column volume (V,) was determined by uracil
under isocratic elution of 80% acetonitrile and 20% water with a two-
way valve instead of the column at a flow rate (F) of 1 mL/min. V, was
0.18 mL averaged by three determinations. The system dwell time or
the gradient delay time (tp) between pump system and the top of
column was determined according to the European Pharmacopoeia
[24]. The system dwell volume was 1.46 mL.

Table 1
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2.4. Data calculation and model establishment

The isocratic retention factor (k) was calculated via a more precise
formula which corrects extra-column volume: k = (tg-Ve/F)/(to-Ve/
F)— 1. The statistical analysis for regression model was accomplished
by Matlab R2010a (The MathWorks, Inc., United States). Matlab was
also used to calculate Ink,, and S of nucleic acids from gradient elution
data. The v-support vector regression (v-SVR) functionality in 1ibSVM
package [25] was used in CHEI or t; prediction. Radial basis function
kernel was employed and the kernel parameter gamma and the trade-
off C were optimized by using grid search and 3-fold internal cross-
validation. Details about the v-SVR and the kernel functions can be
found in reference [25]. v-SVR was operated in Matlab. Nucleic acids
were divided into training sets and test sets to establish and evaluate
CHEI or t; prediction models. Detailed information is presented in the
discussion section.

3. Results and discussion

3.1. Discussion on LSS model for oligonucleotides and dsDNAs from
isocratic data

Good linear correlations between Ink and ¢ were found for homo-
and hetero-oligonucleotides, and dsDNAs at 30 °C, which indicated that
oligonucleotides and dsDNAs share the similar retention mechanism as
small molecules in IP-RPLC. Fig. 1 illustrates the LSS model fitted for
some investigated oligonucleotides (a) and dsDNAs (b) in isocratic ex-
periments. Detailed linear correlations are presented in Table 2. It
should be noted that there is a quadratic relationship of Ink of ¢ in
RPLC for a wide range of organic modifier concentrations [13,26], and
this quadratic relationship might also exist in IP-RPLC when the range
of organic modifier concentration is wide. Considering that the ¢
change during isocratic and gradient runs for nucleic acid analysis were
narrow (< 20%) and the quadratic relationship would make the gra-
dient retention equation discussed later much more complicate, we
adopt the LSS model in later discussion.

There are 4 significant points worth discussing on the two para-
meters Ink,, and S, which would contribute to our insight into the re-
tention of oligonucleotides and dsDNAs in IP-RPLC.

Firstly, the S value of oligonucleotide or dsDNA in IP-RPLC is large,
and a small change in mobile phase strength would cause a sharp
change of retention factor, similar as other biomolecules studied by
Snyder et al. [27] and peptides studied by Krokhin and Spicer [18] in

Details of isocratic and gradient elution procedure for oligonucleotides and dsDNAs.

Elution mode Sample

Details

Isocratic
12 dsDNAs
Linear gradient (¢ = @, +bt)

12 dsDNAs

8 oligonucleotides

59 oligonucleotides

5.0%— 13.5% ACN, in constant steps of 0.5%
10.5% — 14.5% ACN, in constant steps of 0.5%
1: 7% — 16% ACN in 12 min, b= 0.75%/min
7% — 16% ACN in 18 min, b= 0.5%/min
7% — 16% ACN in 30 min, b= 0.3%/min
6% — 16% ACN in 13.3 min, b= 0.75%/min
6% — 16% ACN in 20 min, b= 0.5%,/min
6% — 16% ACN in 33.3 min, b= 0.3%/min
5% — 16% ACN in 14.7 min, b= 0.75%/min
5% — 16% ACN in 22 min, b= 0.5%,/min

9: 5% — 16% ACN in 36.7 min, b= 0.3%/min

10: 10% — 20% ACN in 20 min, b= 0.5%,/min
11: 10% — 20% ACN in 25 min, b= 0.4%/min
12: 10% — 20% ACN in 40 min, b= 0.25%/min
13: 8.5% — 20% ACN in 23 min, b= 0.5%/min
14: 8.5% — 20% ACN in 28.8 min, b= 0.4%/min
15: 8.5% — 20% ACN in 46 min, b= 0.25%/min
16: 7% — 20% ACN in 26 min, b= 0.5%/min
17: 7% — 20% ACN in 32.5 min, b= 0.4%/min
18: 7% — 20% ACN in 52 min, b= 0.25%/min
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large S suggests that applying isocratic elution for nucleic acids analysis
a requires careful optimization of mobile phase strength for each nucleic
acid to achieve desirable resolution. Gradient elution is beneficial to IP-

RPLC separation of nucleic acids.
Secondly, in IP-RPLC, two independent groups of models were used
to describe the retention mechanism: 1. the formation of association
Oligo 09 complex between analyte ion and counter ion of ion-pair reagent [28];
Oligo 33 2. the generation of electrical double layer at the phase interface [29].
8:;5(‘: 32 Both models are useful but not complete. It is generally accepted that
Oligo 57 retention of a solute in IP-RPLC is determined by the hydrophobic and
8:::2 22 electrostatic interactions between solute, ion-pair reagent, eluent and
Oligo 24 column. Thus, Ink,, and S of a solute in IP-RPLC are related to both
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T T ) hydrophobic and electrostatic interactions. However, it is hard to
0.04 0.06 0.08 0.10 0.12 0.14 s . . s .
quantitatively evaluate the contribution of each interaction. Zhang
¢ et al. adopted electrostatic retention model based on the electrical
double layer theory developed by Stahlberg et al. [29] to predict re-
s tention of dsDNA. They assumed that each base pair in a dsDNA frag-
b ment contributes equally to total charge of the dsDNA, regardless of its
3 base composition [11]. The model was finally written as lnk = (ao
+ajn)-(my +mn)@. ag and my correlated to Ink,, and S respectively of
2] a solute in RPLC without ion-pair reagents added in mobile phase, thus
-~ they are hydrophobic interaction related terms. a; and m; are hydro-
= phobic and electrostatic interactions related terms caused by ion-pairs.
14 « asDNAOL n is the length of dsDNA. (ay +a;n) and (my +m;n) seemed to be more
* dsDNA 02 detailed forms of Ink,, and S for dsDNAs in IP-RPLC. However, this
0] @ dsDNAOS model ignored that there might exist ion-pairs formed between ion-pair
g g:g:i gg reagent and solute, and different with dsDNA, the values of ay, a;, mp
A dsDNA 10 and m; will inevitably change with the variation of base in oligonu-
-1 T T T T 1 3
0.10 0.11 0.12 0.13 0.14 0.15 cleotides. ,
o Thirdly, Ink,, and S values for short dsDNAs with same length but
different base composition or base sequence are close. As discussed in
Fig. 1. LSS model fitted from isocratic retention data for some homo- and our previous work [12], besides the charge-interaction of sugar-phos-
hetero-oligonucleotides (a), and dsDNAs (b). phate with counter-ion, hydrophobic interactions between stationary
phase and exposed bases might also influence the retention of short
RPLC. However, there exist differences of S values in nucleic acids and dsDNAs. The secondary structures of short dsDNAs induced by base
peptides. According to the results of Krokhin and Spicer's work [18], S composition and sequence may affect the exposure level of bases, re-

values of six custom peptides (length 7-11) in RPLC ranged from 33.58 sulting in different apparent hydrophobicity. Ink,, and S of Oligo 24
to 54.23 (original data in the reference were recalculated with Ink- ((dT)z0) are 21.60 and 161.44, respectively. Average Ink,, and S values
correlations). From Table 2, we could found that S value of the shortest for four 20 bp dsDNAs are 13.93 and 102.27, respectively. If we use the

oligonucleotide (Oligo 09, length 5) in IP-RPLC was larger than 100, concept (ap +an) and (mo +myn) presented in Zhang et al.’s model
which indicates that retention times of nucleic acids are much more and take out the contribution a;n and m;n caused by added ion-pair
sensitive to the concentration of organic modifier than peptides. The reagents, the hydrophobic interaction related ao and mo of (dT)zo and

20bp dsDNA are (21.60-20a;), (161.44-20m,;) and (13.93-40a,),

Table 2
LSS model Ink = Ink,,-S¢ fitted for oligonucleotides and dsDNAs with isocratic retention data.

Sample Sequence(5’'—3") @ range k range Ink,, S R?

Oligo 09 Ccccce 5.0-8.0% 0.73-21.33 8.65 113.06 0.997
Oligo 33 CTAGTTC 7.0-10.0% 0.95-32.06 11.48 116.41 0.993
Oligo 36 CATAGCTT 7.0-10.0% 1.09-45.08 12.24 122.94 0.990
Oligo 06 AAAAAAAAAA 7.5-10.5% 1.28-24.04 10.29 96.72 0.990
Oligo 57 ACGAGCACGAGCCGA 8.0-11.0% 1.23-25.23 11.20 100.76 0.995
Oligo 58 ATCGAAATTGCATTCGATCT 9.5-12.0% 0.95-22.75 14.93 126.00 0.987
Oligo 46 AAAATTTTTTTTAAAA 10.0-12.0% 1.19-28.77 19.11 158.88 0.986
Oligo 24 TTTTTTTTTTTTTTTTTTTT 11.5-13.5% 0.96-25.00 21.60 161.44 0.978
dsDNA 01 GCGGTCCTGAGATAATCACT 10.5-13.5% 0.82-18.74 13.69 103.70 0.993
dsDNA 02 CTAGCGCGTTCACATAGGTA 11.5-14.5% 0.66-13.88 14.07 100.48 0.995
dsDNA 03 CCAGCCAACGCACTCCGATC 10.5-13.5% 0.80-13.01 13.33 101.13 0.993
dsDNA 04 ATGCACCCACCGCACTCCGA 11.5-14.5% 0.70-16.23 14.61 103.79 0.995
dsDNA 05 CTACCTTGCACTACGTCTTAGATTA 11.5-14.5% 0.72-17.67 14.93 105.85 0.995
dsDNA 06 CCTATAATGCGTACTCTAATCTGCT 11.0-14.0% 0.64-14.35 13.81 102.41 0.994
dsDNA 07 TCGCGTTCATAGGCATCAGCGGTAG 11.5-14.5% 0.78-20.50 15.32 108.01 0.994
dsDNA 08 CTTGTGGCGAACTCGACGGCTAGAT 11.5-14.5% 0.86-24.49 15.80 110.72 0.994
dsDNA 09 AAGGTATCAGCTAACACCCAGGAGATATTC 11.0-14.0% 0.64-18.19 14.90 110.24 0.994
dsDNA 10 TTACAGTAACACGTGACAGACCGTAAAGCT 11.5-14.5% 0.72-22.41 16.01 113.32 0.995
dsDNA 11 TCTGGTCGACGTCACAGTGCCCTCATGTGT 11.5-14.5% 0.62-18.65 15.71 112.22 0.995
dsDNA 12 GCCTCTATGTAGTCGCCTCGCTACTAGGGT 11.5-14.5% 0.51-13.79 14.97 108.29 0.996
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Table 3
Ink,,, S and CHEI values obtained from isocratic data and gradient data.

Sample From LSS model with isocratic From Eq. (4) with gradient data
data
Ink,, N CHEI Ink,, S CHEI

Oligo 06  10.29 96.72 0.1064 11.66 116.13 0.1004
Oligo 09  8.65 113.06 0.0765 12.86 178.77 0.0719
Oligo 24  21.60 161.44 0.1338 26.53 205.62 0.1290
Oligo 33 11.48 116.41 0.0986 13.42 143.66 0.0934
Oligo 36  12.24 122.94 0.0995 13.68 144.17 0.0949
Oligo 46 19.11 158.88 0.1203 21.58 186.07 0.1160
Oligo 57 11.20 100.76 0.1111 12.48 118.47 0.1054
Oligo 58  14.93 126.00 0.1185 17.36 153.29 0.1132
dsDNA 01 13.69 103.70 0.1321 15.75 124.02 0.1270
dsDNA 02 14.07 100.48 0.1401 16.92 125.71 0.1346
dsDNA 03 13.33 101.13 0.1318 15.88 125.74 0.1263
dsDNA 04 14.61 103.79 0.1408 17.80 131.60 0.1352
dsDNA 05 14.93 105.85 0.1411 17.86 131.57 0.1357
dsDNA 06 13.81 102.41 0.1348 17.05 132.01 0.1292
dsDNA 07 15.32 108.01 0.1418 18.43 134.97 0.1365
dsDNA 08 15.80 110.72 0.1427 18.72 135.97 0.1377
dsDNA 09 14.90 110.24 0.1351 18.19 140.03 0.1299
dsDNA 10 16.01 113.32 0.1413 19.34 141.85 0.1363
dsDNA 11  15.71 112.22 0.1400 19.41 143.99 0.1348
dsDNA 12 14.97 108.29 0.1383 18.99 142.97 0.1328

(102.27-40m;), respectively. Although the constants a; and m; are
unknown, the comparison of ay and mg for (dT),o and 20 bp dsDNAs
confirms that apparent hydrophobicity of dsDNAs is weaker than oli-
gonucleotides due to space effect of double-helical structure. In IP-
RPLC, with the increase of length for dsDNAs, ion-pair related a;n and
myn values become larger and the double-helical structure become
more compact, the difference of apparent hydrophobicity caused by
secondary structure of dsDNAs would become smaller (a, and mg values
are close for dsDNAs with same length). Therefore, Ink,, and S values
are expected to be length related, regardless of base composition and
base sequence.

Fourthly, Ink,, and S values of oligonucleotides are strongly de-
pendent on their length, base composition and sequence of oligonu-
cleotides according to Table 2. However, without abundant data for
analysis, the Ink,, and S values of oligonucleotides seem irregular as
those of short dsDNAs.

Considering that to derive Ink,, and S values of oligonucleotides or
dsDNAs from isocratic runs is difficult and impractical, a better way is
to obtain the two values from gradient elution data, which will be
presented in the following part.

3.2. Acquirement of Ink,, and S from gradient retention data

According to Shoenmakers et al. [13], if retention of a solute sa-
tisfies LSS model, its retention time under a linear gradient elution
(¢p = o +bt) becomes:

ty = é In [1 + Sb(tokeo — tp)] + to + tp @
Where S is the slope in LSS model, b the gradient slope, t, the dead time,
tp the gradient delay time, ko the isocratic retention factor of the solute
at initial concentration of organic modifier (¢y). This model has been
validated with small molecules [13]. As discussed above, S and ko
values of oligonucleotides or dsDNAs are often very large. Approx-
imation could be made to Eq. (2). We took Oligo 09 ((dC)s) with the
shortest retention of all samples under Gradient 09 (@, =5.0%,
b=0.3%/min) as an example. S and kyo of (dC)s were 113.06 and
21.33, respectively, and t and tp were 2.20 min and 1.46 min, respec-
tively. Thus, tokyo was 46.93 and tp in the parentheses could be ne-
glected. Because Sbtokyo is 15.91, 1 in the bracket also could be
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omitted. A simplified retention equation is as follow:

ty é In(Sbtokqo) + to + t

3)
koo can be calculated from LSS model, ko= exp(Ink,-S¢o). Gradient
retention times of 8 oligonucleotides and 12 dsDNAs with Ink,, and S
from isocratic elution runs were predicted via Eq. (2) and Eq. (3), and
the predicted t;, was compared with that obtained from experiments.
Although predicted t; values were always slightly larger than corre-
sponding experimental ones (Table S2 of the Supplementary material),
correlations between the two values were quite good (R? > 0.999,
Table S3 of the Supplementary material). The differences between
predicted and experimental t, values are mainly due to two reasons.
One is the assumption that Ink is linear dependent on ¢ during the
gradient ¢ range. The other one is that there exists error in Ink,, and S
obtaining from isocratic elution runs with tiny changes of ¢. Precise
control of mobile phase composition is highly essential for accurately
acquiring Ink,, and S values of nucleic acids. Thus, to obtain the two
values from gradient elution runs might be a better way.

Substitute ko with exp(Ink,,-S¢o) in Eq. (3), we could get Eq. (4):

1

5 In [Sbtyexp(In ky — S@)] + to + tp

e )

The values of Ink,, and S can be easily calculated by mathematical
softwares via Eq. (4) with gradient retention data from several different
gradient runs (varied b and/or ). It is clearly recommended to per-
form a large number of experiments with various gradient runs to ac-
curately calculate Ink,, and S values.

Table 3 presents Ink,, and S values for 8 oligonucleotides and 12
dsDNAs obtained from isocratic elution runs and 9 gradient elution
runs. Both Ink,, and S values calculated from Eq. (4) with gradient re-
tention data were larger than that from LSS model with isocratic re-
tention data. However, the relative magnitudes of Ink,, and S values for
different samples were barely changed. Although Ink,, and S values
obtained from gradient elution runs could be used with Eq. (4) to
predict retention under different gradient elution runs, it is still un-
reliable because Ink might not be linearly dependent on ¢ within a
wider ¢ range. Besides, one sample should be experimented under
various gradient elution runs to calculate its Ink,, and S values, which is
inconvenience. Therefore, the parameter Ink,/S (CHEI) was in-
troduced.

3.3. Prediction of gradient retention time with the CHEI parameter

We defined the parameter Ink,,/S obtained from LSS model in IP-
RPLC as the chromatographic hydrophobic and electrostatic interaction
index (CHEI). CHEI values calculated from isocratic retention data and
gradient retention data for 8 oligonucleotides and 12 dsDNAs are listed
in Table 3. Unlike Ink,, and S values, CHEI values obtained from gra-
dient retention data were a little smaller than that from isocratic re-
tention data. An excellent correlation was found between isocratic and
gradient CHEI values and most of the differences between the two va-
lues were about 0.005.

CHEIgocrasic = (1.01 % 0.01) CHEIgqgien: + (0.01 + 0.00)
N = 20, R? = 0.9995

It should be noticed that isocratic CHEI values were calculated from
measurable range of k values, unlike Ink,,, whose value usually could
not be experimentally determined. Thus, Ink,,/S (CHEI) values calcu-
lated from gradient retention data are more reliable than individual
Ink,, or S value. CHEI values of all oligonucleotides and dsDNAs were
calculated with gradient retention data and listed in Table S1 of the
Supplementary material.

Correlations between t; and CHEI values under different linear
gradient elution runs are listed in Table 4. Fig. 2 illustrates some of
these correlations. Good correlation coefficients (R? > 0.98) indicated
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Table 4

Correlations between CHEI values and gradient retention time t; values under different linear gradients (¢ = o +bt) for oligonucleotides and dsDNAs.

Talanta 185 (2018) 592-601

Samples Gradients 1/b t; = Slope x CHEI + Intercept
N Slope Intercept Adj. R? SD F

oligonucleotides Gradient 01 133.33 59 133.47 (0.43) — 5.17 (0.04) 0.9994 0.04 97,034
Gradient 02 200.00 59 202.30 (1.84) —10.14 (0.19) 0.9952 0.19 12,112
Gradient 03 333.33 59 333.22 (5.62) — 20.06 (0.58) 0.9837 0.57 3509
Gradient 04 133.33 59 132.90 (0.44) — 3.73 (0.04) 0.9994 0.04 92,247
Gradient 05 200.00 59 203.01 (1.83) - 8.20 (0.19) 0.9953 0.19 12,246
Gradient 06 333.33 59 339.39 (5.63) —17.32(0.58) 0.9843 0.57 3631
Gradient 07 133.33 59 133.44 (0.46) — 2.26 (0.05) 0.9993 0.05 83,121
Gradient 08 200.00 59 201.82 (1.79) —5.90 (0.18) 0.9955 0.18 12,744
Gradient 09 333.33 59 338.85 (5.63) — 13.87 (0.58) 0.9842 0.57 3618

dsDNAs Gradient 10 200.00 12 209.35 (4.67) —17.36 (0.62) 0.9946 0.06 2013
Gradient 11 250.00 12 262.85 (7.47) — 23.09 (0.99) 0.9912 0.10 1238
Gradient 12 400.00 12 423.24 (16.39) — 40.85 (2.18) 0.9838 0.21 667
Gradient 13 200.00 12 206.29 (4.82) —13.97 (0.64) 0.9940 0.06 1829
Gradient 14 250.00 12 258.76 (5.22) — 18.88 (0.69) 0.9956 0.07 2459
Gradient 15 400.00 12 426.81 (15.45) — 35.42 (2.06) 0.9858 0.20 763
Gradient 16 200.00 12 204.33 (3.71) —10.74 (0.49) 0.9964 0.05 3029
Gradient 17 250.00 12 261.65 (6.65) — 15.58 (0.89) 0.9929 0.09 1546
Gradient 18 400.00 12 429.12 (15.83) —29.75 (2.11) 0.9852 0.21 735

95% confidence limits are in parentheses, N is the number of compounds investigated, Adj. R the adjusted squared correlation coefficient, SD the standard deviation,

and F the Fisher's test value.

that CHEI is sufficient for retention prediction of oligonucleotides and
dsDNAs under different linear gradient elution runs in IP-RPLC.
Taking a close inspection of these t; vs. CHEI correlations, we could
conclude that correlation coefficients are depended on the gradient
slopes (the faster the gradient, the better the correlation between t; and
CHEI), and that slopes of these t, vs. CHEI correlations are almost equal

not mention this phenomenon in their CHI related work [17]. Krokhin
and Spicer mentioned this phenomenon in their HI related work [18],
but no explanations were presented by them. We tried to find ex-
planations from Eq. (3). After rearrangement, Eq. (3) can be written as
follow:

to the reciprocal of corresponding gradient slopes (1/b). Valko et al. did ty = %*CHEI + % - % +th+ iy )
134 24-
1214 22+ b
114 20
10 18
£ 9 £ 164
5 s E 14
7] ~¥ 12
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54 8
4 Gradient 01 1 . Gradient 03
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Fig. 2. Some correlations between CHEI and t; values under different linear gradient runs for oligonucleotides (a, b) and dsDNAs (c, d). Detailed equations are

presented in Table 4.
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Fig. 3. Function curve of In(2x)/x when x > 0.25.

In Eq. (5), the terms @o/b, t, and tp are constants for different
samples. The term In(Sbt,)/Sb varies for different samples with different
S values and it affects the correlation between t; and CHEIL Using term
“Intercept” to represent “In(Shty)/Sb-@o/b+ ty + tp”, Eq. (5) can be
written as Eq. (6):

p— 1 *

ty CHEI + Intercept ©)

Average t, in our experiments was about 2 min. For all oligonu-
cleotides and dsDNAs in our experiment, S values were larger than 100,
and the smallest b value of all gradients was 0.25%/min. We used x to
represent (Sb) and drew the function curve of In(2x)/x when x > 0.25
(Fig. 3). It is found that the difference of the term “In(Sht,)/Sb” would
be smaller under faster gradients (larger b) for samples with larger S
value according to Fig. 3. We took Oligo 09 with the smallest S value of
all oligonucleotides investigated under the slowest gradient condition
(Gradient 09, @9 =5.0%, b=0.3%/min) and dsDNA 01 with the
smallest S of all dsSDNAs under the slowest gradient condition (Gradient
18, @9 =7.0%, b=0.25%/min) as examples. For Oligo 09, In(Sbt,)/Sb
was — 0.86, ¢o/b 16.67, ty 2.20 and t, 1.46. For dsDNA 01, In(Sht,)/Sb
was — 2.46, @o/b 28, ty 2.04 and tp 1.46. For each nucleic acid, the
sample dependent term “In(Sht;)/Sb” could be neglected compared
with chromatographic condition dependent term “-@o/b+ to + tp”.
Since the differences of term In(Sbt,)/Sb for different nucleic acids with
large S values were small, the “Intercept” in Eq. (6) could be viewed as
a constant only related to the gradient used. It is important to note that
this conclusion about Eq. (6) was only for nucleic acids analysis. For
small molecules, the “Intercept” in Eq. (6) was significantly different for
different samples.

3.4. Acquirement of CHEI via the t, vs. CHEI correlation

Since the CHEI value is depended on the chromatographic condition
(column, mobile phase, temperature), CHEI of a sample compound
should be re-measured if the chromatographic condition varies.
Measuring CHEI requires several gradient elution runs, which is time-
consuming and tedious. According to Valko et al., CHI of a sample
compound could be generated from a pre-established t; vs. CHI corre-
lation with calibration compounds. CHI values of calibration com-
pounds were pre-determined. Based on the discussion about Eq. (6), for
nucleic acids, the slope of the t; vs. CHEI correlation equals the re-
ciprocal of gradient slope, the intercept of the correlation is a constant,
and therefore, we could establish Eq. (6) with only one calibration
nucleic acid, which would greatly reduce the experimental work of
measuring CHEI values of calibration nucleic acids.

The feasibility of establishing t, vs. CHEI correlation with only one
calibration nucleic acid was further verified with a hetero-oligonu-
cleotide (Oligo 57) under a relatively moderate gradient (Gradient 05,
b=0.5%/min). The t; vs. CHEI correlation calculated with Oligo 57
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under Gradient 05 was t;= 200 x CHEI-8.08, and CHEI values of other
oligonucleotides could be generated from t; under Gradient 05 with Eq.

(7):

1
CHEI' = — X (t, + 8.08
200 (tg ) (7)
We used CHEI' to represent CHEI obtained from Eq. (7) (listed in
Table S1 of the Supplementary material). As expected, CHEI’ correlated
well with CHEI obtained from gradient elution for oligonucleotides (R*
=0.9953, detailed correlation equation was not shown).

3.5. Prediction of gradient retention time with one calibration nucleic acid

Before, CHEI value had been proved to be sufficient for retention
prediction of nucleic acids in IP-RPLC and CHEI could be obtained with
only one calibration nucleic acid. Thus, we could predict retention
times of sample nucleic acids under a new gradient elution run if we
know the retention time of this calibration nucleic acid under this new
gradient elution run.

To demonstrate the practicability of this strategy, Oligo 57 and
dsDNA 07, respectively, with median retention of all oligonucleotides
and dsDNAs were selected as calibration nucleic acids. Retention data
under Gradient 01-09 and Gradient 10-18 were used to calculate CHEI
values of Oligo 57 and dsDNA 07, respectively. CHEI values of oligo-
nucleotides and dsDNAs were calculated via t; vs. CHEI correlations
established by Oligo 57 and dsDNA 07, respectively, with gradient re-
tention times under Gradient 05 and Gradient 14 respectively. Then,
retention times of oligonucleotides and dsDNAs under other 8 gradient
elutions were predicted via t; vs. CHEI correlation established by Oligo
57 and dsDNA 07. Experimental and predicted retention times in 8
gradient elution runs for oligonucleotides and dsDNAs are presented in
Table S4 of Supplementary material. According to Table S4, for most
oligonucleotides and dsDNAs, the differences between experimental
and predicted retention times under different gradient elutions were
smaller than 0.2 min. This result confirmed that we could predict re-
tention time of a nucleic acid under an arbitrary gradient elution run
with just one known retention time under a certain gradient elution
run.

3.6. Prediction of t, and CHEI from sequence information of
oligonucleotides

Various models have been developed correlating gradient retention
times of nucleic acids with their composition, sequence and secondary
structure information. Models proposed by Sturm et al. [6], Kohlbacher
et al. [7], and Lei et al. [8] all showed good retention time prediction
performance for oligonucleotides. Here, we tried to use LsRP to predict
retention time of oligonucleotides. Similar as Lu et al.’s work [21], each
base of an oligonucleotide was coded as a 4-dimensional vector con-
sisting of 3 zero values and 1 one value that corresponds to the base
occupying that position. Vectors for base A, C, G and T are (1, 0, 0, 0),
0,1, 0,0), (0, 0,1, 0) and (0, 0, 0, 1), respectively. In Lu et al.’s work,
the peptides with more than 25 amino acids were removed and the
locus vectors of investigated peptides consisted of 500 columns (20
amino acids x 25 length). In this present work, we modified the LsRP
approach proposed by Lu et al. No oligonucleotides were removed and
all investigated oligonucleotides were translated to locus vectors of
4 X N columns (4 bases x the longest length N of investigated oligo-
nucleotides) filled with zeros and ones. For each oligonucleotide, bases
were positioned starting from two terminals to center, the center vec-
tors were filled with zero values. In order to compare retention time
prediction performance of LsRP with other methods, we used the da-
taset from Sturm et al.’s work [6] (Table S5 of the Supplementary
material). The dataset was also used in Lei et al.’s work. Single-tem-
perature models were established and evaluated with cross-validation
method in accordance with Sturm et al.’s [6] and Lei et al.’s [8] works.
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Table 5
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Performance comparison of single temperature models by this proposed method with other previously reported methods. The dataset for model establishment was

from literature [6].

Refs. Input features Modeling method ~ R?
30°C 40°C 50°C 60 °C 80°C
[6] Structural and energy features SVR a 0.978 0.978 0.950 0.965 0.975
[8] Base sequence autocorrelation (BSA) features ~ GA-MLR b 0.959 0.961 0.965 0.980 0.994
c 0.946 0.955 0.963 0.970 0.997
This work  Base locus information SVR d 0.973 0.976 0.970 0.973 0.977
e 0.970 0.966 0.967 0.971 0.971
f 0.951 0.987 0.987 0.973 0.928
g 0.973 = 0.004 0.976 + 0.003 0.976 = 0.003 0.973 + 0.003 0.976 + 0.003
h 0.836 = 0.088 0.818 + 0.093 0.817 = 0.115 0.864 + 0.122 0.895 * 0.090

a. Three-fold cross-validation the whole dataset (n = 72). b. Leave-one out cross validation of the training set (n = 58).

c. Correlation coefficient for the test set

(n = 14). d. Three-fold cross-validation of the whole dataset (n = 72). e. Leave-one out cross validation of the training set (n = 58). f. Correlation coefficient R? for
the test set (n = 14). For e and f, the training sets and test sets were the same as b and c. g. Leave-one out cross validation of the training set (n = 58). h. Correlation
coefficient for the test set (n = 14). For g and h, the training sets and test sets were randomly spilt for model training and prediction performance evaluating. The

procedure was repeated for 20 times.

1. Linear gradient elution data
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Fig. 4. Workflow of the strategy for nucleic acid retention prediction with CHEI and LsRP. Solid and hollow arrows indicate model creation and data calculation

procedures, respectively.

It should be noticed that in Lu et al.’s work [21], the number of peptide
data points used to train models were larger than the number (500) of
variables. However, there were only 72 oligonucleotides in the dataset
and the training variables were 192 (4 bases X the longest length 48 of
all oligonucleotides), which might result in model overfitting. To avoid
model overfitting, principal component analysis (PCA) approach was
used to reduce the dimensions of training variables before training LsRP
models. PCA was achieved with the Matlab software. The dataset was
projected into low dimensional PCA space, and the low dimensional
dataset (the number of training variables was less than the sample data
points) was used for LsRP model training. The results are presented in
Table 5. Models established for whole set or training set by LsRP were
almost as good as those from previous reports. It should be noted that
there included four sequences which could form stable hairpin struc-
tures even at elevated temperatures in the dataset. Their retention be-
haviors were quite different from others. The 4 sequences were not
excluded in model establishing and evaluating. From Table 5, we could
found that the trained LsRP models were always good (R* =0.97) for
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the training set at all temperatures from 30° to 80°C. In Lei et al.’s work,
duplex method was applied to split the whole dataset into training and
test sets. In this present work, we used the same training and test sets as
Lei et al.’s work to evaluate the LsRP method. Good prediction per-
formance of LsRP was also presented in Table 5, e and f. When the
training set and test set were randomly spilt for model training and
prediction performance evaluating (the procedure was repeated for 20
times), the correlation coefficients for the test sets were inferior
(Table 5, g and h). Training a model and evaluating it with randomly
spilt training set and test set is more representative because in practical
application of retention prediction of an unknown sample, models are
often trained with all pre-determined retention data. In general, the
prediction performance of LsRP is acceptable except that retention
prediction of four stable hairpin structures were unsatisfactory (data
was not presented). The LsRP method needs further study with more
retention data of hairpin structures.

Compared with Lei et al.’s models established by multiple linear
regression (MLR) combined with genetic algorithm (GA) feature
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Table 6

Test of the strategy for retention prediction of oligonucleotides under different linear gradient runs.
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Sample Gradient 01 Gradient 02 Gradient 03 Gradient 04 Gradient 05

E.tg P.t E.tg P.tg Error E.tg P.tg Error E.tg P.tg Error E.tg P.tg
Oligo 05 8.01 8.18 9.58 9.95 3.9% 12.17 12.89 5.9% 9.44 9.56 1.3% 11.68 12.04
Oligo 15 7.02 7.17 8.60 8.44 - 1.9% 11.46 10.37 - 9.5% 8.44 8.55 1.3% 10.71 10.53
Oligo 19 10.48 10.12 - 3.4% 13.57 12.86 - 52% 18.76 17.74 - 5.4% 11.87 11.50 -3.1% 15.46 14.95
Oligo 29 7.08 6.98 - 1.4% 8.39 8.15 - 2.9% 10.42 9.89 - 5.1% 8.47 8.36 - 1.3% 10.38 10.24
Oligo 35 8.43 8.01 - 5.0% 10.42 9.70 - 6.9% 13.68 12.46 - 8.9% 9.82 9.39 — 4.4% 12.45 11.79
Oligo 40 7.28 7.24 - 0.5% 8.63 8.55 - 0.9% 10.75 10.55 - 1.9% 8.67 8.62 - 0.6% 10.75 10.64
Oligo 47 10.34 9.89 — 4.4% 13.43 12.52 - 6.8% 18.94 17.17 - 9.3% 11.71 11.27 - 3.8% 15.48 14.61
Oligo 49 10.98 10.71 —2.5% 14.48 13.75 - 5.0% 20.91 19.23 — 8.0% 12.38 12.09 - 2.3% 16.49 15.84
Oligo 55 8.74 8.39 - 4.0% 11.16 10.28 - 7.9% 15.18 13.43 - 11.5% 10.12 9.77 - 3.5% 13.11 12.37
Oligo 57 8.85 8.66 - 2.1% 11.03 10.68 - 3.2% 14.39 14.10 - 2.0% 10.24 10.04 - 2.0% 13.00 12.77
Sample Gradient 05 Gradient 06 Gradient 07 Gradient 08 Gradient 09

Error E.tg P.ty Error E.ty P.tg Error E.tg P.ty Error E.tg P.ty Error
Oligo 05 3.1% 15.60 16.40 5.1% 10.93 11.10 1.6% 13.92 14.20 2.0% 18.93 19.67 3.9%
Oligo 15 - 1.7% 14.84 13.88 — 6.5% 9.99 10.09 1.0% 12.95 12.69 - 2.0% 18.24 17.15 - 6.0%
Oligo 19 - 3.3% 22.21 21.26 - 4.3% 13.35 13.04 - 2.3% 17.67 17.11 - 3.2% 25.52 24.52 - 3.9%
Oligo 29 - 1.3% 13.59 13.40 - 1.4% 10.00 9.90 - 1.0% 12.60 12.40 - 1.6% 17.12 16.67 - 2.6%
Oligo 35 - 5.3% 17.09 15.98 — 6.5% 11.33 10.93 - 3.5% 14.60 13.95 - 4.5% 20.49 19.25 - 6.1%
Oligo 40 - 1.0% 14.33 14.07 - 1.8% 10.22 10.17 - 0.5% 12.98 12.80 - 1.4% 17.66 17.34 - 1.8%
Oligo 47 — 5.6% 22.43 20.68 - 7.8% 13.24 12.81 - 3.2% 17.61 16.77 - 4.8% 25.86 23.95 - 7.4%
Oligo 49 - 3.9% 24.21 22.74 - 6.1% 13.89 13.63 - 1.9% 18.64 18.00 - 3.4% 27.62 26.01 — 5.8%
Oligo 55 — 5.6% 18.73 16.95 - 9.5% 11.66 11.32 - 2.9% 15.34 14.53 - 5.3% 22.14 20.22 - 8.7%
Oligo 57 - 1.8% 17.94 17.62 - 1.8% 11.77 11.58 — 1.6% 15.16 14.93 - 1.5% 21.29 20.88 - 1.9%

E.t, is the experimental retention time, P.t, is the predicted retention time and error equals (P.t - E.ty) / E.t,.

selection, the models established by LsRP are built by nonlinear mod-
eling method (SVR) and are difficult to reveal the mechanisms that how
the certain structural features affect the retention time, which might be
the drawback of LsRP. However, the LsRP method employs only the
base sequence information without any secondary structure prediction
or BSA features calculation. Translation of base sequence into locus
vectors could be automatically achieved with mathematical softwares
like Matlab, thus it is much more easy to be popularized.

Due to the good correlation between t; and CHEI, LsRP method
could also be applied for CHEI prediction of dsDNAs and oligonucleo-
tides. For dsDNAs, the base locus information could be generated from
one of the DNA strands. Since there were only 12 dsDNAs investigated
in this work, at present stage we could not evaluate LsRP method for
retention prediction of dsDNAs. Hopefully, LsRP method will be eval-
uated for dsDNAs in future. For oligonucleotides, 59 homo- and hetero-
oligonucleotides were randomly spilt into training set (50 samples) and
test set (9 samples) for model training and evaluating, each procedure
repeated for 20 times. For each model, the prediction correlation ¢* in
3-fold cross-validation was determined and the average ¢> was
0.976 = 0.005. For each of the test sets, by comparing predicted and
experimental CHEI values and calculating the correlation coefficient R%,
the average R® was 0.910 + 0.044. It is expected that with more
training oligonucleotides, the prediction of CHEI by LsRP would be
more precise.

3.7. A strategy for nucleic acid retention prediction with CHEI and LsRP

Based on above discussion, a strategy was proposed for nucleic acid
retention prediction with CHEI and LsRP was proposed. The workflow
is presented in Fig. 4. The approach includes four steps and each of
them contains model creation and data calculation procedure. The first
step is to obtain CHEI value of a calibration nucleic acid via Eq. (1) or
Eq. (4) from isocratic or linear gradient elution data. The second step is
generating CHEI values of training nucleic acids from gradient retention
times (t,) via Eq. (6) established by the calibration nucleic acid. ¢, of the
calibration and training nucleic acids was from a same linear gradient
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elution run. The third step is the CHEI prediction procedure. Sequence
information of training and interest nucleic acids were converted into
feature vectors. CHEI values of interest nucleic acids were predicted
from the model established with training nucleic acids by SVR. The
final step is the retention prediction procedure. After obtaining t; of the
calibrate nucleic acid under a target linear gradient elution run, Eq. (6)
was established and then t; values of interest nucleic acids were pre-
dicted via this equation.

The strategy has been verified with retention data of oligonucleo-
tides in this work. Oligo 42 was selected as the calibration nucleic acid,
10 randomly picked oligonucleotides including homo- and hetero-oli-
gonucleotides were used as the interest samples, and the rest oligonu-
cleotides were used as the training samples. t, values of interest oli-
gonucleotides under 9 gradient elution runs were predicted and
compared with experimental ones (Table 6). According to Table 6, the
prediction error for most samples was smaller than 5% experimental
retention time. The prediction error mainly comes from the prediction
of CHEI values for interest oligonucleotides. A larger number of training
nucleic acids are suggested to establish the model with base locus in-
formation by SVR. However, it could not negate the feasibility of this
strategy for nucleic acid retention prediction.

4. Conclusion

The detailed isocratic retention behaviors of nucleic acids in IP-
RPLC with isocratic elution were investigated comprehensively.
Retention behaviors of oligonucleotides and short dsDNAs were ob-
served to be influenced by both base composition and base sequence.
The classic LSS model can be applied to describe isocratic retention of
oligonucleotides and dsDNAs, indicating that they share the similar
retention mechanism as rigid small molecules. Both hydrophobic and
electrostatic interactions are involved in retention mechanism of nu-
cleic acids in IP-RPLC. It is found that Ink,, and S values are mainly size-
dependent for dsDNAs. While for oligonucleotides, the two values are
strongly dependent on their length, base composition and sequence. A
retention equation for gradient elution was proven applicable for
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nucleic acids, and Ink,, and S could be calculated from gradient reten-
tion data based on this equation. Parameter Ink,,/S or CHEI value can
be viewed as a characteristic parameter of a nucleic acid under a given
chromatographic system. CHEI was used to predict retention times of
oligonucleotides and dsDNAs under desired linear gradient runs, and it
can be predicted from base sequence information with LsRP. Base se-
quences were translated into locus vectors and there were no other
features needed in model creation. The translation of locus vectors and
creation of models could be automatically achieved by mathematical
software, making the strategy very easy to be grasped and popularized.
In general, the retention prediction performance of this strategy is sa-
tisfactory and a larger number of training nucleic acids are suggested to
establish the model for CHEI prediction. It should be noticed that base
sequence information could be used to generate a part of the properties.
There are more structural information and properties that cannot be
calculated simply with base sequence, which would impair the pre-
diction performance with only base sequence information. It is ex-
pectable that the present protocol could yield better predictions if
combined with new methods capable of generating more structural
information and properties of nucleic acids.
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