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Abstract 
Chemical synthesis of phosphoromonothioate oligonucleotides (PS-ONs) is not stereo-specific and produces a mixture of Rp 
and Sp diastereomers, whose disparate reactivity can complicate applications. Although the current methods to separate these 
diastereomers which rely on chromatography are constantly improving, many Rp and Sp diastereomers are still co-eluted. 
Here, based on sulfur-binding domains that specifically recognize phosphorothioated DNA and RNA in Rp configuration, 
we developed a universal separation system for phosphorothioate oligonucleotide isomers using immobilized SBD (SPOIS). 
With the scalable SPOIS, His-tagged SBD is immobilized onto Ni-nitrilotriacetic acid-coated magnetic beads to form a beads/
SBD complex, Rp isomers of the mixture can be completely bound by SBD and separated from Sp isomers unbound in liquid 
phase, then recovered through suitable elution approach. Using the phosphoromonothioate single-stranded DNA as a model, 
SPOIS separated PS-ON diastereomers of 4 nt to 50 nt in length at yields of 60–90% of the starting Rp isomers, with PS link-
age not locating at 5’ or 3’ end. Within this length range, PS-ON diastereomers that co-eluted in HPLC could be separated 
by SPOIS at yields of 84% and 89% for Rp and Sp stereoisomers, respectively. Furthermore, as each Rp phosphorothioate 
linkage can be bound by SBD, SPOIS allowed the separation of stereoisomers with multiple uniform Sp configurations for 
multiple phosphorothioate modifications. A second generation of SPOIS was developed using the thermolabile and non-
sequence-specific SBDPed, enabling fast and high-yield recovery of PS substrate stereoisomers for the DNAzyme Cd16 and 
further demonstrating the efficiency of this method.

Key points
• SPOIS allows isomer separations of the Rp and Sp isomers co-eluted on HPLC.
• SPOIS can obtain Sp isomers with 5 min and Rp in 20 min from PS-ON diastereomers.
• SPOIS was successfully applied to separate isomers of PS substrates of DNAzyme.

Keywords  Protein-DNA interaction · Microbial DNA binding protein · Sulfur-binding domain · Phosphorothioate 
oligonucleotide · Affinity-based oligo purification · Thermolabile protein

Introduction

Phosphoromonothioate (PS) modification of oligo(deoxy)
nucleotides (ONs) is the substitution of a non-bridging 
oxygen atom in the phosphate group with a sulfur atom 

(Eckstein 1985), and PS modification is naturally present 
in the genomes of some bacteria and archaea (Zhou et al. 
2005). PS-linkages are stable against nucleases (Potter 
and Eckstein 1984) and confer PS-ONs with improved 
cell penetration properties (Eckstein 2014), benefiting 
antisense strategies in which an ON can be designed to 
induce ribonuclease H (RNase H)-mediated cleavage of a 
target RNA. Several therapeutic PS-ONs exhibit promis-
ing activity that their unmodified ON analogues cannot 
achieve (Eckstein 1985; Yu et al. 2000). To date, ten of the 
eighteen approved ON drugs have PS modification sites 
(Egli and Manoharan 2023).

PS modification generates a chiral center at the phospho-
rous atom, producing a mixture of Rp and Sp diastereomers 

 *	 Xinyi He 
	 xyhe@sjtu.edu.cn

1	 State Key Laboratory of Microbial Metabolism, 
Joint International Research Laboratory of Metabolic 
& Developmental Sciences, School of Life 
Sciences & Biotechnology, Shanghai Jiao Tong 
University, 800 Dongchuan Road, Shanghai 200240, 
People’s Republic of China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-024-13283-3&domain=pdf
http://orcid.org/0000-0002-2336-7222


	 Applied Microbiology and Biotechnology (2024) 108:448448  Page 2 of 14

in non-stereo-controlled chemical synthesis. Single-stranded 
(ss) PS-ONs pair with the complementary strand to form 
double-stranded (ds) PS-ONs, where the sulfur substituent 
on the chiral phosphorus atom faces either the inside (Rp) or 
outside (Sp) of the duplex. The PS stereoisomers exhibit dis-
tinct physical and biochemical properties. Stereochemically 
pure PS-ONs show different reactivities with nucleases. For 
example, as a key nuclease in the RNA interference pathway, 
RNase H is recruited more efficiently by antisense PS-ONs in 
Rp than in Sp configuration, but shows lower endonuclease 
activity toward PS linkages in Sp than in Rp configuration 
(Koziolkiewicz et al. 1995). Additionally, DNA polymerase 
I (Brautigam and Steitz 1998) and snake venom phosphodi-
esterase (Yu et al. 2000) exhibited lower exonuclease activity 
when PS sites were in the Sp configuration than Rp configu-
ration. By contrast, PS-DNA with the Rp configuration had 
improved resistance to exonuclease III (Putney et al. 1981) 
and nuclease P1 (Potter et al. 1983) than Sp configuration.

There is growing interest in the synthesis of enantiopure 
PS-ONs. To this end, “stereo-controlled liquid phase syn-
thesis of phosphorothioate oligonucleotides on a soluble 
support” chemical synthesis methods were developed (Guo 
et al. 1998; Oka et al. 2008; Stec et al. 1998; Wilk et al. 
2000). Subsequently, the stereo-specific PS synthesis of 
antisense oligonucleotide drug molecules via nucleoside 
3′-oxazaphospholidine derivatives by stereocontrolled oli-
gonucleotide synthesis with iterative capping and sulfuri-
zation (SOSICS) was accomplished (Iwamoto et al. 2017). 
However, these methods have problems with low efficiency, 
insufficient selectivity, and difficulty in removing chiral 
auxiliaries after synthesis. In an alternative approach, the 
separation of diastereomers has been employed to obtain 
enantiopure PS-ONs after chemical synthesis. Initially, Rp-
specific snake venom phosphodiesterase and Sp-specific 
nuclease P1 were used to remove the unwanted stereoiso-
mers (Bryant and Benkovic 1979). With the development 
of chromatography, ion-exchange or reversed-phase liquid 
chromatography was applied in separation of diastereom-
ers with one or more PS sites (Frederiksen and Piccirilli 
2009; Murakami et al. 1994). Currently, PS-ON diastere-
omers with more PS sites are mainly resolved and purified 
by ion-pair reversed-phase liquid chromatography (Enmark 
et al. 2020, 2021). HPLC systems can provide a visualiza-
tion window to monitor the separation process in real time, 
as well as to calculate the yield of PS-ONs easily. However, 
HPLC separation of PS-ONs faces two practical challenges: 
the first one is that some diastereomers even with one PS 
site, co-elute or elute within a short time interval, leading 
to failure in separation or requirement for multiple runs of 
separation, respectively. Secondly, the development of an 
individually customized separation procedure for a given 
set of PS-ON diastereomers is required. These shortcomings 
in stereoisomer separation by HPLC can involve substantial 

costs in labor and time, and therefore, there is an increasing 
need to develop a universal technique for the rapid separa-
tion of PS-ON diastereomers.

We previously discovered a superfamily of sulfur-binding 
domains (SBDs) that specifically bind only PS-dsDNA in 
the Rp configuration (Hu et al. 2023; Liu et al. 2018; Yu 
et al. 2020) with an equilibrium dissociation constant value 
(KD) of 5.55 nM ~ 1 μM (Yu et al. 2020, 2018). Here, we 
report that SBDAna, the SBD region isolated from the PS-
DNA-specific PD-(D/E) XK nuclease (WP_041454130.1) 
from Anaeromyxobacter sp. K, is able to bind versatile 
types of PS-ONs with an improved affinity toward ssDNA 
and single-stranded RNA (ssRNA) when compared with 
two other characterized SBDs. This feature of SBDAna was 
employed to develop a universal separation system for 
PS-ON diastereomers based on His-tagged SBDAna immo-
bilized by Ni-nitrilotriacetic acid (NTA)–coated magnetic 
beads, and we have named this system “SPOIS” for separa-
tion system for phosphorothioate oligonucleotide isomers 
using immobilized SBD. Using phosphoromonothioate 
ssDNA as the model, SPOIS could separate (i) PS-ON dias-
tereomers of 4–50 nt in length, with yields above 60%; (ii) 
co-eluting diastereomers, with an 84% yield of Rp stereoiso-
mers and 89% yield of Sp stereoisomers; and (iii) diastere-
omers bearing two or three PS sites, with a 40–50% yield 
of uniform Sps. Based on SBD screening, SPOIS-II, the 
upgraded version of SPOIS, was developed to simplify the 
elution process using SBDPed, a truncated protein from the 
PS-DNA-specific HNH endonuclease (WP_088299980.1) 
from Pedobacter sp. AJM, with only 5 min required for 
separation of Sp isomers and 20 min for Rp isomers. We 
successfully applied SPOIS-II to the separation of diastere-
omers of PS substrates for DNAzymes. The establishment 
of SPOIS provides a universal and effective way to separate 
diastereomers for PS-ON with one PS site, also proposes 
the possibility of separating diastereomers for PS-ON with 
more PS sites by bioenzymatic approach.

Methods and materials

Reagents and materials

The ssDNA or ssRNA ONs (Table S1) and the gene frag-
ments encoding the functional SBDAna and SBDPed were 
synthesized by GENEWIZ (Suzhou, China). dsDNA oli-
gonucleotides were obtained by annealing two equimolar, 
complementary ssDNA strands. HisSep Ni–NTA MagBeads 
were purchased from Yeasen (Shanghai, China). Chemicals 
and reagents were analytical grade and dissolved in double-
distilled water prepared by the Milli-Q Water Purification 
System (Millipore, USA).
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Plasmid construction and protein purification

The primers and gene fragments used in this study are listed 
in Table S2. The DNA fragment encoding SBDAna or SBDPed 
was cloned into the NdeI and XhoI site of pET28a, and the 
recombinant plasmid was transformed into Escherichia coli 
BL21 (DE3). A 10 mL overnight culture of the recombinant 
strain BL21 /pET28a-SBDAna or BL21/pET28a-SBDPed was 
inoculated into 1 L liquid LB medium supplied with 50 µg/
mL kanamycin, which was then cultured at 37 ℃ (220 rpm) to 
OD600 0.6, cooled to room temperature, and IPTG was added 
to a final concentration of 0.2 mM, followed by the sequen-
tial culture for 20 h (220 rpm) at 16 ℃. Cells were collected 
and resuspended in binding buffer (20 mM Tris–HCl, pH 8.0, 
300 mM NaCl, 50 mM imidazole, 10% glycerol), and lysed by 
a high-pressure homogenizer (UH-06, Union-Biotech). After 
centrifugation at 15,000 rpm for 15 min, the supernatant was 
applied to a pre-equilibrated 2.5 mL Ni–NTA column (GE 
Healthcare) and washed with 50-column volume of the bind-
ing buffer prior to protein elution with elution buffer (20 mM 
Tris–HCl, pH 8.0, 300 mM NaCl, 500 mM imidazole, 10% 
glycerol). The eluted protein was further purified by removing 
genomic DNA fragments using HiTrap Q HP (GE Healthcare) 
and finally desalted by a PD-10 desalting column (GE Health-
care) and stored in desalting buffer (20 mM Tris–HCl, pH 8.0, 
300 mM NaCl, 10% glycerol) at − 30℃. Protein concentration 
was determined using CBB Staining Solution (Tiangen).

Preparation of PS oligonucleotide isomers

The Rp and Sp stereoisomers of single-stranded PS-ONs 
were separated by anion exchange HPLC with a DNAPac 
PA-100 analytical column (Thermo, 4 mm I.D. × 250 mm, 
13 µm) on an Agilent 1260 Infinity Series system at a flow 
rate of 0.8 mL/min with the following parameters: col-
umn at 55 ℃; solvent A, 10 mM Tris–HCl, pH 8.0; sol-
vent B, 10 mM Tris–HCl, pH 8.0, 1 M NaCl; gradient, 0% 
B to 100% B over 40 min; detection by UV absorbance at 
260 nm. The eluent was desalted with a Copure C18 column 
(Biocomma), lyophilized in 50% methanol in an Alpha 2–4 
LSCbasic freeze-dryer (CHRIST), and dissolved in double-
distilled water. The hemi-PS dsDNA was generated by 
annealing of an Rp or Sp stereoisomer with its complemen-
tary unmodified DNA strand in equimolar concentrations.

Electrophoretic mobility shift assays (EMSAs)

A 10 μL EMSA reaction mixture contained 10 pmol DNA 
or RNA and 40 pmol protein in binding buffer (20 mM 
Tris–HCl, pH 8.0, 100 mM NaCl, 5% glycerol); for RNA, 
1 mM DTT and 1 μL RNase inhibitor (Takara Bio Inc) 
were extra added. After incubation on ice for 10 min, the 
mixtures were loaded onto 12% native polyacrylamide gels 

and electrophoresed for 30 min in an ice bath at 15 mA in 
1 × TAE buffer. The gels were stained with 1 × SYBR Gold 
(S11494, Thermo-Fisher Scientific) for 5 min before being 
imaged on a Bio-Rad GelDoc XR + (Bio-Rad).

Separation process for SPOIS

Basically, a typical SPOIS procedure utilized magnetic 
beads (20561ES03, Yeasen) with Ni–NTA covalently modi-
fied surface. The ethanol solvent was removed from the mag-
netic bead suspension (20 μL) by magnetic adsorption, and 
the beads were transferred to the binding reaction system 
(40 nmol His-tagged SBD, 1 nmol synthetic PS-ONs consist-
ing of both Rp and Sp stereoisomers, 10 mM Tris–HCl, pH 
8.0, 100 mM NaCl) in a final volume of 200 μL. The binding 
reaction was performed on a multipurpose roto-shaker (20 
circles per minute, QB-206, Kylin-Bell) at room temperature 
for 5 min, followed by separation of the magnetic beads from 
the solution by a magnetic rack. The solution containing 
Sp PS-ONs (unbound) was transferred, and the beads were 
washed twice with washing buffer (10 mM Tris–HCl, pH 
8.0, 100 mM NaCl). For SPOIS-I, to obtain the SBDAna/Rp 
PS-ON complex, an imidazole solution (500 mM imidazole, 
10 mM Tris–HCl, pH 8.0, 100 mM NaCl) was applied to the 
washed beads. Next, to obtain the Rp PS-ONs, the sample 
was heated at 60 °C for 10 min followed by centrifugation at 
12,000 g for 5 min; the supernatant was collected and then 
desalted by a Copure C18 column (Biocomma). For SPOIS-
II, the Rp PS-ONs were directly eluted from the magnetic 
bead/SBDPed complex by heating at 85 °C for 10 min.

Electrophoresis and HPLC analysis of oligonucleotide 
products by SPOIS

To monitor the purity and concentration of ONs in each 
separation step for SPOIS, 10 μL samples from the above 
steps (binding, removal of unbound material, elution by imi-
dazole, elution by heating) were loaded onto 12% native 
polyacrylamide gels and electrophoresed for 30 min in an 
ice bath at 15 mA in 1 × TAE buffer. The gel was stained 
with 1 × SYBR Gold (S11494, Thermo-Fisher Scientific) for 
5 min for imaging. At the same time, 100 μL (< 100 pmol) 
of each sample was injected into an HPLC system with the 
same methods used as in preparation of the PS-ON isomers. 
The quantification of the samples was based on the peak area 
obtained by HPLC analysis, and the specific calculations 
were as follows:

Actual yield (Rp)	� peak area of Rp isomer in eluate/ peak 
area of Rp isomer in PS-ON;
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Actual yield (Sp)	� peak area of Sp isomer in unbound/ peak 
area of Sp isomer in PS-ON

Specifically, for the analysis of PS-4 nt-2(AG*GC) 
(Fig. 3A, Figure S7) whose Rp and Sp diastereomers can-
not be distinguished by HPLC, the Sp isomer yields in the 
unbound portion were set at 100% to calculate the yield of 
Rp isomers in the eluate. The same calculation was also 
applied in Fig. 3B and Figure S9 except that the Sp isomer 
yield in the unbound portion was calibrated by systematic 
yield based on non-PS-ONs.

DNAzyme cleavage assays

Gel-based DNAzyme cleavage assays were performed 
according to the method of Huang and Liu (2015). Essen-
tially, 0.7 μM fluorescein-labeled PS substrate was annealed 
with 1.1 μM Cd16 DNAzyme in buffer B (50 mM MES, pH 
6.0, 25 mM NaCl). Cd2+ measuring 10 μM was added to 
initiate the cleavage, and after a 60 min reaction time, the 
cleavage products were loaded onto a 12% native polyacryla-
mide gel with 1 × DNA Loading Buffer (P0220, Vazyme) 
and electrophoresed for 30 min at 10 mA in 1 × TAE buffer. 
The analysis was based on the gel imaging on a Bio-Rad 
GelDoc XR + (Bio-Rad) and Image Lab Software (Bio-Rad).

Results

SBDAna has high binding affinity for single‑stranded 
Rp PS‑ONs

We previously reported the crystal structures of SBDs com-
plexed with Rp DNA duplexes with PS linkages at vari-
ous positions in the sequences (Hu et al. 2023; Liu et al. 
2018; Yu et al. 2020). However, ssPS-ONs are used more 
frequently in various applications. Through preliminary 
screening by EMSA, an SBD named SBDAna from Anaero-
myxobacter sp. K (SBD#9 in Table S3) showed an obvi-
ously higher binding affinity for ssPS-ONs when compared 
to SBDHga and SBDSpr (Fig. 1, Figure S1B), both of which 
firmly bind to dsPS-ONs with an equilibrium dissociation 
constant of ~ 5 nM (Hu et al. 2023; Yu et al. 2020). Notably, 
SBDAna could effectively discern the Rp PS-ONs from the 
Sp PS-ONs and non-PS-ONs, either as DNA or RNA, as 
evidenced by the absence of shifted bands for the Sp and 
non-PS forms of ONs (Fig. 1). Structural prediction and 
interaction analyses revealed that, consistent with the pub-
lished binding models of SBDs and PS dsDNA, the bind-
ing of SBDAna and PS ssDNA relied primarily on a sulfur-
binding cavity consisting of Y27, K28, Y78, P79, and H82, 
supplemented by hydrogen bonds, electrostatic interactions, 
and hydrophobic interactions with the phosphate backbone 

and bases of the PS ssDNA to form a stable complex (Fig-
ure S1C). Given its stereo- and PS-specific activity, SBDAna 
is a promising protein tool for separation of PS-ON dias-
tereomers, although the applications may be broader with 
DNA as our data suggest that SBDAna has a greater affinity 
for DNA PS-ONs than for RNA PS-ONs.

An SBDAna‑based SPOIS system for separation 
of PS‑ON diastereomers

Magnetic beads are typically used for rapid separation of 
solid and liquid phases. The magnetic beads used here, with 
a medium particle diameter of 30 µm, are based on 4% cross-
linked agarose coupled with tetra-coordinated NTA and form 
a stable octahedral structure after chelating Ni2+. SBDs car-
rying a poly-histidine tag at the N-terminal will be anchored 
by coordination bonds between histidine residues and Ni2+. 
Also, the attachment can be abolished by competition with 
imidazole (Figure S2). In order to establish our separation 
system for phosphorothioate oligonucleotide isomers based 
on immobilized SBDAna (SPOIS), the saturation dosage of 
magnetic beads, SBDAna, and PS-ONs needed to be defined. 
Based on the instruction manual for the magnetic beads, 
the minimal His-tagged SBDAna loading capacity for 1 μL 
Ni–NTA-coated magnetic beads would be 2.11 nmol. There-
fore, for each 1 nmol SBDAna, 0.5 μL magnetic beads were 
added to allow for complete binding (Figure S3). To evaluate 
the capture rate of SBDAna for Rp PS-ONs with this param-
eter, 1 nmol Rp PS-ON was added to different amounts of the 
bead-bound SBDAna. We determined that, for each 1 nmol 
Rp PS-ON to be completely captured, more than 40 nmol 
SBDAna was needed (Figure S3).

The whole process for the SPOIS system is depicted in 
Fig. 2A. Briefly, His-tagged SBD is immobilized onto the 
Ni–NTA-coated magnetic beads to form a magnetic beads/
SBD complex, and then an appropriate molar amount of 
PS-ON stereoisomers is mixed with the magnetic beads/
SBD. The Rp stereoisomers will be specifically bound and 
tethered by the immobilized SBD (step 1, Fig. 2A), whereas 
the unbound Sp isomers are directly recovered from the liq-
uid phase (step 2a, Fig. 2A). To elute the SBD-bound Rp 
PS-ONs, we firstly heat-treated the washed complex of the 
magnetic beads/SBD/Rp PS-ONs (step 2b, Fig. 2A) in wash-
ing buffer at 95 °C for 30 min. However, less than 10% of 
the starting Rp PS-ONs was recovered (Figure S4). Alkali 
treatment also failed to improve recovery. Although Rp-
ONs achieved a ca. 85% yield after chloroform extraction of 
SBDAna, chloroform can be harmful to the user and is envi-
ronmentally unfriendly. As an alternative, we attempted to 
elute the SBD/Rp PS-ON complex from the magnetic beads 
with an imidazole solution (step 3, Fig. 2A, Figure S4), 
followed by heat treatment optimized at 60 °C for 10 min 
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(Figure S5) to release the Rp PS-ONs from the SBD (step 
4, Fig. 2A), achieving a yield of more than 80%. The Rp 
PS-ONs were then purified by centrifugation and desalting 
to remove denatured SBD and imidazole (step 5, Fig. 2A).

SPOIS separation of stereochemically pure PS-ONs is 
performed in a liquid phase. Since the conditions for SBD 
binding of PS-ONs in EMSAs and liquid are different, the 
binding affinity of SBDAna for different types of PS-ONs 
may also differ between EMSAs and liquid phase analysis. 
We therefore examined the binding stereospecificity and 
capacity of SBDAna for Rp and Sp stereoisomers of PS-ONs 
in ssDNA, dsDNA, and RNA forms, with separation of 
the chemically synthesized PS-ONs conducted by HPLC. 
Equimolar amounts of Rp and Sp stereoisomers and cor-
responding non-PS controls were mixed and separated by 

SPOIS with or without SBDAna loaded, and then the purity 
and yield of the purified Rp and Sp stereoisomers were ana-
lyzed. It is worth noting that as the control SPOIS without 
SBDAna loaded, the results indicated that all ONs appeared 
in Unbound rather than Eluate, with no significant decrease 
compared to starting ONs (Figure S6A), which excluded 
the possibility that the binding of magnetic beads coated 
with Ni–NTA for ONs led to a decrease in the yield. When 
SBDAna was loading on SPOIS, our results indicated that 
only Rp isomers could be bound by SBD, with no binding 
of Sp isomers or non-PS controls regardless of the nucleic 
acid form of the ONs (Fig. 2B, Figure S6B), demonstrating 
that SPOIS is Rp stereo-specific. For 20 bp PS-dsDNA, the 
yield of Rp isomers separated by SPOIS was about 77%, and 
that of Sp isomers was up to 82%. For 20 nt PS-ssDNA, the 

Fig. 1   The stereo-specific 
SBDAna has high binding affin-
ity for PS-ONs. SBDs Ana, 
Spr, and Hga constitute the first 
165, 165, and 160 aa residues, 
respectively, of phosphoro-
thioate-dependent restriction 
enzymes from the respective 
bacteria Anaeromyxobacter 
sp. K (WP_041454130.1), 
Streptomyces pristinaespi-
ralis (WP_005318208.1), 
and Hahella ganghwensis 
(WP_020410240.1), where the 
accession numbers refer to the 
associated enzyme. Each EMSA 
was performed with an SBD 
to DNA or RNA molar ratio of 
4:1. PS denotes the phospho-
romonothioate group. Rp and 
Sp stereoisomers were resolved 
by HPLC with reference to Fig-
ure S1A. “-” represents controls 
without SBD added
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yields of Rp and Sp isomers were both around 85%, and for 
20 nt PS-RNA, the yields of Rp and Sp isomers decreased 
slightly to 61% and 64%, respectively (Fig. 2C). These data 
demonstrated that SPOIS-I is a promising, device-free sys-
tem for PS-ON stereoisomer separation with binding stere-
ospecificity for Rp configuration.

PS‑ON substrate length for efficient separation 
of diastereomers by SPOIS

To determine the application range for SPOIS-I in terms of 
substrate length, chemically synthesized ssPS-ONs of var-
ied lengths were used as SPOIS substrates, and the yield 
of each Rp PS-ON was measured. We started with an 8 nt 

PS-ON (CGAG*GCCG, “*” denoting PS linkage), the short-
est length that we had tested for binding by SBDs in previ-
ous work (Yu et al. 2020). The following PS-ONs were also 
synthesized and applied to the SPOIS-I: 2 nt (G*G), 3 nt-
1(G*GC), 3 nt-2 (AG*G), 4 nt-1(G*GCC), 4 nt-2 (AG*CC), 
and 6 nt (GAG*GCC). For each PS-ON, the bound fraction 
was eluted and analyzed by HPLC along with the starting 
PS-ON diastereomers (Figure S7). Results indicated that 
the PS-ONs G*G, G*GC, AG*G, and G*GCC could not be 
bound by the SBD as the elution fraction gave no peak in the 
HPLC profile. For AG*GC (4 nt-2), a peak corresponding 
to the Rp stereoisomer in the starting PS-ON diastereomers 
appeared with a yield of ca. 60% after separation. By com-
parison, the yield of Rp isomer increased notably to 85% 
and 88% for 6 nt and 8 nt PS-ONs, respectively (Fig. 3A). 

Fig. 2   Development of the PS- and stereo-specific SPOIS-I pro-
cess for separation of PS-ON diastereomers. A Flowchart of the 
SBDAna-based SPOIS-I separation process. B HPLC analysis of the 
separation products from SPOIS. The top of each graph is the mixture 
with oligonucleotide plus its synthetic PS-ON diastereomers. The 
empirical rule suggests that the first and second peaks correspond 
to Rp and Sp diastereomers, respectively (Frederiksen and Piccirilli 
2009). “Unbound” in the middle of each graph corresponds to Sp 

PS-ONs that were not bound by SBDs after step 2a in panel A, and 
“Eluate” denotes the purified Rp PS-ONs after step 5. “*” represents 
the PS linkage; sequences for these PS-ONs are listed in Table S1. C 
Quantitative analysis of the Rp and Sp diastereomer yields for differ-
ent types of substrates. Calculations were performed using the data 
shown in panel B. Error bars represent the standard deviations of 
yields performed in triplicate
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Fig. 3   Impact of ssPS-ON length on separation efficiency of SPOIS. 
A Analysis with short PS-ONs of 2–8 nt in length. The central 
sequences bearing the PS linkage in the PS-ONs are indicated. B 
Analysis with PS-ONs of 10–90 nt. The sequences and position of PS 

linkages for all PS-ONs are listed in Table S1. Calculations of sepa-
ration efficiency were performed using the data shown in Figures S7 
and S9. Error bars represent the standard deviations of yields per-
formed in triplicate
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Based on the complex structure of SBDs with their respec-
tive PS-ONs, in addition to interactions with the sulfur atom 
in PS-ONs, SBDs bond with the phosphodiester backbone 
and bases adjacent to the PS linkage (Figure S8). These 
interactions may also be necessary for firm binding of PS-
ONs by SBDAna. These observations demonstrated that the 
minimum length for efficient isolation of PS-ON isomers by 
SPOIS is 4 nt, which should include a phosphodiester bond 
linkage flanking each side of the central PS linkage.

Additionally, six PS-ONs with lengths spanning from 10 
to 90 nt centered around a G*GCC sequence were individu-
ally examined for Rp isomer yield. Unexpectedly, the Rp 
and Sp isomers of each synthetic PS-ON co-eluted in one 
peak in HPLC chromatography (Figure S9). Therefore, we 
included the corresponding non-PS-ONs, which eluted as a 
distinct peak at an earlier time than the PS-ONs (Figure S9), 
accompanied by a later peak that should correspond to Sp 
PS-ONs in the unbound fraction. Accordingly, the PS-ONs 
in the peak eluted from the bound fraction should corre-
spond to Rp PS-ONs. The yield of the Rp isomers remained 
at 57 ~ 73% when PS-ONs were 10 to 50 nt in length, but 
sharply decreased from 48 to 23% when the length increased 
from 55 to 60 nt, and PS-ONs with a length longer than 70 nt 
gave a yield of below 10% (Fig. 3B). Taken together, these 
results indicated that the optimal length for efficient separa-
tion of PS-ON Rp isomers ranges from 4 to 55 nt.

Application of SPOIS for separation of chemically 
synthesized PS‑ON stereoisomers

The diastereomer separation of PS-ONs with one PS site has 
become easier with advances in chromatographic techniques, 
but it should not be neglected that there are still a large num-
ber of PS-ONs that co-elute or elute within a short time 
interval, making them difficult to be completely separated on 
chromatogram, which requires more optimizations of HPLC 
conditions. By contrast, one of the advantages of universal 
SPOIS is to address this issue. To demonstrate this capacity, 
a PS-ON ssDNA4* with two diastereomers that co-elute in 
HPLC was applied to SPOIS-I (Table 1). The first, second, 
and fourth fractions gave bands of the same size on the gel 
whereas the third fraction, corresponding to the SBDAna/Rp 
PS-ON complex eluted by imidazole, resolved as a different, 
shifted band (Fig. 4A). In contrast, the HPLC profile showed 
that separation of the ssDNA4* diastereomers by HPLC was 
not feasible. With SPOIS, the unbound fraction produced a 
peak corresponding to its Sp isomers, and the eluate fraction 
produced the peak for the Rp isomers. Mixing the unbound 
and eluate fractions reproduced the peak pattern consistent 
with the starting PS-ON (Fig. 4A), validating the feasibility 
of SPOIS for the separation of diastereomers that co-elute 
by HPLC.

Most of the approved antisense PS-ON drugs, such as 
mipomersen (Roberts et al. 2020), feature multiple chiral 
PS linkages. However, it is currently not possible to resolve 
all diastereoisomers of ONs with more than four or five PS 
sites (Enmark et al. 2020). As a preliminary exploration, the 
effectiveness of SPOIS in the purification of PS-ONs bear-
ing two or three tandem PS sites was examined (Fig. 4B, 
Table 1). As the binding mode of the SBD to both start-
ing substrates is similar, for simplicity we only describe 
the results here based on substrates with two tandem PS 
linkages. Upon separation by SPOIS-I, the unbound frac-
tion produced a band with relatively low intensity on the 
gel, and by comparison, the eluate fraction generated a band 
with much higher intensity. HPLC analysis revealed that the 
peak with the latest retention time of the starting PS-ONs 
disappeared in the profile for the eluate and was present in 
the unbound fraction. Based on the empirical rule, the PS-
ONs in this peak are SpSp isomers. By comparison, PS-ONs 
in the peaks for the eluate fraction contain at least one Rp 
linkage. These findings indicate that the SPOIS system can 
effectively separate stereo-pure PS-ONs with uniform Sps.

Identification of a thermolabile and Rp‑specific 
SBDPed to establish SPOIS‑II

The elution method adopted in SPOIS-I was laborious and 
uneconomical. To shorten the elution process after step 2b 
in SPOIS-I, we wanted to screen for an SBD homolog that 
would have PS-ON binding features similar to SBDAna at 
room temperature but that would also be easily denatured 
by heat treatment to release Rp isomers when bound to mag-
netic beads via His-Ni–NTA pairing. In a screen of SBDAna 
homologs with similar affinity, sequence specificity, and type 
of PS-ON binding substrate, but with a different thermo-
stability, 29 soluble SBDs were obtained out of 77 putative 
SBDs (Table S3, Table S4). For further screening of the 
thermolabile homologs, the SBDs were incubated at 56 °C 
for 1 h, conditions that were slightly modified from a general 
routine lab procedure in which heat inactivation of target 
protein was performed at 55 °C for 30 min (Cancado et al. 

Table 1   Yield of Rp and Sp (SpSp/SpSpSp) after SPOIS#

Numerical information is expressed as average ± stdev
All experiments were performed three times
# Data refer to the analysis in Fig. 4

PS-ON Rp yield (%) Sp(SpSp/SpSpSp) 
yield (%)

ssDNA*-4 83.52 ± 2.60 88.97 ± 2.62
ssDNA*-2PS - 51.10 ± 4.70
ssDNA*-3PS - 39.84 ± 3.58
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1996). Nine SBDs were identified as thermolabile: #5, #20, 
#24, #25, #29, #32, #39, #65, and #74 (Table S3).

With EMSAs, PS-ONs with five consensus core 
sequences in the forms of hemi-dsDNA and ssDNA 
(sequences shown in Table S1) were used to measure the 
binding affinity of the 29 SBDs, and based on these EMSA 
results for the thermolabile proteins, SBDs #5 and #32 had 
low affinity to ssPS-ONs; #24 had low affinity to the dsPS-
ON with the sequence CCA; #25 had no affinity to dsPS-
ONs with sequences CCA and GATC; #29 bound the dsON 
with the sequence GAAC; #39 could not discern PS-ONs 
from ONs for all five sequences, and #74 might be incor-
rectly annotated as an SBD homolog as it barely bound any 
of the PS-ONs and ONs. Only #20 and #65 could distinguish 
PS-ONs from ONs with relatively high affinity and sequence 
flexibility. SBD #65, which also showed an obvious bind-
ing affinity for PS-RNA (Figure S11), was named SBDPed 

(1–170 aa, Accession No. WP_088299980.1) based on its 
microbial source, Pedobacter sp. AJM.

SBDPed was used to replace SBDAna in SPOIS, and we 
named the resulting new system SPOIS-II (Fig. 5A). In 
SPOIS-II, the magnetic bead-bound SBDPed can be directly 
denatured after heat treatment (step 3, Fig. 5A), leaving the 
denatured SBDPed still bound to the magnetic beads via His-
Ni–NTA pairing (Fig. 5B). Therefore, the Rp PS-ONs can be 
easily recovered just by transferring the liquid phase upon 
magnetic adsorption and heating (step 4, Fig. 5A). With 
SPOIS-II, the yield of Rp PS-ONs was ca. 85% when heat 
treatment was performed at the optimal temperature of 85 °C 
(Figure S12) for 10 min, in a sharp contrast to the yield of 
5% if SBDPed was replaced with SBDAna under the same con-
ditions for SPOIS-II (Fig. 5C). In comparison, when heated 
without the magnetic beads, SBDPed and SBDAna were inac-
tivated after 10 min of heat treatment at 56 °C and 60 °C, 

Fig. 4   A Effectiveness of SPOIS for separating synthetic PS-ON ste-
reoisomers that co-elute in HPLC by anion-exchange column. Left 
panel shows the electrophoretic analysis of different fractions of 
PS-ONs purified by SPOIS. Lane 1, ssDNA PS-ON diastereomers; 
lane 2, unbound fraction corresponding to purified Sp PS-ONs after 
SPOIS step 2a (Fig. 2A); lane 3, fraction eluted by 500 mM imida-
zole and corresponding to Rp PS-ONs bound by SBD after step 3; 
lane 4, supernatant of fraction in lane 3 that was heated at 60 °C for 

10 min, followed by centrifugation, and corresponding to purified Rp 
PS-ONs. Right panel shows the HPLC profile of these fractions; 2 + 4 
(lower part of panel) is a mixture of purified Sp and Rp used to show 
the closeness of the two peaks generated by the stereoisomers. B 
Effectiveness of SPOIS for purification of PS-ONs bearing two (left 
panel) and three (right panel) tandem PS sites. “PS” in red represents 
the phosphoromonothioate group. Fraction samples are the same as in 
panel A
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respectively (Figure S13). The separation process for Sp 
PS-ONs remained unchanged, and the yields of Sp PS-ONs 
were ca. 85% in both systems. With SPOIS-II, separation 
of Sp and Rp PS-ONs occurred, respectively, within 5 min 
and 20 min, and the yield of Rp PS-ON using the same 20 
nt synthetic PS-ON diastereomers for both SPOIS systems 
was ca. 85%.

Separation of PS substrates for DNAzyme 
by SPOIS‑II

Phosphoromonothioate modifications are often applied to the 
substrate of ribozymes and DNAzymes to probe their mech-
anism. Upon the introduction of PS linkage at the cleavage 
site, the kinetics of the cleavage reactions are significantly 

different between Rp and Sp diastereomers (Saran et al. 
2021), which is an opportunity for the application of cur-
rent SPOIS system. DNAzymes are single-stranded cata-
lytic DNA that can be screened and selected in vitro from 
a large pool of random DNA libraries. As an example, the 
Cd2+-dependent RNA-cleaving DNAzyme Cd16 cleaves a 
modified ssDNA substrate that contains a ribonucleotide 
adenosine (rA) and a PS linkage immediately downstream 
of the rA (Fig. 6A). The Rp and Sp diastereomers of this 
PS substrate exhibit opposite cleavage results, necessitat-
ing isomer separation. Previously developed strategies for 
preparation of this Rp PS substrate involve the following: (i) 
separation of a left-side Rp PS isomer, followed by ligation 
to a right-side ON; or (ii) removal of one full-length PS-ON 
diastereomer substrate by Rp- or Sp-specific DNAzyme 

Fig. 5   Establishment of SOPIS-II based on the thermo-labile SBDPed. 
A Flowchart of the SBDPed-based SPOIS-II separation process for 
Rp and Sp PS-ON stereoisomers. B Color reaction of the magnetic 
beads/SBDPed (right tube) remaining after step 4 of panel A with 400 
μL CBB Staining Solution (Tiangen) added. The blue color indicates 
the presence of protein. The left tube contains the Ni–NTA magnetic 
bead control without SBDPed loaded. C Comparison of the yields of 

Rp and Sp PS-ONs with SBDAna and SBDPed after heating in step 3 
(panel A). The Rp PS-ONs bound by SBDAna or SBDPed were heated 
and released at 85 °C for 15 min, and the yields were compared based 
on HPLC analysis. Error bars represent the standard deviations of 
yields performed in triplicate. A t-test was applied for comparison: 
ns, no significance; ****p < 0.0001
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digestion (Huang and Liu 2015). For SPOIS-II, 1 nmol of 
a 24 nt PS substrate for the Cd16 DNAzyme (Huang and 
Liu 2015) was synthesized and separated. Within 20 min, 
0.41  nmol Sp isomers and 0.52  nmol Rp isomers were 
obtained (Fig. 6A, right panel). As shown in Fig. 6B, about 
80% of the purified Rp isomers were cleaved by Cd16, as 
compared to 25% for the Sp substrates (Fig. 6B), which is 
consistent with the cleavage efficiency of the diastereomers 
purified by multiple separations of HPLC or Rp/Sp-specific 
DNAzyme digestion but the purification of SPOIS is with 
lower labor and less time costs. The above results fully 
confirm the high utility and value of the SOPIS system for 

diastereomer separation of varied PS-ONs, especially the PS 
substrate of DNAzymes and ribozymes.

Discussion

SBDAna and SBDPed displayed a higher affinity for ssPS-ONs 
when compared to SBDHga and SBDSpr (Fig. 1, Figure S1B); 
however, the consensus sequence bearing the PS linkage 
can impact binding affinity as some SBDs displayed strong 
sequence specificity for binding PS dsDNA. Given that we 
only tested five natural core consensus sequences when 
evaluating the sequence specificity of SBDAna and SBDPed 

Fig. 6   Rapid separation of the PS-ON stereoisomer substrate of 
DNAzyme Cd16 by SPOIS-II. A Cd16 target sequence and HPLC 
analysis of synthetic PS-ONs and Rp and Sp isomers purified by 
SPOIS-II. Left panel: rA in red, ribonucleotidyl adenosine; FAM, 
carboxyfluorescein; “*”, phosphoromonothioate group; Cd16, the 
DNAzyme. Right panel: synthetic PS-ON diastereomers co-elute as 

a single peak; unbound and eluate by heating correspond to Sp and 
Rp PS-ONs, respectively. B Electrophoretic analysis of the cleavage 
products of the PS-ON stereoisomer by Cd16. The cleavage percent-
age of two PS-ONs is shown on the right. Error bars represent the 
standard deviations of yields performed in triplicate
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(Table S3), we cannot exclude the possibility that both SBDs 
have some sequence specificity in PS-DNA binding. In order 
to achieve high yields of stereo-pure isomers using SPOIS, 
the binding affinity of SBDAna or SBDPed toward a particular 
PS-ON can first be evaluated simply by EMSA.

Elution of Rp isomers from SBDAna was a substantial 
challenge in SPOIS. Although heat treatment at 60  °C 
for 10  min could inactivate the PS-binding activity of 
SBDAna (Figure S5), heat treatment of the magnetic beads/
SBDAna/Rp PS-ON complex at 95 °C for 30 min still only 
recovered less than 10% of Rp PS-ONs as compared to 85% 
by the method using imidazole elution (Figure S4). We 
deduce that immobilization of His-tagged SBDAna on the 
magnetic beads stabilizes the activity of SBDAna and that 
heat treatment at 95 °C may detach the Rp PS-ONs from 
the SBDAna. However, following heat treatment, a short 
centrifugation and magnetic adsorption were performed 
at room temperature, which might have resulted in a sharp 
decrease in the temperature of the SPOIS system, allowing 
for re-association of the PS-ONs and SBDAna. Therefore, 
the immobilization of SBDAna may significantly improve its 
thermostability. Although immobilization of SBDPed onto 
beads enhanced the thermostability of SBDPed, a result sup-
ported by the lower denaturation temperature in the absence 
of beads (Figure S13), heat treatment of the magnetic beads/
SBDPed /Rp PS-ON complex at 85 °C for 10 min efficiently 
released the Rp PS-ONs (Fig. 5C); notably, SBDPed was 
not detached from the beads after this treatment (Fig. 5B), 
implying that SBDPed is denatured but the attached His-tag 
remains firmly bound to the Ni–NTA. Since two steps in 
SPOIS-I (imidazole-heat elution and desalting) are not nec-
essary for SPOIS-II, thus SPOIS-II saves time and materials.

All reported SBDs recognize PS in an Rp-specific way, 
and the mechanisms underlying stereospecificity have been 
explained based on the complex structure of SBDs with their 
respective PS-ONs (Liu et al. 2018). In addition to interac-
tions with the sulfur atom in PS-ONs, SBDs bond with the 
phosphodiester backbone and bases adjacent to the PS link-
age (Figure S1C, Figure S8). These interactions may also be 
necessary for firm binding of PS-ONs by SBDAna, as SBDAna 
could not capture the short PS-ONs with a length below 4 nt 
from the liquid phase (Figure S7). Moreover, some approved 
siRNAs such as givosiran, lumasiran, inclisiran, and vuttri-
siran each carry two PS sites at the 3′ and 5′ ends. Thus, half 
of these siRNA diastereomers can be separated by SPOIS 
relying on SBD binding to the inner PS linkage but with 
the last PS linkage in mixed stereoisomers. This purifica-
tion alters the isomeric composition of the siRNA, affecting 
its pharmacological properties to some extent(Jahns et al. 
2022). The SBDAna could bind PS-ONs longer than 70 nt 
(Figure S10) in EMSA but the immobilized SBDAna could 
not separate them from the liquid phase to the solid phase 
magnetic bead complex in SPOIS-I. A possibility is that the 

bound longer ONs might introduce space hindrance against 
the access to adjacent SBD for other ON molecules, leading 
to a decreased yield of Rp isomers of the longer PS-ONs.

Based on the specific recognition and binding of SBDAna/
SBDPed to PS-DNA and PS-RNA in the Rp configuration, 
the SPOIS system can be used to separate PS-DNA and PS-
RNA diastereomers of 4 nt to 50 nt in length with yields 
of 60–90%. The current SPOIS system is more suitable for 
diastereomer separation of phosphoromonothioate ONs, 
such as substrates for DNAzyme and ribozymes. For ONs 
with multiple PS sites, due to the nature of SBD as each 
well-located Rp PS linkage can be bound by SBD, the cur-
rent SPOIS cannot achieve the complete diastereomer sepa-
ration of ONs with multiple PS sites. Nevertheless, for ONs 
with PS modifications at each linkage, purification of SPOIS 
can help to remove the uniform Sp configuration from their 
fractions, which may influence their pharmacological prop-
erties. Moreover, rational design and adaptation of SBDs, 
e.g., tandem SBDs, may be a potential bioenzymatic way to 
separate diastereomers of ONs with more PS sites.

The diastereomer separation based on chromatography 
mainly relies on the polarity difference of diastereomers 
(Frederiksen and Piccirilli 2009), which imposes additional 
limitations on oligonucleotide length and sequence, phos-
phorothioate position, column type, buffer composition, and 
other parameters. In comparison, SPOIS is a more universal 
way without individually customized separation procedure 
for a given PS-ON. What is more, the lower costs of labor 
and time and the no need for bulky instrumentation make 
it an easy and fast bioenzymatic method for diastereomer 
separation of PS-ONs.
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