
 1 

SUPPLEMENTARY INFORMATION 

Evoking picomolar binding in RNA by a single phosphorodithioate linkage  

N. Dinuka Abeydeera,1  Martin Egli,2,*  Nehemiah Cox,3 Karen Mercier,4  Jonas Nascimento Conde,5  

Pradeep S. Pallan,2 Daniella M. Mizurini,6  Malgorzata Sierant,7  Fatima-Ezzahra Hibti,4  Tom Hassell,8  

Tianzhi Wang,9 Feng-Wu Liu,10 Hong-Min Liu,10 Carlos Martinez,8 Anil K. Sood,11 Terry P. Lybrand,12 

Chiraz Frydman,4  Robson Q. Monteiro,6  Richard H. Gomer,3 Barbara Nawrot,7  Xianbin Yang

 

1,* 

1AM Biotechnologies, LLC, 12521 Gulf Freeway, Houston, Texas 77034, USA 

2Department of Biochemistry, Vanderbilt University, School of Medicine, Nashville, TN 37232, USA 

3Department of Biology, Texas A&M University, College Station, TX 77843, USA 

4Biointeractions Division, Horiba Scientific, Avenue de la Vauve - Passage JobinYvon CS 45002 

Palaiseau, France 

5Instituto de Biofísica Carlos Chagas Filho, Federal University of Rio de Janeiro, Rio de Janeiro, RJ 

21941, Brazil 

6Instituto de Bioquimica Médica Leopoldo de Meis, Federal University of Rio de Janeiro, Rio de Janeiro, 

RJ 21941, Brazil 

7Department of Bioorganic Chemistry, Centre of Molecular and Macromolecular Studies, Polish Academy 

of Sciences, 90-363 Lodz, Sienkiewicza 112, Poland 

8Sigma Life Science, 9186 Six Pines, The Woodlands, Texas 77380, USA 

9The Sealy Center for Structural Biology & Molecular Biophysics, University of Texas Medical Branch, 

Galveston, Texas 77555, USA 

10School of Pharmaceutical Sciences, Zhengzhou University, Science Avenue 100,  Zhengzhou 450001, 

Henan, China 

11Departments of Gynecologic Oncology and Cancer Biology, and Center for RNAi and Non-coding RNA, 

The University of Texas MD Anderson Cancer Center, Houston, Texas 77054, USA 

12Departments of Chemistry and Pharmacology, and Center for Structural Biology, Vanderbilt University, 

Nashville, TN 37232, USA 

 



 2 

Supplementary Table 1 (ST-1): The library of candidate aptamer sequences for VEGF165. Each RNA 

sequence (AF83-1 and AF83-2 to AF83-23) is labeled with biotin at the 5′-end using the Biotin-TEG 

phosphoramidite (Glen Research). AF83-1 is the known aptamer sequence that binds to VEGF165. The 

sequences, AF83-2 to AF83-23 are synthesized by systematically substituting PS2 onto each residue 

(red). All nucleotides except for T are substituted with a 2′-OMe. 
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Supplementary Table 2 (ST-2): The library of candidate aptamer sequences with PS2 substitutions 
for α-thrombin. Each RNA sequence (AF113-1 and AF113-2 to AF113-25) is labeled with biotin at the 5′-

end using the Biotin-TEG phosphoramidite (Glen Research). AF113-1 is the known aptamer sequence 

that binds to human α-Thrombin. The sequences, AF113-2 to AF113-25 are synthesized by 

systematically substituting PS2 onto each residue (red). All Cs and Us are 2 ′-fluoro-ribounits. 
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Supplementary Figure 1 (SF-1): BLI analysis of anti-VEGF165 aptamer sequences. The sequences 

used in this analysis are shown in ST-1 and the kinetic parameters corresponding to the global fits are 

given in Supplementary Table 3 (ST-3). Association was monitored for 300 sec and the dissociation was 

followed for 300 sec on a FortéBio Octet Red 96 instrument. The data were fit to a 1:1 binding model 

using FortéBio Octet data analysis software. 
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Supplementary Table 3 (ST-3): Affinity ranking of candidate aptamer sequences for VEGF165. A 

stock of 50.0 nM VEGF165 in PBST buffer (10 mM Sodium phosphate, 150 mM NaCl, 0.04% Tween 20, 

pH 7.4) was prepared as a dilution series (0, 1.0, 2.0, 3.0, 4.0, 6.0 nM). Association was monitored for 

300 sec and the dissociation was followed for 300 sec on a FortéBIO Octet Red 96 instrument. The 

dissociation was stretched to at least 1,000 sec to verify tight binding. The data were fit to a 1:1 binding 

model using fortéBIO Octet data analysis software. Kinetic constants were determined by integration of 

the experimental data using the differential rate equation dR/dt = kon·C·(Rmax-R)-koff·R to obtain both the 

ka and kd values (R = observed response, Rmax =maximum response upon saturation, C = analyte 

concentration, kon = association rate constant, koff =dissociation rate constant). The ratio between koff and 

kon corresponds to the reported dissociation constants (koff/kon=KD). The goodness of the global fits was 

judged by the reduced χ2 and R2 values. Relative KD values are obtained as the ratio of KD of the 

unmodified RNA and that of the PS2-modified one (Relative KD = KD
unsubstituted/KD

substituted). Reported KD 

values are expressed as mean ± SEM, n = 3. 
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Supplementary Figure (SF-2): BLI analysis of anti-α-thrombin aptamer sequences containing PS2 
substitutions. The sequences used in this analysis are shown in ST-2 and the kinetic parameters 

corresponding to the global fits are given in ST-4. Association was monitored for 300 sec and the 

dissociation was followed for 300 sec on a FortéBio Octet Red 96 instrument. The data were fit to a 1:1 

binding model using FortéBio Octet data analysis software. 

 



 7 

Supplementary Table 4 (ST-4): Affinity ranking of candidate aptamer sequences (with PS2 
substitutions) for α-thrombin. A stock of 50.0 nM α-thrombin in HSCT buffer (20 mM HEPES-KOH, 75 

mM NaCl,2mM CaCl2, 0.05% Tween 20, pH 7.4) was prepared as a dilution series (0, 1.0, 2.0, 3.0, 4.0, 

6.0 nM). Association was monitored for 300 sec and the dissociation was followed for 300 sec on a 

FortéBio Octet Red 96 instrument. The dissociation was stretched to at least 1,000 sec to verify tight 

binding. The data were fit to a 1:1 binding model using FortéBio Octet data analysis software. Kinetic 

constants were determined by integration of the experimental data using the differential rate equation 

dR/dt = kon·C·(Rmax-R)-koff·R to obtain both the ka and kd values (R = observed response, Rmax =maximum 

response upon saturation, C = analyte concentration, kon = association rate constant, koff =dissociation 

rate constant). The ratio between koff and kon corresponds to the reported dissociation constants 

(koff/kon=KD). The goodness of the global fits was judged by the reduced χ2 and R2 values. Relative KD 

values are obtained as the ratio of KD of the unmodified RNA and that of the PS2-modified one (Relative 

KD = KD
unsubstituted/KD

substituted). Reported KD values are expressed as mean ± SEM, n = 3. 
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Supplementary Table 5 (ST-5): Selected crystal data, data collection and refinement parameters 

Crystal data  

Resolution [Å] 42.3-1.90 

Space group P21212 

No. of protein/RNA per a. u.  1/1 

Unit cell a, b, c [Å] 83.66, 139.16, 44.51 

Data collection  

No. of  unique reflections 40,685 

Resolution [Å] (last shell) 1.90 (1.97-1.90) 

Completeness [%] (last shell) 96.9 (85.6) 

R-merge [%] (last shell) 13.9 (41.7) 

Refinement  

R-work/R-free  0.188/0.224 

No. of protein and/or RNA atoms 2,860 

No. of water molecules 163 

No. of Mg2+ /Ca2+ 1/1 

Average B Factors:  

Protein atoms [Å2] 32.5 

RNA atoms [Å2] 41.8 

Ions / other molecules / water  34.0 / 50.3 / 35.3 

R.m.s. deviations:  

Bond lengths [Å] 0.019 

Bond angles [°] 

Ramachandran Plot Analysis 

(No. of favored / allowed / outlier) 

2.4 

274 / 8 / 1 

Data deposition  

PDB ID  5DO4 
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Supplementary Figure 3a (SF-3a): SPR imaging analysis of anti-VEGF165 aptamer sequence 
containing a PS2 substitution. The sequence used in this analysis is shown in ST-1. The binding 

curves and KD corresponding to a global fit are given below. Association was monitored for 200 sec and 

the dissociation was followed for 500 sec on an EzPlexTM SPRi instrument. The kinetic curves were 

analyzed using the ScrubberGen software. Reported KD values are expressed as mean ± SEM, n = 4. 

 

   AF83-7     

 

PS2-modified aptamer for VEGF165  KD (pM) 

 Aptamer SPRi 

Aptamer obtained from the PS2-walk with a single 

PS2 substitutions 
AF83-7 8.1 ± 0.2 
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Supplementary Figure 3b (SF-3b): SPR imaging analysis of anti-α-thrombin aptamer sequence 
containing a PS2 substitution. The aptamer sequence used in this analysis is shown in ST-2. The 

binding curves and KD corresponding to a global fit are given below. Association was monitored for 200 

sec and the dissociation was followed for 500 sec on an EzPlexTM SPRi instrument. The kinetic curves 

were analyzed using the ScrubberGen software. Reported KD values are expressed as mean ± SEM, n = 

4. 

  AF113-18       

  

PS2-modified aptamer for α-thrombin  KD (pM) 

 Aptamer SPRi 

Aptamer obtained from the PS2-walk with a single 

PS2 substitutions 
AF113-18 4.5 ± 0.2 

   

Supplementary Figure 4 (SF-4): Circular dichroism spectra of AF83-7 and AF113-18 with their 
native aptamers AF83-1 and AF113-1, respectively. 
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Supplementary Figure 5 (SF-5): Specificity of PS2-modified aptamers 
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Supplementary Figure (SF-6): Stability of anti-VEGF165 aptamers in human serum in vitro 

The percentage of intact aptamer was calculated as the percent ratio of band intensity = (band intensity at 

time t ÷ band intensity at 0 h) × 100%. The following is a representation of three independent 

experiments.  We also included Macugen (sequence below) as a reference. 

Macugen sequence  

5'-CFGOMeGOMeAAUFCFAOMeGOMeUFGOMeAOMeAOMeUFGOMeCFUFUFAOMeUFAOMeCFAOMeUFCFCFGOMeT-3' 

 

 

Supplementary Figure 7 (SF-7): The hydrophobic pocket on the surface of thrombin harboring the 

phosphorodithioate group between U17 and A18. (A) Surface diagram in the region of the pocket, with 

Phe232 forming the floor and Arg126, Arg233, Lys235 and Lys236 forming the walls. Patches of low and 

high hydrophobicity are indicated in purple and green, respectively. (B) The PS2 moiety lodged in the 

hydrophobic pocket depicted in panel A. Thin lines indicate interactions between PS2 sulfur atoms and 

thrombin Phe232 and the aliphatic portion of the Arg126 side chain as well as RNA A7 and G16. 
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Supplementary Figure 8 (SF-8):  The effect of substituting the PS2 with a PSO in AF83-7. Relative KD 

values are obtained by dividing the KD of the select aptamer (KD
AF83-1) by that of the PS2-modified residue 

containing aptamer (KD
AF83-7). 

 

Supplementary Figure 9 (SF-9):  The effect of substituting the PS2 with a PSO in AF113-18. Relative KD 

values are obtained by dividing the KD of the select aptamer (KD
AF113-1) by that of the PS2-modified 

residue containing aptamer (KD
AF113-18). 

 

Supplementary Figure 10 (SF-10): Overall views of the AF113-18 PS2-modified RNA:α-thrombin 
complex. For crystallization experiments, we used human thrombin that was covalently modified with the 

protease inhibitor D-Phe-Pro-Arg chloromethylketone (PPACK) in order to minimize proteolysis. Co-

crystals of thrombin in complex with the 25 nucleotide-long FPS2-modified AF113-18 RNA aptamer 
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diffracted to 1.9 Å resolution. Electron density maps generated from initial phases obtained by molecular 

replacement using α-thrombin without RNA from the crystal structure of the native complex (PDB ID code 

3DD2) readily revealed the aptamer and positive difference electron density around the 2′-substituent of 

two 2′-SeMe-modified ribonucleotides confirmed the correct orientation of the aptamer. Selected crystal 

data, X-ray data collection, and refinement statistics are listed in Supplementary Table 5. The final 

model contains the entire 25-nucleotide aptamer, thrombin light-chain (L) residues 4L through 36L and 

heavy-chain (H) residues 1H through 258H, the PPACK inhibitor, 163 water molecules, and one 

magnesium and one calcium ion. In addition, Asn-53 was found to be modified with an N-acetyl-D-

glucosamine moiety. Overall views of the aptamer-thrombin complex are depicted in here. 
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