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Abstract  

Factor IX (FIX) is an important protein in the blood clotting cascade, playing a key role. Previously, 
an anti-FIX RNA aptamer (34 mer) was generated to block blood coagulation, in order for it to be used as 
a substitute for currently available anti-coagulants. Bases in the loop region of this RNA aptamer have 
mainly involved the binding of FIX. Changes in 2 bases were found to diminish the complex formation 
with FIX, which could be predicted by evaluating the alteration in the secondary structure of the aptamer. 
In this study, computational analyses were carried out on the secondary structure analysis with aptamer, 
and the possible changes observed. It was confirmed that both A10 and A12 are the key bases involved in 
the complex formation with FIX. Similar structural analysis may helpful in identifying and predicting the 
importance of RNA bases in maintaining the secondary structure and their binding affinity. 
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Introduction 

Blood coagulation is the process in which blood changes from a liquid state to a gel form. The blood 
coagulation cascade involves 2 pathways, namely, intrinsic and extrinsic. The coagulation steps involved 
in these pathways have differences, but both involve working towards the production of Factor X and 
then catalyzing prothrombin to thrombin in the presence of calcium ion. Thrombin finally cleaves the 
circulating plasma protein fibrinogen to fibrin [1-7]. Regarding cardiovascular and peripheral vascular 
diseases, involvement of anti-clotting factors is a serious issue. Currently, heparin and warfarin have been 
used as anti-coagulant agents. However, heparin has been found to give side effects, and it is therefore 
necessary to generate a molecule that has an anti-coagulating effect while being less or non-
immunogenic. 

Aptamers (artificial antibodies) are one of the suitable candidates for the aforementioned, expected 
to be ideal molecules due to their characteristics, such as stability, non-immunogenicity, and ease of 
preparation and modification. Aptamers are rare functional nucleic acid motifs elected by procedures 
involving isolation from a random library of nucleic acid molecules that have high affinity to the target by 
the iterative rounds of selection and amplification processes called ‘SELEX’, the systematic evolution of 
ligands by exponential enrichment. The basic scheme for this SELEX process is simplified and shown in 
Figure 1(a). By exploiting the SELEX method, previously, several aptamers have been selected for a 
wide variety of targets, including simple ions, small molecules, peptides, proteins, organelles, and even 
for entire cells. Interestingly, the isolated aptamers have displayed a high specificity and affinity to 
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targets, which are comparable to the affinities achieved by antibodies against the appropriate antigens. 
Aptamers have been exploited in the past for various applications both in vitro and in vivo, including the 
detection and quantification of analytes, the inhibition of the function or activity of proteins (decoy 
strategy), the imaging process, and gene regulation [8-12]. Developing a specific aptamer as a probe 
would have a great impact on not only the development of specific diagnostic reagents, but also aid in the 
development of tailor-made drugs. Aptamers could be subjected to several kind of modifications to make 
them resistant to ribonucleases; also, the average sizes of the selected aptamers are small (< 6000 
daltons), compared to the antibodies. 

 
 

 
 
Figure 1 (a) Scheme for the SELEX process. A strategy for aptamer generation involves steps including 
complex formation, separation, and amplification; (b) Filter binding assay for aptamer and FIX binding. 
Different concentrations of FIX were used and tested against radio isotope-labelled aptamer. The label ‘0’ 
indicates the binding of tRNA in the absence of the target. 
 
 

Various works have proposed different aptamers for use against clotting proteins. Among these, 
anti-thrombin and anti-FIX aptamers are the important in their behavior as anti-coagulants [13]. Rusconi 
et al. [14] developed an RNA aptamer against FIX, which can act as an anti-coagulant and can be a 
substitute for heparin. This RNA aptamer is able to bind both FIX and FIXa, and has a higher stability 
under various conditions, as this RNA aptamer is modified by 2’fluro. The selected RNA aptamer has 
been found to have an important binding loop with the involvement of bases. It is expected that changes 
in the bases of loop regions will cause losses in binding. In this work, we demonstrate the possible 
alterations in the secondary structure of the aptamer upon changes in the bases of loops. The adjustments 
made by the structures to these changes were monitored by BayesFold or mfold software [15-20]. 

56 %        68 % 
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Materials and method 

Preparation of anti-Factor IX aptamer 
Human factor IX was purchased from American Diagnostica, Inc., USA. The 34-mer stable RNA-

aptamer, previously selected for use against factor IXa [14], was enzymatically synthesized by in vitro 
transcription using T7 RNA polymerase on a synthetic DNA template. The template, with the T7 
promoter region (5’- AGTAATACGACTCACTATAGGGATGGGGACTATACCGCGTAATGCTG -3’), 
was synthesized to generate double-stranded DNA. Using this basic template DNA and the primers 
(forward 5’-AGTAATACGACTCACTATAGG-3’; reverse 5’- ATGGGGAGGCAGCATTACGCGG 
TATA-3’), we prepared the dsDNA by PCR, which now contained a T7 promoter (in italics). The PCR 
reaction mixture yielded the final conentrations10 mM Tris-HCl (pH 8.8), 50 mM KCl, 1.5 mM MgCl2, 
0.1 % Triton X-100, 5 U of Taq DNA polymerase (Takara), and 0.4 µM of each primer was used. The 
reaction mixture was cycled at 94 °C for 1 min 10 s, 55 °C for 50 s, and 72 °C for 1 min 10 s for 10 
cycles. The PCR product was precipitated and used for RNA preparation by in vitro T7 transcription. 
Transcription was performed at 37 °C overnight by using a DuraScribe transcription kit (Epicentre 
Biotechnologies, USA). Afterwards, the products were treated with 2 U of DNase I (RNase free) for 10 
min at 37 °C, to remove the template DNA, and were mixed with an equal volume of 2X urea buffer (7 M 
urea, 50 mM EDTA, and 90 mM Tris-borate containing 0.05 % bromophenol blue). The reaction 
mixtures were denatured at 90 °C for 2 min and fractionated on a 15 % polyacrylamide gel containing 7 
M urea. The RNA band was excised, and the RNA was eluted from the gel as described before [20]. The 
RNAs were concentrated by vacuum, re-dissolved in water, and quantitated by absorbance at 260 nm. 
 

Analysis of aptamers and binding assay 
To evaluate the aptamer binding with the target, the PCR product of aptamer was internally labeled 

using 0.5 mCi/ml [α-32P]CTP by in vitro transcription using T7 RNA polymerase on a synthetic DNA 
template. In vitro transcription was performed at 37 °C for 3 hr with a T7 Ampliscribe kit (Epicentre 
Technologies). Binding studies were performed using a filter binding assay. We used 20 nM labeled RNA 
and 100 or 200 nM of FIX. After the aptamer was incubated with the target protein at room temperature 
for 10 min, the aptamer-FIX protein complexes were filtered through a pre-wetted nitrocellulose acetate 
filter (HAWP filter, 0.45 µm, 13 mm, Millipore) fitted in a “Pop-top” filter holder (Nucleopore) and 
washed with 1 ml binding buffer (10 mM Hepes-KOH, pH 7.4) and air dried, and the radioactivity 
quantitated with an image analyzer (Fuji Film). To ensure that the binding was specific, we performed 
binding assays in the presence of a 10-fold molar excess of tRNA as a nonspecific competitor. 
Experiments were performed in triplicate. 
 

Prediction of secondary structures 
The possible secondary structures of the aptamer were predicted using the mfold online soft      

(http://mfold.rna.albany.edu/?q=mfold) and also compared with BayesFold (http://www.ncrna.org/ 
KnowledgeBase/Bioinformatics/structure_prediction/bayes fold/?searchterm=None). For the secondary 
structure prediction, parameters were defined for loop free energy decomposition, and other default 
parameters were followed. 
 
Results and discussion 

Prediction of secondary structures is an important step, as it implies the involvement of stems and 
loops in the binding events. With the secondary structure, stem(s) regions give stability, whereas loop(s) 
are involved in interactions with the target [21-23]. Here, we predicted the possible secondary structures 
for the RNA aptamer generated against FIX, an important factor in blood clotting. This anti-factor IX was 
originally generated by Rusconi et al. [14], and this group continued research on this aptamer; the 
aptamer is now undergoing clinical trial. Gopinath et al. [24] found that this aptamer utilizes extrinsic 
pathways and is able to bind FIX and FIXa. Due to this importance, herein, we performed structural 
prediction analyses as a model to predict the losses in the binding. Before structural analyses were 
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conducted, we evaluated the binding ability of the prepared wild type aptamer using radio isotope 
labeling, and the aptamer-FIX complex was tested by the filter binding assay as reported elsewhere [25]. 
We used 2 different concentrations of FIX (100 and 200 nM) in the presence of tRNA as the competitor. 
We could visualize the genuine high affinity between aptamer and FIX in a dose-dependent manner. At 
100 nM, 56 % labeled aptamer was bound, whereas 200 nM showed 68 % binding. No significant 
retention of the selected RNA occurred on the filter in the absence of FIX protein, indicating non-specific 
filter binders did not occur (Figure 1(b)). Previously, for anti-FIX aptamer, the dissociation constant was 
found to be 300 nM by filter binding assay and 100 pM and 37 pM using waveguide mode sensor and 
surface plasmon-based biacore system, respectively. It was also found that this aptamer had good binding 
affinity; it was 25 times higher than in antibody binding with FIX protein [24]. 

Previously, Rusconi et al. [14] found that 2 bases (A10 and A12) in the loop region were necessary 
for the potential binding of this aptamer with FIX (Figure 2(a)). Using these binding bases as the key, we 
analyzed all the possible confirmation changes on the structure upon making mutations on A10 and A12. 
For these analyses, we considered 4 types of sequences for secondary structure prediction, viz., (i) wild 
type, (ii) A10 replaced by G10, (iii) A12 replaced by G12, and (iv) both A10 and A12 replaced by G10 
and G12. With these alterations, the possible predicted structures were found by BayesFold or mfold 
software. 

It was determined that the binding constants for the aptamer against factor IX and factor IXa were 
418 pM and 365 pM, respectively. These values infer that the complex formation between the aptamer 
and factor IX/IXa occur around 400 pM. Under this concentration, the binding of the aptamer and factor 
IX/IXa is saturated. However, when the sequence gets mutated or involves base substitution, there will be 
conformational changes that influence the complete loss in binding. Based on previous studies [14,24], 
AUA in the loop region is the main contact point with factor IX for complex formation. Upon mutation in 
these bases, there will be conformation changes in the aptamer secondary structure. 
 

 
Figure 2 (a) Predicted secondary structure for anti-FIX aptamer, (b) Graphical representation of the 
probability of bases of anti-FIX aptamer. Calculation was made with the number of A, U, G, and C bases. 
C base represents the highest frequency. 
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Analyses on wild type aptamer 
The wild type aptamer sequence (5’ AUGGGGACUAUACCGCGUAAUGCUGCCUCCCCAU 3’) 

includes all 4 bases viz., A, U, G, and C. Among these, C has a higher frequency, as it is repeated 11 
times, followed by U and G, which are both repeated 8 times. The fourth base A is repeated 7 times. 
These bases represent 32.4, 23.5, and 20.6 %, respectively (Figure 2(b)). In predicting the secondary 
structure of the wild type aptamer, we can predict 10 different structures having both stem and loop. It is 
clearly seen that, in all the structures, the bases AUA are in the loop region, and it is already proven that 
these are important regions in maintaining binding affinity with the FIX protein. As stated elsewhere, 
generally, RNA molecule may bind with the target in the loop region, so the loop region is important in 
maintaining the structure. All these structures (1 to 10) retain at least 2 loops with their structure. 
However, 4 structures, namely, 3, 5, 7, and 8, have 3 loops; further, all 10 structures have strong base 
stem regions (Figure 3). 
 
 

 
Figure 3 Possible structure predictions for wild type aptamer. Ten structures were predicted. Structures 
have either 2 or 3 loops and a strong base stem. The parameter defined for loop free energy 
decomposition and basic parameters were followed as described previously [26]. 
 
 

With this wild aptamer, it was already proven that, when the bases A10 and A12 in the loop region 
are changed to G10 and G12, they lose their binding affinities [14]. Generally, when antidote is added to 
the aptamer, the aptamer will bind with the antidote and lose its ability, but when the A10 & A12 bases 
are changed independently or together, it may lose its binding ability with the antidote. The antidote 
stated in this study is a complementary sequence to the region of aptamer sequences. Upon 
complementation, the function or complex formation of the aptamer will be reverted. So, further 
structural analyses were carried out with the changes in these 2 bases, either by single mutation or double 
mutation.  
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Base substitution on A10 to G10 
In the loop region on RNA structure, which could bind to FIX, it is expected to have losses in 

binding when making the base substitution from A10 to G10. Figure 4 shows the possible predicted 
structure upon changing the base A10 to G10. With the obtained 10 possible structures, it was interesting 
to notice that, upon changing A10 to G10, the loop region become stem. Interestingly, in all 10 structures, 
A10 is in the stem region. Moreover, structures 1 - 8 form 3 loops instead of 2 loop regions in the wild 
type. These 2 changes (forming a stem and 3 loops) seem to cause loss in the binding. However, 
structures 9 and 10 keep 2 loop structures, but G10 remains in the stem region. 
 
 

 
Figure 4 Possible structure predictions with A10 base substitution to G10. Ten structures were predicted. 
Structures have either 2 or 3 loops and strong base stem. 

 
 

Base substitution on A12 to G12 
Similar to the above analysis, we also made a base substitution on A12 and changed the A12 base 

into G12, as suggested in the mutation analysis by Rusconi et al. [14]. Upon this change, we could predict 
about 8 secondary structures, instead of the 10 structures predicted in the other cases. It was expected 
that, with these changes, there would be losses in the binding. As predicted in the A10 base substitution, 
in A12 base substitution, also all structures showed structural changes from the loop region to the stem in 
the G12 position. Most of the structures (1 to 6) make 3 loops with a strong base stem, whereas structures 
7 and 8 form only 2 loops, keeping G12 at the stem region (Figure 5). Again, it is obvious that losses in 
the binding is due to formation of the stem with G10. The base substitution to make different secondary 
structures is caused by the loss in the main contact point with factor IX. Upon mutation in these bases, 
there will be conformation changes in the aptamer secondary structure and loss of the binding between 
the aptamer and factor IX. This loss in the binding is well discussed by Rusconi et al. [14]. In this study, 
the binding loss has been demonstrated by binding assay. 
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Figure 5 Possible structure predictions with A12 base substitution to G12. Eight structures were 
predicted. Structures have either 2 or 3 loops and strong base stem. 
 
 

Base substitution on A10 to G10 and A12 to G12  
From the above study, it is clear that both A10 and A12 are important to the anti-FIX aptamer to 

make the complex and to keep the secondary structure stable. To make sure about this prediction, we 
made further double mutations by substituting both A10 and A12 to G10 and G12. With the analyses 
made with a folding program, we could obtain about 10 structures. In most of the cases, the region of 
substitutions tended to form unstable regions of short stems and loops (Figure 6). However, it was 
obvious that the total structure was changed compared to the wild type, which probably caused loss in the 
binding. There was no structure with only 2 loops, as observed in other cases above. This double mutation 
analysis confirms the above analyses. 
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Figure 6 Possible structure predictions with double mutation. Both A10 base substitution to G10 and A12 
base substitution to G12 were evaluated. Ten structures were predicted. Structures have 3 loops and 
strong base stem. 
 
 

Structure probabilities 
We also gleaned other possible information with 4 different structural pattern analyses made above. 

Tables 1 - 4 illustrate thermodynamic parameters for different categories of analyses that have been done 
in this study. The probability of all structures is also predicted, as shown in the Figures 7(a) - 7(d). In the 
first 3 cases (wild type, A10, and A12), the first 2 structures (1 and 2) had more probability compared to 
other structures (3 to 10). Moreover, structures 9 and 10 in the cases of wild and A10 base substitution 
had less probability. Similarly, in the case of A12, substitution structures 7 and 8 had less probability. 
Other structures had moderate probability. In the case of double base substitution, all the structures had 
similar moderate probability. 
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Figure 7 Representation for structural probability. (a) wild type, (b) A12 base substitution to G12, (c) 
A12 base substitution to G12, and (d) double (A10 to G10 and A12 to G12) base substitutions. In the 
cases of a-c, the first 2 structures (1 & 2) had more probability, and the last 2 (9 & 10 or 7 & 8) had less 
probability. In the case of (d), all have nearly the same probability. 
 
 

Overall, A12 substitution has less structures and more probability compared to others. We also 
collected the information from dot plot (Figure 8(a)) and energy plot (Figure 8(b)) for the wild type, 
which represented the optimal folding, as described in the mfold web server. As reported in the present 
study, different structural studies [21,27,28] can be implemented in a similar way with other aptamers, to 
be applied for sensing purposes [29-32]. 
 
 

 
Figure 8 (a) Dot plot, (b) Energy plot form web server. Wild type is shown. Black dots represent optimal 
folding. Color dots represent superposition. 
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Table 1 Thermodynamics with wild structure. 
 

Structural element              δG                        Information 

External loop                      0.50               0 ss bases and 1 closing helix 
 

Stack                                 -1.10               External closing pair is A1- U34 

 

Stack                                 -2.10               External closing pair is U2- A33 

 

Stack                                 -3.30               External closing pair is G3- C32 

 

Stack                                 -3.30               External closing pair is G4- C31 

 

Stack                                 -3.30               External closing pair is G5- C30 

 

Stack                                 -2.40               External closing pair is G6- C29 

 

Helix                                 -15.50              7 base pairs 
 

Interior loop                       4.80                External closing pair is A7- U23 

 

Stack                                 -3.40               External closing pair is G15- C23 

 

Helix                                  -3.40               2 base pairs 
 

Hairpin loop                       4.50                Closing pair is C16- G22 
 
 
Table 2 Thermodynamics of structure in which A10 is replaced by G10. 
 

Structural element              δG                        Information 

 

External loop                      0.50               0 ss bases and 1 closing helix 
 

Stack                                 -1.10               External closing pair is A1- U34 

 

Stack                                 -2.10               External closing pair is U2- A33 

 

Stack                                 -3.30               External closing pair is G3- C32 

 

Stack                                 -3.30               External closing pair is G4- C31 

 

Stack                                 -3.30               External closing pair is G5- C30 

 

Stack                                 -2.40               External closing pair is G6- C29 

 

Helix                                 -15.50              7 base pairs 
 

Interior loop                        3.00                External closing pair is A7- U23 

 

Stack                                 -1.00               External closing pair is G10- C26 

 

Helix                                  -3.50               External closing pair is U11- G25 

 

Buldge loop                        3.30                3 base pairs 

  

Stack                                 -3.40               External closing pair is A12- U24 

 

Helix                                  -3.40               External closing pair is G15- C23 

 

Hairpin loop                       4.50               Closing pair is C16- G22 
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Table 3 Thermodynamics of structure in which A12 is replaced by G12. 
 
Structural element              δG                        Information 
 

External loop                      0.50               0 ss bases and 1 closing helix 
 

Stack                                 -1.10               External closing pair is A1- U34 

 

Stack                                 -2.10               External closing pair is U2- A33 

 

Stack                                 -3.30               External closing pair is G3- C32 

 

Stack                                -3.30               External closing pair is G4- C31 

 

Stack                                 -3.30               External closing pair is G5- C30 

 

Stack                                -2.40               External closing pair is G6- C29 

 

Helix                                 -15.50              7 base pairs 
 

Interior loop                        4.00                External closing pair is A7- U28 

 

Stack                                 -3.40               External closing pair is G12- C26 

 

Helix                                  -3.40               External closing pair is U11- G25 

 

Interior loop                       -0.40                2 base pairs 
  

Stack                                 -3.40               External closing pair is C13- G25 

 

Helix                                  -3.40               2 base pairs 

 

Hairpin loop                       4.50               Closing pair is C16- G22 
 
 
Table 4 Thermodynamics of structure in which A10 & A12 are replaced by G10 and G12. 
 
Structural element              δG                        Information 
 

External loop                      0.50               0 ss bases and 1 closing helix 
 

Stack                                 -1.10               External closing pair is A1- U34 

 

Stack                                 -2.10               External closing pair is U2- A33 

 

Stack                                 -3.30               External closing pair is G3- C32 

 

Stack                                 -3.30               External closing pair is G4- C31 

 

Stack                                 -3.30               External closing pair is G5- C30 

 

Stack                                 -2.40               External closing pair is G6- C29 

 

Helix                                -15.50              7 base pairs 
 

Interior loop                        4.00                External closing pair is A7- U28 

 

Stack                                 -3.40               External closing pair is G12- C26 

 

Helix                                  -3.40               2 base pairs 

 

Interior  loop                    0.40               External closing pair is C13- G25 
  

Stack                                 -3.40               External closing pair is G15- C23 

 

Helix                                  -3.40               2 base pairs 

 

Hairpin loop                       4.50               Closing pair is C16- G22 
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Conclusions 

Changes in the confirmation of secondary structure are important events in the complex formation 
of nucleic acid and targets. In this study, a potential stable anti-FIX RNA-aptamer has been analyzed for 
changes in the predicted secondary structure upon complex formation using computational software. We 
have analyzed using the wild type and substitution of A10 and A12; our analyses predicted that 
involvement of A10 and A12 is important for the efficient binding of aptamer and FIX with the proper 
stable secondary structure. Even making a single mutation on either A10 or A12 makes changes in the 
confirmation with the transition of the loop region to the stem. Similar analyses can be done for other 
aptamers or nucleic acid to shorten the lengthier nucleic acid by gradually removing the bases from both 
5’ and 3’ ends, using secondary structure prediction software. 
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