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ABSTRACT
Antithrombin (AT) is a plasma serine protease inhibitor that regulates thrombin and other activated clotting factors in the intrinsic and common pathways of coagulation. As the most abundant coagulation pathway inhibitor, AT serves to maintain balance in the coagulation system by inducing an anticoagulant effect. The importance of AT is evident in cases where deficiencies of AT lead to increased risk of venous thromboembolic disease. Since an AT antagonist would be considered a procoagulant, inactivating AT could provide a novel approach to restoring hemostasis in patients with inherited or acquired bleeding disorders.
In vitro selection is a powerful tool used to screen large combinatorial oligonucleotide libraries against a target molecule or protein. By employing this technique in combination with high-throughput screening, we identified novel RNA aptamer candidates capable of binding AT with high affinity and inhibiting AT’s inactivation of its main target protease, thrombin. 
Kinetic characterization of the most abundant aptamer candidates showed a reduction in AT-mediated thrombin inhibition of 50-60%. The most inhibitory aptamer, R6_15,  mediated a decrease of AT’s second-order rate constant from 2.37 ± 0.06 x 104 to 1.57 ± 0.02 x 104 M-1 s-1 (mean ± SD)  The interaction between the aptamers and AT was also measured in human plasma. In a clotting assay, aptamer R6_15 accelerated clotting time by approximately 7 seconds (from 44.3 ± 0.8 to 37.3 ± 0.7 seconds). This difference in clotting time was the greatest noticed among all the other aptamer candidates. By measuring the change in AT’s fluorescence intensity, we were able to determine the aptamers’ binding capacity. The binding affinities (kd) of aptamers R6_15 and R6_19 were 65.3 ± 8.7 and 67.5 ± 14.5 nM, respectively. Truncation of R6_15 on either its 5’ or 3’ end did not increase its inhibitory activity or binding affinity towards AT. By pairing the selection data with dynamic molecular modelling, the interface of aptamer R6_15 to AT was predicted to be at the site of heparin binding, specifically at residue K114. Although these computer-generated results are not conclusive, they provide a testable hypothesis for future experimentation.
Ultimately, this work provides evidence that the application of in vitro evolution has yielded a novel anti-serpin aptamer. With some modifications, the selection protocol employed in this study could be revisited to identify tighter binders and more potent inhibitors of AT. Either aptamer R6_15 or a future higher affinity AT-binding aptamer could be tested for its efficacy in reducing bleeding in vivo using mouse models of acquired hemophilia or traumatic bleeding. 
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1. [bookmark: _Toc104992991]INTRODUCTION
1.1 [bookmark: _Toc104992992]Coagulation
1.1.1 [bookmark: _Toc104992993]The Coagulation Cascade
In response to tissue damage, a series of tightly regulated plasma proteases and cofactors act to minimize blood loss by generating an insoluble fibrin clot (1). The activation of these key factors ultimately leads to the formation of coagulation protease thrombin (2). Among the most important roles of thrombin are the cleavage of fibrinogen into fibrin and activation of platelets, forming two major components of a blood clot (3). The coagulation cascade can be divided into two distinct, yet connected, pathways: the intrinsic and extrinsic pathways, which are illustrated in Figure 1. However, a more thorough theory behind blood hemostasis emphasizes localization of coagulation on the surface of platelets (4). 
	In the intrinsic pathway, contact between serine protease factor XII (FXII) and negative charged surfaces marks the initiation of the intrinsic pathway response (5). This results in the limited conformational activation of FXII (FXIIa). Subsequently, FXIIa activates prekallikrein to kallikrein,  which amplifies the intrinsic pathway by further activating additional FXII and prekallikrein (6). The cascade continues as FXIIa activates FXI, and FXIa proceeds to activate FIX (7). FX is then activated by a complex of FIXa and its cofactor FVIIIa. The resulting FXa plays a key role in the generation of more thrombin, combining with cofactor FVa to form the prothrombinase complex (2). In addition to activating fibrinogen, thrombin further amplifies the cascade by activating cofactors FV and FVIII, and serine protease FXI (7). Therefore, it is evident that the intrinsic pathway plays an integral role in the amplification of thrombin generation and ultimately fibrin production.
	Tissue damage initiates the activity of the extrinsic pathway. Upon damage to the endothelial layer of cells, tissue factor (TF) which is a subendothelial transmembrane protein, comes in contact with the circulation (7). When TF becomes exposed, it binds small amounts of circulating preformed FVIIa, and this TF-FVIIa complex proteolytically cleaves FX, yielding FXa, which binds to activated platelets (8). The FXa protease, along with its cofactor FVa (prothrombinase) cleaves the zymogen FII (prothrombin), generating thousands of FIIa (thrombin) molecules from just one molecule of FXa (9). As previously mentioned, thrombin then concludes the coagulation cascade by converting fibrinogen into fibrin. This conversion generates fibrin monomers which aggregate and form mesh-like structure that stabilize the blood clot, along with all its components (10). 
1.1.2 [bookmark: _Toc104992994]Haemostasis
In the vascular system, haemostasis operates as a balance between the clot formation and degradation forces. This balance is maintained by proteolytic activation of zymogens and direct inactivation of coagulation proteases (Figure 1). Injury to the vessel wall initiates coagulation, by exposing tissue factor (TF) and allowing for it complex with Factor VIIa. Coagulation can also be triggered by negatively charged biomolecules such as polyphosphate or cell-free DNA. Nucleic acids circulating in the plasma may originate primary from apoptotic cells (4). Current models suggest that coagulation is further amplified on the surface of activated platelets (7). Under normal conditions, the coagulation system is tightly regulated by several direct protease inhibitors. This delicate balance can be disturbed when the activity of procoagulant proteases increases, or when the naturally occurring inhibitors of coagulation decrease in activity and/or concentration (11). Modulating the haemostatic balance mainly depends upon the inhibitor activities of antithrombin (AT), activated protein C (APC), and tissue factor pathway inhibitor (TFPI). The specific anticoagulant roles of APC and AT are discussed in more detail in Sections 1.2 and 1.3.2, respectively. TFPI inhibits the TF-FVIIa complex in the presence of FXa, serving to limit extrinsic pathway-driven coagulation unless the procoagulant stimulus is strong enough to overcome TFPI modulation (12). 
	Since this balance between excessive clotting and bleeding is delicate, deficiencies in either of the procoagulants or anticoagulants could lead to serious pathologies (13). Deficiencies of natural anticoagulants, like AT, APC, and TFPI, are associated with an increased risk of venous thrombosis (14-16). Indeed, Factor V Leiden, which is a variant form of Factor V resistant to proteolytic attack by APC, is the most common hereditary risk factor for venous thrombosis in the Caucasian population (15).











	Figure 1. The current model of the coagulation cascade. A schematic illustrating the inhibitory effect of antithrombin (AT) on the intrinsic extrinsic, and common pathways of the coagulation system. The bolded dotted line indicates the increased specificity of antithrombin towards thrombin and FXa. This figure also shows the inhibitory effects of a potential RNA aptamer towards AT. Not shown in this figure is the requirement for Ca2+ by vitamin K-dependent factors. The extrinsic pathway section of the cascade highlights the physiological initiation of coagulation, where blood comes into contact with exposed tissue factor on sub-endothelial cells. In the cell-based model, coagulation progresses via the prothrombinase and Xase complexes on the surface of activated platelets (4).
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1.2 [bookmark: _Toc104992995]     Thrombin
Thrombin catalyzes the conversion of fibrinogen to fibrin (17). The deposition of fibrin yields a meshwork that envelops platelets and other coagulation proteins to seal the site of vascular injury, especially when the fibrin is cross-linked by FXIIIa, a transglutaminase that is activated from FXIII by thrombin (18). In doing so, the blood clot is stabilized, and further bleeding is prevented. Additionally, the initial thrombin produced by the coagulation cascade re-enters the process and engages in a positive feedback loop (19). This loop involves the activation of FV and FVIII by thrombin, two cofactors which actively produce more thrombin and FXa through their involvement in the prothrombinase and tenase complexes. These two later factors are involved in a more sustained production of thrombin, than the starting thrombin generated by the coagulation cascade. Conversely, thrombin also has anticoagulant properties. For instance, the thrombin-thrombomodulin complex cleaves protein C, which yields APC (20). In the coagulation cascade, APC proteolytically inactivates activated cofactors FVa and FVIIIa, leading to a slower clotting process (20).
1.3 [bookmark: _Toc104992996]     Serpins
The serine protease inhibitor (serpin) superfamily is comprised of thousands of proteins spanning many types of organisms, all with a common tertiary structure (21). Serpins, whether inhibitory or not, are major regulators in a variety of biological processes including blood coagulation, fibrinolysis, inflammation, chaperoning, and cell migration. Serpins also play vital roles in the regulation of serine protease cascades, like the coagulation cascade, by limiting the amount of active protease present (22). Serpins maintain a highly conserved core structure, comprised of three β-sheets and eight to nine a-helices (23). This conserved structure is necessary for proper function. Another characteristic of serpins is the reactive centre loop (RCL), which is an approximately 25 residue hypervariable surface loop, which is important in not only initial binding by target proteases, but also in their subsequent capture in a covalent inhibitory complex (24).
1.3.1 [bookmark: _Toc104992997]Mechanism of Function
As the target protease approaches the RCL of the serpin, it forms a non-covalent “encounter” complex, which resembles that formed in the interactions between the protease and its cognate substrates (25). Like the initial stages of a hydrolysis reaction, the active site of the protease then cleaves a specific P1-P1’ residues bond on the RCL (26). However, the reaction is not completed, because of the rapid release of energy stored in the serpin fold, which leaves the serpin-protease complex covalently attached in an denaturation-resistant, acyl-enzyme intermediate (27). The acyl-enzyme bond is formed between the hydroxyl group of the protease’s active site serine and the carbonyl carbon of the P1 residue on the serpin’s RCL. Subsequently, the serpin undergoes a conformational change as a result of this P1-P1’ cleavage, causing the RCL to insert into the core of the serpin as a central β-sheet (26). This “stressed-to-relaxed” change displaces the attached protease to the opposite pole of the serpin, greatly distorting its tertiary structure (26). Therefore, in this mechanism, both the inhibitor and its target are incapacitated, which allows for serpins to be regulators of tightly controlled pathways.
1.3.2 [bookmark: _Toc104992998]Antithrombin’s Role in Coagulation
AT, the serpin of interest in this study, is a 58 kDa glycoprotein produced by the liver. It functions as a coagulation regulator by inactivating key coagulation cascade proteases: primarily thrombin, FXa, and less efficiently, FIXa, FXIa, and other activated serine proteases (28-31). As an inhibitor, AT alone is responsible for 80% of thrombin’s inhibition (32).
Synthesis of AT starts in the liver as an immature preprotein  molecule made up of 464 amino acids. Following proteolytic cleavage of a 32 amino acid signal sequence at the amino terminus, the mature AT protein is released and follows the secretory pathway into the bloodstream. Under normal conditions, AT’s plasma concentration is relatively high at 140 mg/L, or approximately 1.5 µM, making it the most abundant coagulation pathway inhibitor in plasma (33, 34). Three disulfide bonds exist in the mature AT protein, and four consensus sites for N-linked glycosylation, allowing for a potential of four glycosylation sites (35). Mature AT is further sub-divided into a-AT or β-AT isoforms, where a-AT has all four Asn-X-Thr/Ser sites occupied by N-linked glycans (36). a-AT is the more dominant isoform of AT, making up 90% of the protein’s plasma concentration. β-AT has only 3/4 occupied glycosylation sites, lacking modification of Asn135, which results in it having a higher affinity for heparin and heparin-like molecules than a-AT, due to lesser obstruction of the heparin binding site than in the fully glycosylated isoform (37).
1.3.2.1 [bookmark: _Toc104992999] Antithrombin-Heparin Interaction
Heparin is a naturally occurring glycosaminoglycan (38). Unfractionated heparin (UFH) is extracted from pig intestinal mucosa or bovine lungs and manufactured into standard heparin for clinical use. UFH chains range in size from 5000–30,000 Daltons, with an average weight of 15,000 Daltons. Low-molecular weight heparins (LMWH), which are typically enzymatic digestion products of UFH, consist of molecular chains of shorter length than UFH, with an average weight of 4.5 kDa (38). Both UH and LMWH contain a unique pentasaccharide sequence consisting of negatively-charged sulfate groups, which allow for high affinity interactions with AT’s heparin-binding domain (39). AT naturally inhibits thrombin via the classic serpin-protease mechanism (Section 1.3.1), albeit at a slow rate (7-11 x 103 M-1 s-1) (40). The binding of heparin to AT maximally accelerates the reaction rate with thrombin by about 3000-fold, to 2-5 x 107 M-1 s-1 (40). This increase is primarily due to the role of heparin in forming a ternary complex between AT, thrombin, and heparin (41). Heparin provides a template to which both AT and thrombin bind, and greatly increase their chances of productive interaction. This template affect roughly accounts for 1000-fold increase in the rate of reaction (42). Additionally, heparin causes a conformational change in AT, accounting for approximately 3 times increase in the reaction rate (43). The change in AT structure due to heparin is evident in the  protrusion of the RCL (44). Thrombin is then more likely to proteolytically attack the loop. Similar increases in rates of FXa, FIXa, and FXIa inhibition by AT in the presence of heparins have been identified, although none are faster than thrombin (45). The importance of the template mechanism or the conformational change mechanism in AT’s inhibition of different proteases varies; thrombin inhibition is primarily catalyzed via the template mechanism, whereas for FXa and FIXa, conformational change is more important (46). This property is reflected in the size limitation for thrombin inhibition; heparin chains must be at least 18 saccharide units long to increase AT’s rate of thrombin inhibition maximally (47).
	The site of heparin binding on AT has been the subject of many studies. X-ray structures of native AT compared to heparin-bound AT show conformational changes to the RCL (48). Mutation studies which target the critical Tyr253 residue demonstrate loss of AT reactivity with FXa and FIXa, suggesting that this exosite plays a critical role in the favourable changes to AT structure induced by heparin binding (49). Another study focused on generating a K114M AT mutant, which showed loss of anticoagulant activity compared to the native AT in the presence of heparin (50). Co-crystallization of the pentasaccharide core of heparin with AT has revealed that pentasaccharide binding tilts and elongates helix D and forms a new helix (P) between the C and D helices of AT. Pentasaccharide binding is achieved by direct hydrogen bonding between its sulfates and carboxylates to R129 and K125 in the D helix, R46 and R47 in the A helix, K114 and E113 in the P helix, and to K11 and R13 in the amino terminal region (51). 
1.3.3 [bookmark: _Toc104993000]Antithrombin Deficiency
As described in Section 1.1.2, deficiencies in natural anticoagulants are often associated with an increased risk of venous thrombosis. AT is one of the natural occurring anticoagulant proteins which play a major role in modulating the coagulation process (52). Although complete AT deficiency is incompatible with life (as shown through mouse knockout studies), type I autosomal dominant individuals carrying this mutation experience 40-60% normal AT activity, which can explain the increased risk of venous thrombosis (53). On the other hand, patients suffering from severe bleeding disorders like hemophilia or trauma patients at risk of excessive bleeding often exhibit sub-optimal coagulation. In targeting AT we join other researchers who have asked or are asking the question, “By removing the “stops” on an already weakened coagulation system, can hemostasis be restored and clotting beneficially promoted?” Others have approached this question by developing means to inhibit APC or TFPI, and in this project we have investigated the down-regulation of AT; multiple targets must sometimes be investigated to translate basic research into therapeutic agent development. 
1.4 [bookmark: _Toc104993001]     Nucleic Acid Inhibitors in Coagulation
For a long period of time, nucleic acids have just been thought of as compounds used only for the storage and transfer of inherited cellular genetic information. As time and technology progressed, researchers developed a new theory to capture the diverse functions of nucleic acids (54, 55). This “RNA world theory” states that nucleic acids can indeed perform many regulatory functions and bind various molecules (56, 57). Unlocking this unique multifunctionality of oligonucleotides has led to the discovery of many candidates for diagnostic and therapeutic purposes (58, 59).
1.4.1 [bookmark: _Toc104993002]Short-Interfering RNAs
Gene silencing systems at the RNA level in eukaryotic cells have been shown to regulate gene expression and defend cells against viral genetic elements (60-63). This method of suppression at the transcriptional and translational level was given the term ‘RNA silencing’. A component of RNA silencing is a short-stranded oligonucleotide known as short interfering RNA (siRNA) (64). Due to the complementary nature of the siRNA to the target mRNA, it is able to guide an RNA-induced silencing complex (RISC), which is capable of degrading the mRNA strand (65). In coagulation, RNA interference (RNAi) technology has been exploited in several ways. Researchers from the Biotechnology Centre of Oslo have described an siRNA fragment that resulted in a 10-fold depletion in TF mRNA and a 5-10-fold reduction of TF protein (66). Such anticoagulant therapeutic is of potentially great importance in abnormal or excessive blood clotting disorders as TF is the most potent initiator of blood coagulation (67). Furthermore, in 2015, Sehgal et al showed the use of therapeutic RNAi to target AT mRNA and decrease circulating levels of AT (68). In their model of hemophilia A mice, the researchers noted a dose-dependent decrease in antithrombin levels when injected with the therapeutic RNAi, ALN-AT3. This form of treatment promoted hemostasis in mouse models of hemophilia and led to improved thrombin generation. This product,  termed fitusiran (Sanofi), is now undergoing phase III trials after successful phase I and II trials demonstrated dose-dependent AT depletion and sustained thrombin generation (69). The speed of siRNA and RNAi therapies are affected by the time required to initially lower mRNA and then protein levels of the target. Compared to aptamers targeting a plasma protein directly after intravenous injection, siRNA and RNAi molecules must first enter cells and access their mRNA targets before eliciting an effect (70). In our proposed approach in this project, however, an RNA aptamer would be capable of inhibiting the circulating AT protein much more rapidly since an intravenous injection of anti-AT aptamer would directly bind the protein as it circulates in the blood. For instance, Gonadotropin-releasing hormone (GnRH)-binding aptamers were found to be capable of diminishing the activity of GnRH by 80% within the first 1.5 hours of administration (71). Currently in literature, there exists no therapeutic agent capable of inhibiting the mature AT protein. 
1.4.2 [bookmark: _Toc104993003]Aptamers
Aptamers are single-stranded nucleic molecules that can bind to target proteins with high specificity and affinity (72, 73). The term ‘aptamer’ is derived from the Greek word aptus; “to fit”. Aptamers are used to bind to proteins which do not naturally interact with nucleic acids. Targets can be small molecules like adenosine monophosphate (AMP) or larger proteins like enzymes, transcription factors, growth factors, and coagulation proteins (73-81). Certain advantages make aptamers a more attractive alternative to antibodies or other organic drugs that directly target proteins.
In terms of therapeutic purposes, aptamers can be applied in the same way as monoclonal antibodies. Yet, conventional methods of aptamer in vitro selection do not require live organisms, which are an integral part of producing monoclonal antibodies (82). Since the process of developing antibodies requires biological organisms, scaling-up and issues with potential contamination can make developing antibodies less appealing (83). On the contrary, aptamers can be easily mass-produced, are less prone to contamination, and are non-immunogenic. Although antibodies can theoretically be chemically modified, this process is difficult and may affect antibody function (84, 85). The chemistry of the oligonucleotides can be readily modified to extended their half-life in vivo by adding chemical stability, without impacting aptamer binding affinity to its target (86). The majority of clinically-relevant aptamers function as antagonists and thus, interfere with protein-protein binding (87). However, some aptamers have been identified to have agonist-like behaviour (88). This illustrates the flexibility of aptamers to be either inhibitors or promoters of protein activity and function.
1.4.2.1 [bookmark: _Toc104993004] Anticoagulant Aptamers
Several DNA and RNA aptamers capable of binding coagulation factors have been previously identified in literature. For instance, R9D-14t, a 58-nt RNA aptamer, was able to prevent thrombin from binding fibrinogen, FVa, and other protein substrates (89). Another notable example is an anti-FXIa aptamer developed by the Sullinger group with high binding affinity of kd = 84.9 nM (90, 91). Like the anti-TF siRNA mentioned above, both these aptamers are excellent therapeutic candidates for treating thrombosis and other related clotting disorders.
1.4.2.2 [bookmark: _Toc104993005] Procoagulant Aptamers
	Bleeding can be a life-threatening clinical problem, whether it arises from acquired or genetic causes (92). Severe bleeding can be found in trauma, for instance in patients injured in automobile accidents or from gunshot wounds and blast injuries (93). In patients suffering from hemophilia, severe bleeding can also occur, although chronic bleeding into joints is a more common sequela requiring medical management (94). Currently, medical intervention for trauma-induced bleeding includes blood product transfusion, while hemophilia is controlled via prophylactic infusions of recombinant FVIII or FIX or by emerging biosimilar products (95, 96). To address unmet clinical needs in both areas, researchers have begun to explore novel ways of enhancing coagulation to respond to excessive bleeding (97). One approach is to develop a nucleic acid-based polymer, called an aptamer, which folds into a conformation ideal for binding and inhibiting a target protein.
In literature, some aptamers have been developed to target natural anticoagulants, which promotes blood clotting. These aptamers are used for procoagulant purposes, which is in the same direction as our study. Müller and colleagues were able to identify a 52-nt DNA aptamer termed HS02-52G, which binds the exosite of human APC with very high affinity (98). Like AT, APC regulates the coagulation cascade, but it is not an inhibitor, but rather a protease which inactivates FVa and FVIIIa. HS02-52G demonstrates reduced aPTT clotting time, reflecting its procoagulant effect (98). Additionally, researchers have discovered ARC19499, an RNA aptamer which targets TFPI with a Kd of 2.8 nM and an IC50 of 17.9 nM (99). TFPI is an inhibitor of tissue factor, a protein which activates factor VIIa and factor Xa in the extrinsic pathway. Therefore, by inhibiting TFPI, the aptamer removes a regulatory control of coagulation and enhances blood clotting.	
1.5 [bookmark: _Toc104993006][bookmark: _Toc104993007]  Selecting for Novel RNA Aptamer by Applying In-Vitro Selection Protocols
An emerging strategy to identify novel oligonucleotide inhibitors, or aptamers, of proteins is through Systematic Evolution of Ligands by EXponential enrichment (SELEX), which was first proposed by Ellington et al., and Tuerk et al. in 1990 (100-102). Nowadays, this process is often regarded as the most conventional method for aptamer engineering (103, 104). The starting point of SELEX is a relatively large combinatorial library, composed of nucleic acid sequences. Through multiple iterative rounds of positive, in vitro selection against the target protein with increasing stringency, the RNA pool is progressively rendered more selective for binding its target (105). Hypothetically, over many iterative rounds of selection, the pool of sequences will be more enriched and selective towards its protein target.
1.5.1 [bookmark: _Toc104993008]Applying High-Throughput Screening
In this study, we employed the powerful high throughput screening (HTS) or deep sequencing technique to help identify a novel RNA aptamer from the millions of sequences. Integrating HTS into the SELEX protocol can facilitating the discovery of consensus bases and primary sequence motifs (106). Identifying a consensus region can help with future truncation experiments and studies to determine aptamer binding-sites, which can aid in the design of an optimal agent (107).

	Figure 2. A diagram of SELEX in vitro selection. Schematic representation of the aptamer sequence library screening protocol. The starting DNA library was used to generate the RNA sequences, which were subsequently introduced to antithrombin (positive selection round). The weaker sequences were eluted by high-salt concentration wash buffers, whereas the stronger sequences were collected and amplified to generate the new round’s pool of aptamers or were identified by high throughput sequencing.
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1.6 [bookmark: _Toc104993009]Rationale for Study
Patients suffering from AT deficiencies have been found to exhibit thrombotic complications such as venous thrombosis (53), showing that downregulating AT upregulates coagulation. By modulating activity of circulating human plasma AT via an RNA aptamer, we pose the question of whether decreased AT activity would enhance and restore coagulation in the context of excessive bleeding. Knockdown of AT activity in patients with chronic bleeding disorders or in patients with acquired bleeding tendencies (e.g. trauma)  could help restore hemostasis by accelerating the formation of blood clots. As described previously, the in vitro evolution process, otherwise known as SELEX, has been extensively utilized to identify nucleic acid inhibitors of coagulation proteins. We employed this protocol to discover a novel, modified RNA aptamer capable of binding AT with high affinity and decreasing AT’s anticoagulant activity.
1.7 [bookmark: _Toc104993010]Hypotheses
There exists, within the sequence and conformational space defined by an RNA aptamer library with a variable region defined by 40 contiguous random ribonucleotides, at least one RNA aptamer that will bind to AT with high affinity and block protease inhibition. Further, RNA aptamers binding to AT with high affinity will interfere with AT’s biological function and act as procoagulant agents in purified and plasma systems.
1.8 [bookmark: _Toc104993011]Project Outline
Objectives that I aimed to complete by the end of my thesis research were to:
i.	Biopan the randomized RNA library against human plasma AT for 10 rounds of selection using the SELEX protocol;
ii.	Test for aptamer pool’s inhibition of AT by measuring thrombin activity in a chromogenic assay;
iii.	Identify RNA aptamer candidates through the use of in silico techniques;
iv.	Synthesize top 10 most abundant aptamers identified by high-throughput screening, top 10 by in silico bioinformatic modelling, and a negative control.
v.	Test for candidates’ inhibition of AT by measuring thrombin activity in a chromogenic assay;
vi.	Test for candidates’ inhibition of AT by measuring clotting time in an aPTT assay;
vii.	Test for candidates’ binding to AT through plate-based binding assay, gel-shift assay, or intrinsic fluorescence studies;
viii.	Identify at least one RNA aptamer that binds and neutralizes AT activity.



2 [bookmark: _Toc104993012]MATERIALS
[bookmark: _Toc104993013][bookmark: OLE_LINK1]2.1  Source of Chemicals and Reagents
Chemicals and biological reagents were purchased from the following suppliers: New England Biolabs (Pickering, ON) Phusion DNA polymerase; Thermo Fisher Scientific (Burlington, ON) Coomassie Plus Protein Assay Reagent, TMB developing solution, NanoDrop Spectrophotometer, SuperScript One-Step RT-PCR System, Pierce™ Streptavidin Magnetic Beads, Pierce™ Streptavidin Coated High Capacity Plates, Standard Heparin Sodium; Qiagen (Carlsbad, CA) QIAquick PCR purification kit, QIAprep Spin Miniprep kit, QIAquick Gel Extraction kit, HotStarTaw Plus Master Mix; Varian Medical Systems (Ottawa, ON) Cary Eclipse Fluorescence Spectrophotometer; Tecan (Toronto, ON) Infinite ® 200 PRO; Integrated DNA Technologies (Hamilton, ON) DNA oligonucleotides; MOBIX (Hamilton, ON) DNA oligonucleotides and primers; Gibco (Grand Island, NY) Tween 80; BDH (Toronto, ON) β-mercaptoethanol, Triton X-100; Bio-Rad (Mississauga, ON) nitrocellulose paper; Lucigen (Toronto, ON) Durascribe T7 Transcription Kit; Cedarlane Labs (Burlington, ON) Sivelestat; Affinity Biologicals (Hamilton, ON) anti-antithrombin IgG, biotinylated anti-antithrombin IgG; Sigma-Aldrich (Oakville, ON) Antithrombin III from human plasma, Biotin, Thrombin from human plasma; Diapharma (Illinois, USA) Chromogenix S-2238; 
[bookmark: _Toc104993014]2.2  Oligonucleotides 
	The following table lists and describes the oligonucleotides used in this project. All sequences were synthesized at the McMaster Institute for Molecular Biology and Biotechnology (MOBIX) at McMaster University (Hamilton, ON).

	Table 1. List of oligonucleotides used during this project. This table is divided into two sections; the first details the primers, whereas the second lists the sequences of tested aptamer candidates.





	Primer Name
	Description
	DNA Sequence (5’ – 3’)
	Size (bp)

	FWD
	Forward primer for reverting RNA to DNA, via RT-PCR
	TGCGCTCTAGAGTCGAAT
	18

	REV
	Reverse primer for reverting RNA to DNA, via RT-PCR
	GTATACCTGCAGCTGAGG
	18

	T7-REV
	Reverse primer for reverting RNA to DNA, via RT-PCR
	TAATACGACTCACTATAGGTATACCTGCAGCTGAGG
	38

	P5-503
	Forward deep sequencing primer 1
	AATGATACGGCGACCACCGAGATCTACACTATCCTCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNGTATACCTGCAGCTGAGG
	92

	P5-504
	Forward deep sequencing primer 2
	AATGATACGGCGACCACCGAGATCTACACAGAGTAGAACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNGTATACCTGCAGCTGAGG
	92

	P7-707
	Reverse deep sequencing primer 1
	CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTGCGCT CTAGAGTCGAAT
	84

	P7-708
	Reverse deep sequencing primer 2
	CAAGCAGAAGACGGCATACGAGATCCTCTCTGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTGCGCT CTAGAGTCGAAT
	84

	BIO-PRMR
	Primer for immobilizing aptamer on binding plate
	BIOTIN - GTATACCTGCAGCTGAGG
	18



	Aptamer ID
	RNA Sequence (5’ – 3’)
	Size (bp)

	R6_10
	GGGUAUACCUGCAGCUGAGGUAAUGGCUGUGUGCCUUUAUUCAUGCCUGCAUGUGACGCGAUUCGACUCUAGAGCGCA
	76

	R6_15
	GUAUACCUGCAGCUGAGGCACUACAUUGUUUCGGUUGCACACGCCAACAGAGCACGAAAUUCGACUCUAGAGCGCA
	76

	R6_19
	GGGUAUACCUGCAGCUGAGGUGUGCGAAUGCCUUUUUAACGCACGC
GCAUAGUUGUUACAAUUCGACUCUAGAGCGCA
	76

	NEG
	GUAUACCUGCAGCUGAGGGCAAGGGGUGCGGUUAGUUCCGAGAUAG
UUUGGGUUCCUAAUUCGACUCUAGAGCGCA
	76

	NP_R6_15
	GCACUACAUUGUUUCGGUUGCACACGCCAACAGAGCACGAA
	40

	5P_R6_15
	GUAUACCUGCAGCUGAGGCACUACAUUGUUUCGGUUGCACACGCCAACAGAGCACGAA
	58

	3P_R6_15
	GCACUACAUUGUUUCGGUUGCACACGCCAACAGAGCACGAAAUUCGA
CUCUAGAGCGCA
	58




[bookmark: _Toc104993015]2.3  Computer Software
Modelled structures were manipulated and imaged with PyMOL 2.5 (https://pymol.org/) (The PyMOL Molecular Graphics System, Schrodinger, New York NY). Prism 9 was used to generate graphs, plots, and figures (GraphPad Software, San Diego CA). 

[bookmark: _Toc104993016]3     METHODS
[bookmark: _Toc104993017]3.1  Combinatorial RNA Library
	Used previously in Donkor et al (108), the primer-free ssDNA library was composed of the following sequence: 5′-TGCGCTCTAGAGTCGAAT-N40-CCTCAGCTGCAGGTATAC-3′, where N40 represents a 40 nucleotide randomized region which is flanked by the 18 nucleotide primer-binding regions. This DNA library was used to generate the starting RNA library via an in vitro transcription (IVT) reaction: 
5′-UGCGCUCUAGAGUCGAAU-N40-CCUCAGCUGCAGGUAUAC-3′.	For additional details regarding the buffer and experimental conditions, see Section 3.2.5 The sequence of the initial RNA library was as follows:
[bookmark: _Toc104993018]3.2  In Vitro Selection Protocol
In this study, solution-based, magnetic bead SELEX was employed as described in Tuerk and Gold (102), however with some modifications. Figure 2 represents a schematic of the biopanning protocol employed. Throughout the entire selection process, the 500 uL final solution volume was in a 1.5 mL Eppendorf tube. 
[bookmark: _Toc104993019]3.2.1  Systematic Evolution of Ligands by EXponential enrichment (SELEX)
All reactions took place at room temperature. Prior to the incubation period, streptavidin-coated magnetic beads (New England BioLabs) were pre-washed with selection buffer. All wash steps were conducted by adding wash buffer (WB: 20 mM Tris-HCl, 150 mM NaCl, 5 mM KCl, 1mM MgCl2, 1 mM CaCl2, 0.005% Tween-20) into the Eppendorf tube and incubating on Barnstead Thermolyne Labquake end-over-end rotator. Following the 5 min wash spin, the buffer was extracted from the tube, using a magnet to help concentrate the beads to the side. Next, the pre-washed magnetic beads were incubated with 2 µg biotinylated anti-human AT polyclonal antibody (Affinity Biologicals) for 30 min in selection buffer (SB: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4). The beads were then washed three times using wash buffer to remove unbound antibody. Next, the bead-antibody complex was incubated with 2X molar excess human AT for 30 min. Similarly, the beads were washed three times using wash buffer to pull away unbound antithrombin. For the first round of selection, 1000 pmole of R0 RNA was diluted and heated in SB, then cooled on ice. The RNA was incubated with the bead-antibody-AT complex for 2 hours on the rotator. As the selection proceeds to later rounds, the amount of RNA that was incubated and incubation times were decreased (Table S1). Following the incubation, the beads were washed with Stringent WB (SWB: 20 mM Tris-HCl, 4 M NaCl, 5 mM KCl, 1mM MgCl2, 1 mM CaCl2, 0.005% Tween-20) three times consecutively, removing any low affinity aptamers. The stringency and quantity of the wash steps will intensify as the selection protocol proceeds. Bound aptamers were separated and eluted from bead-antibody-AT complex using phenol: chloroform: isoamyl alcohol (25:24:1) and HEPES buffer, respectively. The extracted RNA sequences were precipitated using 70% ethanol in a 50 uL final volume.
[bookmark: _Toc104993020]3.2.2  Purifying RNA Sequences
	Following the termination of the transcription reaction, 2 µL of sodium acetate and 50 µL of ethanol was added to the collected 20 µL sample. The mixture was incubated on ice for 15-30 minutes. The sample was collected by centrifugation at 10,000 x g speed for 20 minutes at 4°C. Following the removal of the supernatant with a pipette, the pellet was rinsed gently with 70% ethanol. The pellet was then suspended in 20 µL of nuclease-free water and stored at -20°C. When the sequences were required for experimentations, the aptamers were refolded by heating at 95°C for 5 minutes, followed by 15 minutes on ice (108).
[bookmark: _Toc104993021]3.2.3 Confirmation of Sequence Regeneration after Selection Rounds
The precipitated pool of sequences following a round of selection was reverse-transcribed and amplified, producing the dsDNA sequences. The enriched RNA sequences were in vitro transcribed to re-generate the pool for subsequent rounds. This specific RNA transcription reaction introduces chemically modified 2’F-uracil triphosphate (UTP) and 2’F-cytosine triphosphate (CTP) nucleotides, which stabilizes the RNA strand and makes the molecule less susceptible to nuclease degradation. To confirm the success of the reverse-transcription and transcription reactions, 1 µL samples from each reaction product were visualized on 7.5% urea-denaturing polyacrylamide gel electrophoresis. The gels were visualized by staining with Coomassie Brilliant Blue. A sample gel from the 8th round of selection is shown below (Figure S1).
[bookmark: _Toc104993022]3.2.4  High-Throughput Screening
	RNA samples obtained after selection rounds 2-10 were prepared for high-throughput (or deep) sequencing to thoroughly analyze the selected aptamer pools for enrichment and abundance of sequences. The selected RNA samples were reverse transcribed to dsDNA, using the One-Step RT-PCR (reverse transcription polymerase chain reaction) Kit (Thermo Fisher Scientific, Burlington ON). Two unique forward and reverse primers that are used specifically for deep sequencing. The RT-PCR products were sequences using an Illumina Miseq DNA sequencer at the Farncombe Metagenomics Facility, McMaster University (Hamilton, ON). The confirmation of proper sequence was conducted by Farncombe. The coverage of the samples was 1% (i.e. the outputted number of sequence reads comprised 1% of the total number of sequences in the original sample). The raw FASTQ sequences were sorted and pre-processed using the Galaxy server workflows, developed by William Thiel (109). The data was outputted in FASTA and TABULAR formats for visualization and analysis on Google Spreadsheets.

	Figure 3. Magnetic bead-antithrombin complex. Illustration of the magnetic bead-streptavidin-biotinylated antibody-human antithrombin complex that was employed during the in-vitro selection process. The numbers at the bottom of the figure represent the order of addition into solution.
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[bookmark: _Toc104993023]3.2.5  Synthesizing Aptamer Sequences
	The RNA aptamers included chemically-modified 2’ position on the sugar residues of uracil and cytosine nucleotides. Particularly, the 2’-hydroxyl (OH) group was substituted for a fluorine (F). Such modified RNA sequence has been shown to have many benefits over natural DNA/RNA sequences, in terms of affinity and stability (110). Their sequences had to be synthesized using the in vitro transcription (IVT) kit (Lucigen, Toronto ON). In this study, 1 µg of template DNA (which contains the T7 transcription promoter region) was used in a total volume of 20 µL reaction. The IVT reaction was optimized specifically for this sequence length and guanine-to-cytosine (G:C) ratio to reduce the amount of template strand and maximize yield. It was found that a 6 hour incubation at 37°C, followed by a 15 minute DNase reaction was optimal for the generation of the aptamers.
[bookmark: _Toc104993024]3.3  Kinetic Characterization of AT Inhibition of Thrombin
All chromogenic assays conducted in this study were performed on a 96-well flat bottom microtiter plate, at 37°C in PPNE kinetic buffer (20 mM sodium phosphate, 100 mM NaCl, 0.1 mM EDTA, 0.1% polyethylene glycol (PEG) 8000, pH 7.4). The absorbance was measured and recorded via the BioTek® ELx808 (BioTek Instruments, East Falmouth, MA). The assays were used as a method of recording the second rate reaction constant, under pseudo first-order conditions. For this project chromogenic assays were used to analyze the inhibitory activities of enriched pool and RNA aptamer candidates towards AT, by measuring the impact of AT’s rate of inhibition of thrombin.
[bookmark: _Toc104993025]3.3.1  Thrombin Activity Assay
In this assay, 200 nM of selected RNA aptamer pools were incubated with 200 nM AT for 15 min at 37°C. Reactions between RNA pool and AT in this assay occurred at 1:1 RNA:AT ratio. Following the incubation, 10 nM thrombin was added to the solution. The ratio of serpin: thrombin was consistently maintained at 20:1. Immediately after, 100 µM S-2238 chromogenic assay was added to each well using a multichannel pipettor. The kinetic read lasted for 5 minutes, measuring absorbance at 405 nm.
[bookmark: _Toc104993026]3.3.2  Aptamer Inhibition of AT in Kinetics Assay 
The kinetic parameters of the AT-thrombin inhibition reaction were also determined in the presence of RNA aptamer sequences. In this experiment, 2000 nM aptamer and 200 nM AT were incubated for 20 minutes at 37°C in a final volume of 10 µL. Similar to the previous assay setup, a final concentration of 10 nM thrombin were introduced, which increased the reaction volume to 20 µL. Thrombin was added to the aptamer-AT solution at 1-minute time points, for a total of 10 minutes. An excess amount of chromogenic substrate, S-2238 (100 µM), was added to all wells immediately following the last thrombin titration. A 5-minute kinetic read was initiated to measure the absorbance of substrate amidolysis.
Serpin-protease kinetics can be determined by graphing the natural logarithm of initial divided by final protease activity, versus time, as shown in Equation A. In this assay, the protease activity is correlated to the measurement of absorbance from S-2238 cleavage.
Equation A                                            
Where,  is the initial protease activity at time = 0 (unitless)
 is the protease activity at time, t (unitless)
 is the slope of the best-fitting trendline (s-1)
 is time (s)
	After calculating the trendline using linear regression (GraphPad Prism 9.0) and deriving its slope, Equation B below was utilized to determine the second-order rate of AT inhibition of thrombin, for each specific aptamer condition. 
Equation B                                    
Where, 
 is the second-order rate constant (M-1 s-1)
represents the final concentration of AT (serpin) in the reaction volume (M)
[bookmark: _Toc104993027]3.3.3  Aptamer Inhibition of AT-Heparin Complex in Kinetics Assay
This assay was performed to observe the effect of heparin on aptamer’s potential inhibition of AT in the chromogenic assay. All reaction conditions from the previous assay without the heparin were replicated in this experiment. The only exception being the addition of 0.2 U/mL standard heparin to the final reaction volume of 30 µL. Heparin was introduced to AT at the same time as the aptamer. Additionally, 10 µL of 100 µM S-2238 was added to the AT-aptamer-heparin well. This step was necessary to slow down the reaction rate, as heparin rapidly accelerates the rate of thrombin inhibition by AT (40).  Therefore, all four components were incubated at 37°C for 20 minutes in a 20 µL solution (111). 
In Equation C, the calculated second-order rate of inhibition (k2) takes into account the effects of the chromogenic substrate in decelerating AT-heparin-thrombin kinetics (112).

Equation C                   
Where,
 is the final concentration of chromogenic substrate (M)
 is the Michaelis-Menten constant of the chromogenic substrate (M)
[bookmark: _Toc104993028]3.3.4  Measuring Residual Thrombin Activity  
Cleavage of chromogenic substrate S-2238 was used to record residual thrombin activity in the presence of AT, with and without aptamer. The RNA aptamer and AT were mixed at a 10:1 ratio (100:10 nM final concentration), at 37°C for 20 min. This aptamer-AT complex was then introduced to thrombin (10 nM) at 1 minute intervals between 0 and 10 minutes. Residual thrombin activity was then determined by addition of chromogenic substrate and measurement of the rate of amidolysis. The ratio of final to initial thrombin activity was calculated and graphed against time (x-axis).
[bookmark: _Toc104993029]3.4  Clotting Time Assay
The activated partial thromboplastin time (aPTT) assay is a plasma clotting assay that is clinically used to test for abnormalities in the intrinsic pathway (113). For all conditions, the STart® 4 Hemostasis Analyzer (Diagnostica Stago) was used. All solutions were diluted in 1X veronal buffer (10 mM sodium barbital, pH 7.4). Essentially, faster clotting (less clotting time) correlates to increased coagulation activity, presumably because AT is inhibited by the aptamer. Therefore, faster clotting indicates increased aptamer activity.
[bookmark: _Toc104993030]3.4.1  Normal aPTT Assay
In the normal aPTT, the RNA aptamer (5 µM) was added to 50 µL pooled human plasma for 30 minutes at 37°C. Then, 50 µL C.K. Prest® reagent was introduced to the plasma and allowed to incubate for 180 seconds. This was followed by the addition of CaCl2 to a final concentration of 5 mM to initiate clotting time recording. Control conditions of this reaction were buffer only and aptamer only. 
[bookmark: _Toc104993031]3.4.2  Modified aPTT Assay
In subsequent experiments, the aPTT assay was modified by using AT-deficient human plasma. The same amounts of plasma, reagent, and CaCl2 were used, and in the same order as the previous normal aPTT assay. By adding back lower concentration of AT (500 nM versus 1.5 µM), it became more feasible to generate and use lower concentrations of aptamer. AT delayed clotting time by 5 seconds on average. In the ‘Buffer only’ control, the baseline clotting time was 35 seconds, whereas adding the 500 nM AT increased it to 40 seconds. This resulted in a 5-second ‘clotting window’ in which aptamers could be tested for any procoagulant effect.
[bookmark: _Toc104993032]3.4.3  Diluted aPTT Assay
To demonstrate a clearer effect of aptamer on clotting, the C.K. Prest® aPTT reagent was diluted 1/15 to slow down plasma clotting, as originally described by de Matt (114) and later used in Hamada et al (115). By diluting the C.K. Prest® aPTT reagent, the ‘clotting window’ was increased to 20 seconds (65 sec. with buffer vs 85 sec. with AT). This allowed for a greater opportunity for aptamers to demonstrate their specific inhibition of AT and show an effect on the clotting time.
[bookmark: _Toc104993033]3.5  Binding Characterization using Plate Binding Assay
The plate binding assay was previously described in Guo et al. (116), wherein the researchers characterized an eukaryotic translation initiation factor 4E (eIF4e) DNA aptamer using a similar technique. In our study, the 76-bp RNA aptamer (100 nM) was incubated with the biotinylated DNA primer (100 nM) at 70°C for 10 minutes. The plates were coated with coating buffer (10 mM Na2HPO4, pH 7.4) overnight at 4°C. The biotinylated primer (IDT) was designed to hybridize to the 5’ end of the aptamer. The hybridized aptamer-biotinylated primer was aliquoted into the streptavidin-coated wells. Following an incubation at room temperature (RT) for 30 minutes while rocking, the wells were washed three times with wash buffer (0.01% Tween-20) for 5 minutes per wash. Subsequently, AT (10 nM) was incubated onto the aptamer-bound wells for 30 minutes at RT while rocking. The wells were again washed three times. Finally, HRP-conjugated anti-AT immunoglobulin G (IgG) (1/10,000 dilution) was added to detect aptamer-bound AT in the wells. All reactants were diluted in selection buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4). After a 1-hour incubation at RT, the wells were washed five times. The TMB developing solution was then added and absorbance at 405 nm was obtained using a spectrophotometer. Essentially, the higher reaction velocities (colour production) indicated the presence of more AT relative to the controls. Therefore, larger mean velocity values were correlated with higher binding of aptamer to AT.
[bookmark: _Toc104993034]3.6  Binding Characterization using AT Intrinsic Fluorescence
This assay was used to detect changes in AT’s fluorescence intensity due to adding an inhibitory aptamer or heparin, or aptamer and heparin together. There are six accessible tryptophan groups on the AT molecule. Upon excitation at 280nm, the produced emission spectrum peaks at 341 nm (117). The binding affinity constant was derived from observing the decrease in peak intensity versus the concentration of aptamer in solution. AT’s fluorescent intensity measurements were taken on a Cray Eclipse Fluorescence Spectrophotometer (Agilent, Santa Clara CA), using a thermostatic cell holder and a quartz cuvette. All reactions took place at RT. All solutions were diluted using a fluorescence binding buffer (50 mM Tris, 150 mM NaCl, and 0.1% PEG 8000, pH 8.3). Intrinsic protein fluorescence was observed between 300-400nm emission wavelengths, where the peak was expected at around 340nm. The light was excited at a wavelength of 280nm. The excitation slit width remained constant at 2 mm. Fluorescent readings were taken at 1 minute following incubation of aptamer-AT or AT-heparin. The concentration of AT was kept constant at 200 nM, whereas the concentrations of aptamer and heparin were varied from 0-500nM, and 0-10U/mL respectively.
Equation D                               
Where,
 is the initial (no aptamer) fluorescence intensity of AT at 340 nm (unitless)
 is the final (aptamer added) fluorescence intensity of AT at 340 nm (unitless)
Equation D above was used to determine the decrease of AT intensity upon adding the aptamer. The peak values of the AT emission spectra before and after addition of aptamer were compared and statistically analyzed. The diminishing of AT’s peak fluorescence intensities was presumed to be due to the effects of aptamer binding to the surface of AT.
Additionally, there was another application to the change in AT fluorescent emission spectra due to aptamer binding. By titrating an increasing amount of aptamer to a constant concentration of AT, we observed that the AT fluorescence peak intensity decreased. Therefore, by titrating 20 nM aptamer samples until the final aptamer concentration of 500 or 1000 nM, a binding curve can be derived by graphing the peak intensity values versus the amount of aptamer added. The goal was to determine the kd of the inhibitor, in this case the RNA aptamer. Using the “Inhibitor vs response” 4-parameters curve model on Prism 9.0, a trendline was calculated which fits the data points on the graph. It was also preferable to have plenty of data points so that the variable slope model was more accurate. Additionally, the non-linear regression model was fitted to a Hill Slope of -1.0, which was maintained throughout all different conditions and experiments. All fluorescence binding affinity curves were modelled on the following dose-response curve equation:
Equation E                                  
Where,
 represents the top plateau of fluorescence intensity (unitless)
 represents the bottom plateau of fluorescence intensity (unitless)
 is the binding affinity constant (nM)
 is Hill Slope constant, which is always at -1.0
[bookmark: _Toc104993035]3.7  Truncation of R6_15 Aptamer
Given the noticeable procoagulant effect of R6_15 in the clotting time assay as well as the kinetics and fluorescence experiments, this aptamer was selected for additional testing. The aptamer is comprised of three different regions; two 18-bp primer binding regions for amplification, and a 40-bp variable region. Three different variations of the aptamer R6_15 were generated, which are highlighted in depth in Figure 4. The NP R6_15 variant lacks both primer-binding regions of the sequence. The 5P and 3P R6_15 do not have either the 5’ and 3’ primer-binding regions, respectively. All three new DNA oligonucleotides were ordered and sequenced by MOBIX. They were then subject to an asymmetrical PCR reaction to incorporate the T7 promotor region to the 5’ end of the DNA strand. The T7-DNA was used as the template strand for the IVT reaction to generate the final RNA aptamer, which contains the modified ribonucleotide bases. This RNA aptamer was then purified and store at -20°C.


	Figure 4. Graphical illustration of sequences of the truncated R6_15 variants.
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[bookmark: _Toc104993036]3.8  Consensus Sequence Analysis
RNA sequences were aligned, and motifs were discovered with MEME (Multiple Em for Motif Elicitation) Suite 5.4.1 (118) (Bailey and Noble, Menlo Park CA).
[bookmark: _Toc104993037]3.9  Molecular Modeling of AT Interactions with Aptamers
Protein crystal structures were downloaded from The Protein Data Bank (PBD) (https://pdb101.rcsb.org/). The following file were extracted from the database: 
1E03: Human Plasma AT-Pentasaccharide
1E05: Human Plasma AT
1TB6: AT-Heparin-Thrombin
2B4X: AT Duplex
3KCG: AT-Pentasaccharide-FIXa
After the most promising aptamer candidates were determined, their RNA sequences were identified and converted to their respective 2D ‘dot’ structure using RNA Fold (119) (http://rna/RNAfold.cgi). To generate the 3D model of each RNA sequence, the primary sequence and previously obtained 2D structure were inputted into RNA Composer (120, 121) (http://rnacomposer.pl/). This workflow provided a pymol-compatible three-dimensional structure that is capable of being docked and modelled to the AT and AT-heparin crystal structures. Primarily, the AT structure used for modelling AT-aptamer interactions was 1E03. However, 1E03, 1TB6, and 3KCG were used to model AT-aptamer-heparin interactions. For these three aforementioned structures, only the AT and heparin sections of the .pdb file were utilized for ClusPro docking. The non-relevant portions of the molecules (e.g. thrombin and FIXa) were deleted. The pentasaccharide and heparin molecules were extracted from 1E03 and 1TB6, respectively, to be used for AT-aptamer-heparin modelling. 
The predicted 3D RNA molecule and crystal structure of human AT were modelled using HDOCK (122-125) (http://hdock.phys.hust.edu.cn/). Through energy-minimizing clustering, the lowest energy ranked model of RNA-AT for each aptamer was chosen. The generated models were refined using HADDOCK 2.2 (126) (Utrecht, The Netherlands) (https://wenmr.science.uu.nl/haddock2.4/). 



[bookmark: _Toc104993038]4     RESULTS
[bookmark: _Toc104993039]4.1  Biopanning the Combinatorial RNA Library with AT
	The initial goal of this project was to select for an aptamer sequence from a large combinatorial library of 76-nucleotide (nt) long, modified RNA sequences, capable of binding and inhibiting AT. Given that the RNA sequences contain a 40-nt long variable region, flanked by 18-nt constant primer-binding regions for replication purposes, this large library is theoretically made up of 440 unique RNA potential aptamers.
[bookmark: _Toc104993040]4.1.1  HT Sequencing Results
In this project, the collected RNA sequences from the 2nd, 3rd, 5th, and 6th rounds were initially deep sequenced using high-throughput screening (HTS). The number of rounds sequenced at a time was limited by the availability of deep sequencing primers. A maximum of four different combinations of two forward and two reverse primers could be produced. Over these initial four rounds, the number of different sequences present in each round screen decreased by about 10,000 each round (Figure 5). The next batch of rounds to be deep sequenced was composed of samples from the 7th, 8th, 9th, and 10th round screens. The number of unique reads appeared to decrease progressively over these four rounds. Total unique sequence reads in Rounds 2, 3, 5, and 6 were 174591, 158437, 137286, and 132124, respectively.



	Figure 5. Output of high-throughput screening following Rounds 2-10. The number of unique reads obtained after Round 2 (R2) through Round 10 (R10) of biopanning of the RNA aptamer library is shown.
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To compare rounds to each other, these sequence abundances were normalized by using ‘Frequency (%)’ instead of number of sequences in a round pool. This was achieved by dividing the number of sequence reads detected from HTS by the total number of reads in the round. In Table 2, the 25 most abundant sequences by round 9 are listed. Aptamer R6_1, R6_5, R6_8, and R6_15 were the most abundant sequences after nine rounds of selection. The frequency of these aptamers ranged from 5-7% each in the last round. The following set of aptamer sequences seem to occupy the 3-0.5% range. Examples of these aptamers are R6_2, R6_10, and R6_19. The progression of a few candidates’ frequency over the selection process is graphed on Figure 6. R6_1 and R6_5 consistently ranked either 1st or 2nd in terms of enrichment, whereas R6_15 experienced a delayed escalation to the number 3 spot. Note the relatively unchanged frequency of aptamer R6_20 over all ten rounds of in-vitro selection. For this reason, it was chosen to be the negative control aptamer for subsequent experiments.
	Table 2. Frequencies of sequences after high-throughput screening of Rounds 2-10. The frequency of selected aptamer sequences after Round 2 (R2) through Round 10 (R10) of biopanning of the RNA aptamer library is shown. Aptamers were named after R6, hence the format if R6_X, where X is the unique number identifier.




	Aptamer
Candidate ID
	Frequency (%)

	
	R2
	R3
	R5
	R6
	R7
	R8
	R9

	R6_1
	0
	0
	1.31
	3.28
	3.50
	0.75
	6.01

	R6_2
	0
	0
	1.65
	2.58
	3.50
	1.50
	3.76

	R6_3
	0
	0
	0.96
	2.37
	0.58
	6.02
	1.50

	R6_4
	0
	0
	0.96
	1.89
	1.17
	0.75
	2.25

	R6_5
	0
	0
	0.14
	1.89
	4.67
	3.01
	7.51

	R6_6
	0
	0
	0.76
	1.75
	0.58
	1.50
	0.75

	R6_7
	0
	0
	0.28
	1.40
	0.58
	1.50
	0.75

	R6_8
	0
	0
	0.55
	1.40
	2.34
	3.76
	5.26

	R6_9
	0
	0
	0.14
	1.40
	0.58
	2.25
	0.75

	R6_10
	0
	0
	0.41
	1.40
	0
	0.75
	2.25

	R6_11
	0
	0
	0.07
	1.40
	2.92
	0.75
	4.50

	R6_12
	0
	0
	0.83
	0.84
	0.58
	1.50
	1.50

	R6_13
	0
	0
	0.34
	0.83
	0.58
	1.50
	0.75

	R6_14
	0
	0
	0.21
	0.84
	1.17
	0
	0.75

	R6_15
	0
	0
	0.07
	0.84
	1.17
	3.76
	5.26

	R6_16
	0
	0
	0.41
	0.77
	0
	3.01
	0.75

	R6_17
	0
	0
	0.14
	0.77
	0
	1.53
	0.75

	R6_18
	0
	0
	0.48
	0.77
	1.68
	1.50
	0.75

	R6_19
	0
	0
	0.34
	0.70
	2.34
	0
	3.76

	R6_20
	0
	0
	0.76
	0.70
	0.58
	0.75
	0.75

	R6_26
	0
	0
	0.14
	0.63
	0.58
	1.50
	3.76

	R6_28
	0
	0
	0.14
	0.63
	1.17
	0.75
	1.50

	R6_38
	0
	0
	0.48
	0.56
	1.17
	0.75
	1.50

	R6_45
	0
	0
	0.14
	0.49
	2.34
	1.50
	1.50

	R6_69
	0
	0
	0.07
	0.42
	0.58
	0.75
	0.75

	R6_75
	0
	0
	0.07
	0.42
	1.17
	1.50
	0.75

	Total Reads
	173367
	161834
	145192
	143937
	17122
	13307
	12868





	Figure 6. Enrichment graph of the aptamer candidates. The frequency of sequence prevalence (y-axis) in each round of biopanning, as represented on the x-axis. 
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[bookmark: _Toc104993041]4.2  AT Inhibition of Thrombin
[bookmark: OLE_LINK2]	The addition of heparin accelerates the antithrombin inhibition reaction of thrombin, as explained in the Introduction section of this thesis. Preliminary results from the initial stages of this project were consistent with the literature (41, 44, 127). Heparin was found to accelerate AT’s k2 for thrombin inhibition from 4.0 ± 0.1 x 103 M-1 s-1 to 1.1 ± 0.5 x 107 M-1 s-1, an increase of four orders of magnitude (Figure 7). Data shown in Panel A was used to derive k2 values in Panel B. The slope of the trendline of the heparin condition was determined to be approximately 0.12, whereas the non-heparin inhibition reaction’s trendline resulted in a flatter slope of 0.015.
	Figure 7. Kinetic parameters of AT inhibition of thrombin with and without heparin. (A) The natural logarithm of the ratio of the initial thrombin activity (P0) to the residual activity at time t (Pt) vs. the time in seconds (x-axis). Graphed lines are the lines of best fit determined by linear regression. Individual data points which are the mean ± SD of three determinations. (B) Increase in rate of inhibition of thrombin by AT in the condition with 0.5 U/mL standard heparin, compared to without heparin.
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[bookmark: _Toc104993042]4.3  Kinetic Characterization of Aptamer Candidates as Inhibitors of AT in Thrombin-mediated Amidolysis
	In this project, the primary way of measuring aptamer inhibition of AT activity was through determining thrombin’s cleavage of its chromogenic substrate, S-2238. Initially, this kinetics assay was used to test for any anti-AT activity following ten rounds of biopanning. The assay was further refined to derive a k2 for AT’s inhibition of thrombin, in the presence of specific aptamer sequences. The change in k2 provided a standard way to assess the relative inhibitory activity of each aptamer candidate.
[bookmark: _Toc104993043]4.3.1  Round 6 and 10 RNA Pools Significantly Increase Rate of Thrombin-mediated Amidolysis, compared to the Initial Round 0
Prior to determining which aptamer sequences needed to be synthesized for further analysis, the RNA pools from rounds 0, 6 and 10 were tested for AT inhibition. In this version of the thrombin-mediated chromogenic assay, a single-time point was recorded, The increase in the reaction velocity indicated more active thrombin, which correlated with a less active AT. Therefore, the inhibitory effect of the round screen pool was directly correlated with an increase in mean velocity. As seen in Figure 8, the round 10 aptamer pool did not differ statistically from the control reaction, which was a thrombin-only reaction, indicating that AT activity in the assay had been neutralized. Round 10’s aptamer pool also showed a significant increase in thrombin activity compared to the Round 0 and Round 6 pools, by p-values of 0.001 and 0.003 respectively (One-way ANOVA analysis).


	Figure 8. Thrombin activity assay demonstrate a significant increase in chromogenic substrate cleavage (mean V) from the initial pool to the more enriched pools (Rounds 6 and 10).  The round 0 pool was representative of the non-selected population of RNA sequences before starting the selection protocol. Data in this figure represents the mean of three determinations. Vertical error bars denote the standard deviation. Horizontal lines that link different conditions represent statistical significance using one-way ANOVA, with Tukey-Kramer multiple comparisons post-test. Symbols above the horizontal bar indicate statistically significant differences from the thrombin only control: **p < 0.01. “ns” not significant.
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[bookmark: _Toc104993044]4.3.2  Comparing the Effects of Aptamer Candidates on AT’s Rate of Thrombin Inhibition
	The comparison of the rate of thrombin inhibition by AT in presence of the aptamer candidates demonstrated that all aptamers appear to have decreased the rate constant of inhibition, compared to the ‘AT + Thrombin’ (no aptamer) control. However, some aptamers decreased the reaction rate more notably than others. For instance, aptamers R6_15, 19, 45, and 69 were associated with the lowest inhibition rate constants, approximately 60% of the no aptamer control (Figure 9A). Figure 9B compares the residual thrombin activity of aptamers R6_1 and R6_15 to that of the negative control aptamer. R6_1 and R6_15 appeared to increase thrombin activity compared to the negative control. For instance, at every time point (except the initial t=0), thrombin activity in presence of the negative control was lower than the two aptamer candidates.










	Figure 9. Screening test for the aptamers capable of decelerating AT’s inhibition of thrombin. (A) Kinetic parameters of the 19 most abundant aptamers from round 9 are shown above, compared to AT-Thrombin (No Aptamer) reaction (dotted line) and negative control aptamer. (B) Comparisons of the residual thrombin activity as a percentage of initial activity after incubation with AT and aptamers R6_15, R6_1, or the negative control aptamer. Data points represent the mean ± SD, using three determinations for graph A and five determinations for graph B. Lines of best fit determined by non-linear regression are shown.
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[bookmark: _Toc104993045]4.3.3  Effects of Heparin on the Aptamer Candidates’ Kinetic Characterization
	The aptamers (R6_10, R6_15, and R6_19) found to be most active in the inhibition o AT in the absence of heparin were next tested for their effect on the rate of heparin-catalyzed AT inhibition of thrombin. The same control reaction, “No-Aptamer”, as the previous non-heparin kinetic characterization was used. Additionally, the negative control aptamer (R6_20) was also tested in this assay. Based on data presented in Figure 10A, the aptamer R6_15 had the lowest slope, indicating a slower inhibition reaction compared to the no aptamer control and the negative aptamer control. Similarly, in Figure 10B, the aptamer R6_15 significantly decreased the rate of inhibition by about 60%, and R6_10 significantly lowered the rate by 40%, compared to the no aptamer control. On the other hand, aptamer R6_19 did not significantly alter the rate of inhibition from the two assay controls. Lastly, Panel C shows the effect of R6_15 on prolonging the time which thrombin is actively cleaving the chromogenic substrate, compared to the lower thrombin activity in the negative control and R6_19 conditions.
In the discontinuous kinetics assay without heparin, R6_10, R6_15, and R6_19 were among the aptamer candidates with the greatest decrease in k2 (Table 3A). All those aptamers showed a significant decrease in k2 (p < 0.0001). The negative control aptamer was associated with a small (5%), but significant, decline in k2 in the absence of heparin. However, in the kinetic assay with heparin present (Table 3B), neither the negative control aptamer nor R6_19 displayed a significant decrease in k2. Similar to the heparin-absent experiment, R6_10 and R6_15 were still associated with a significant decline in k2, compared to the no aptamer control.

	Figure 10. Heparin-catalyzed kinetic parameters. (A) The natural logarithm of the ratio of the initial thrombin activity (P0) to the residual activity at time t (Pt) vs. the time in seconds (x-axis). Lines of best fit were determined by linear regression. Individual data points are the mean ± SD of five determinations. (B) Representation of the three most active aptamers compared to AT-Thrombin (No Aptamer control) and negative control aptamer, in an AT inhibition of thrombin reaction which includes heparin. Graphs bars represent the thrombin mean reaction velocities of five different determinations. The SD is shown in the error bars.  Horizontal capped lines that link different conditions represent statistical significance using one-way ANOVA, with Tukey-Kramer multiple comparisons post-test. Symbols above the horizontal bar indicate statistically significant differences from Buffer or AT only reactions: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. “ns” not significant. (C) Comparisons of the residual thrombin activity as a percentage of initial activity after incubation of AT, heparin, as well as aptamers R6_15, R6_19, or the negative control aptamer. The points represent the mean ± SD, using five determinations. The lines are representative of the line of best fit as determined by non-linear regression.
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	Table 3. Comparison of second order of thrombin inhibition by AT. This table reports the effects of aptamers on the rate of the (A) non-heparin and (B) heparin-catalyzed reactions. Values are the mean ± SD of five determinations. ‘NEG’ denotes the negative control aptamer. Statistical significance of the aptamers’ effects was compared to the no-aptamer control (No Apt.) and was calculated using the one-way ANOVA, with Tukey-Kramer multiple comparisons post-test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. “ns” not significant.











	Aptamer
	k2 AT (x 104 M-1 s-1)
	P-value

	No Apt.
	2.37 ± 0.06
	-

	R6_10
	1.98 ± 0.01
	**** <0.0001

	R6_15
	1.57 ± 0.02
	**** <0.0001

	R6_19
	1.80 ± 0.03
	**** <0.0001

	NEG
	2.25 ± 0.03
	** 0.006


A


B

	Aptamer
	k2 AT-Heparin (x 107 M-1 s-1)
	P-value

	No Apt.
	6.92 ± 0.91
	-

	R6_10
	4.87 ± 0.29
	** 0.004

	R6_15
	2.59 ± 0.62
	**** <0.0001

	R6_19
	7.48 ± 0.23
	ns

	NEG
	7.42 ± 0.48
	ns




[bookmark: _Toc104993046]4.4  Inhibition of AT by Aptamer Candidates in Pooled Human Plasma
	As explained thoroughly in the Methods section, three variations of the aPPT clotting time assay were designed and utilized. These assays identified some aptamer candidates which accelerated the time to clotting when added to pooled human plasma. This acceleration in clotting has been represented in the form of a graph, in which the change in clotting time (from the baseline: buffer or AT) was measured and recorded.
[bookmark: _Toc104993047]4.4.1  Measuring Clotting Time in Standard aPTT Assay
	In the standard aPTT assay, about half of the tested 20 aptamers appeared to accelerate clotting, as observed in Figure 11A where ten aptamers caused change in clotting time to fall below the dotted line (buffer baseline). The other nine aptamers, along with the negative control aptamer, slowed down plasma clotting. In other words, in these conditions, the clotting time increased compared to buffer (above dotted line).
[bookmark: _Toc104993048]4.4.2  Measuring Clotting Time in Modified aPTT Assay
	In this variation of the clotting assay, AT-deficient plasma was used, instead of the normal pooled human plasma, and AT was added to a defined concentration of 500 nM with or without aptamers. There were negative changes in average clotting time for 13 aptamer conditions, which included aptamers R6_9, R6_10, R6_15, and R6_19 (Figure 11B). These 13 aptamers caused a decrease in clotting time from the baseline (500 nM AT), consistent with a reduction in AT activity and a corresponding acceleration in coagulation function. The rest of the aptamers exhibited a positive change in average clotting time, or prolongation of plasma clotting. These candidates produced clotting times greater than the baseline (dotted line), suggestive either of increased AT activity or an increase in the activity of one or more clotting factors in plasma.
In the Table 4 below, the mean clotting data of some aptamer conditions are summarized for both the standard and modified clotting assays. Out of the 19 synthesized candidates, six aptamers significantly decreased clotting time of pooled human plasma. For example, the addition of aptamer R6_15 to human plasma accelerated clotting by 1.8 seconds from the buffer only baseline (Table 4A). In the modified aPTT assay, some aptamers like R6_9, R6_10, and R6_15 produced a significant effect on the AT-deficient plasma clotting time (Table 4B).	

	Figure 11. Effects of aptamer candidates in standard and modified aPTT assays. 
Clotting assay data is shown as a change in clotting time, in seconds, from the baseline (dotted line). (A) This panel shows the change in clotting time, from buffer only, when the normal human plasma was treated with the aptamer candidates. (B) Aptamer candidates change clotting times in modified (AT-deficient plasma) aPTT assay. The mean clotting times, of three determinations, are denoted by the horizontal bar among the dots. Each black dot represents an individual clotting time point. The horizontal dotted line represents the baseline (buffer or AT).
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	Table 4. Absolute clotting times of pooled human plasma upon treatment with aptamers. Shown are only the aptamers which accelerated the clotting of plasma in a (A) normal aPTT assay and (B) modified aPTT assay. Average clotting time was calculated using three determinations. Statistical significance was achieved using One-way ANOVA, with Tukey-Kramer multiple comparisons post-test. P-values identify significant differences from the buffer or AT only conditions: **p < 0.01; ****p < 0.0001. ‘ns’ not significant.




	Aptamer
	Average Clotting Time ± SD (sec)
	P-value

	Buffer
	30.4 ± 0.3
	-

	R6_1
	29.9 ± 0.3
	ns

	R6_2
	29.1± 0.1
	**** <0.0001

	R6_8
	29.1 ± 0.2
	**** <0.0001

	R6_9
	29.2 ± 0.3
	**** <0.0001

	R6_10
	29.2 ± 0.2
	**** <0.0001

	R6_15
	28.6 ± 0.1
	**** <0.0001

	R6_19
	30.0 ± 0.4
	ns

	R6_26
	29.2 ± 0.2
	**** <0.0001

	R6_38
	30.1 ± 0.1
	ns

	R6_45
	30.5 ± 0.2
	ns

	R6_69
	30.3 ± 0.2
	ns


B
A

	Aptamer
	Average Clotting Time ± SD (sec)
	P-value

	AT only
	40.0 ± 0.2
	-

	R6_1
	39.9 ± 0.3
	ns

	R6_5
	39.3 ± 0.3
	ns

	R6_9
	37.3 ± 0.3 
	**** <0.0001

	R6_10
	37.2 ± 0.3
	**** <0.0001

	R6_11
	38.2 ± 0.2
	**** <0.0001

	R6_12
	39.6 ± 0.2
	ns

	R6_15
	37.2 ± 0.2
	**** <0.0001

	R6_19
	37.7 ± 0.2
	**** <0.0001

	R6_26
	38.0 ± 0.2
	** 0.0064

	R6_38
	38.2 ± 0.2
	** 0.0033

	R6_45
	38.1 ± 0.2
	** 0.0051

	R6_69
	39.1 ± 0.3
	ns




[bookmark: _Toc104993049]4.4.3  Measuring Clotting Time in Dilute aPTT Assay
	The same aptamers from previous aPTT experiments were also tested for any potential inhibitory effects on AT in a dilute plasma clotting assay. In this modified assay, the clotting activator was diluted, slowing down the time to lot, and potentially allowing more granular distinctions of aptamer effects. Shown in Figure 12 below are the effects of some of these aptamer candidates on the recorded clotting times. Compared to the control (500 nM AT), all the tested aptamers resulted in a significant acceleration of plasma clotting, as represented by the negative change in clotting time. Most notable are the experimental conditions in which aptamers R6_10, R6_15, and R6_19 were tested. In these instances, these aptamers quickened the dilute plasma clotting by 13 seconds on average, compared to the baseline (horizontal dashed line). It is also worth noting that the negative control aptamer along with aptamers R6_1-9 had lesser influence on the clotting times (average of 5-7 seconds) than the more active sequences. Additionally, the aptamers on the right hand side of the figure produced intermediate effects, in between that of the most active aptamers (e.g. R6_15) and the first aptamers (e.g. R6_1).


	Figure 12. Effects of aptamer candidates on pooled AT-deficient human plasma in a dilute aPTT assay. Clotting assay data is shown as a change in clotting time, in seconds, from the baseline (dotted line). The figures displays the effects aptamer candidates have on plasma clotting time in a dilute aPTT assay.  The mean clotting times are denoted by the horizontal bar among the dots. Each black dot reveals an individual clotting time point. The horizontal dotted line represents the clotting time baseline (500 nM AT). Horizontal lines that link different conditions represent statistical significance using one-way ANOVA, with Tukey-Kramer multiple comparisons post-test. Symbols above the horizontal bar indicate statistically significant differences from the thrombin only control: ***p < 0.001; ****p < 0.0001. 
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[bookmark: _Toc104993050]4.5  Characterization of Immobilized Aptamer Binding Affinity to AT using a Plate Binding Assay
	In this assay, reaction velocities of the colour production by horse radish peroxidase (HRP)-linked anti-AT IgG after substrate addition were measured. Increased reaction velocities (mean V) indicated more immunoreactive AT in the wells, and therefore more bound AT. The assay baseline was a “no aptamer” condition, in which no aptamer was added to the wells. This value was subtracted from all the other data points. In this experiment, aptamers with the most improved AT binding were R6_10, R6_19, and R6_15 in that order. Based on the mean velocities in Table 5, the negative control aptamer (0.153) captured almost half of the amount of AT as the top binding aptamers (0.354). This assay was also used to show increase in AT bound to immobilized RNA sequences from rounds 0-6.
	In Figure 13 below, aptamers (R6_10, R6_15, and R6_19) were tested for their binding to AT over a range of concentrations (0.01-10000 nM). The binding capacity of R6_10 to AT peaked at around 100 nM of aptamer, whereas R6_15 and R6_19 continued to increase. At the 10 µM aptamer mark, all three aptamers were equivalent to each other in terms of HRP-conjugated IgG activity, which correlates to binding of AT. The negative control aptamer did not cause an increase in mean velocity until about 100 nM. This aptamer consistently produced lower reaction velocities than the most active aptamers. The percentage of AT still bound to aptamers R6_10, R6_15, and R6_19 after all the washes was determined to be 10%, 8%, and 9% respectively.


	Table 5. Comparison of AT binding to immobilized aptamer sequences. The measurement of binding is the reaction velocity of HRP-mediated colour production.




	Aptamer Candidate
	Mean V ± SD

	R6_1
	0.232 ± 0.002

	R6_2
	0.253 ± 0.012

	R6_3
	0.258 ± 0.043

	R6_4
	0.267 ± 0.008

	R6_5
	0.291 ± 0.005

	R6_6
	0.284 ± 0.021

	R6_7
	0.299 ± 0.010

	R6_8
	0.311 ± 0.011

	R6_9
	0.288 ± 0.037

	R6_10
	0.404 ± 0.011

	R6_11
	0.274 ± 0.005

	R6_15
	0.325 ± 0.023

	R6_19
	0.354 ± 0.019

	R6_26
	0.267 ± 0.031

	R6_28
	0.288 ± 0.014

	Negative Control
	0.153 ± 0.014

	Round 0
	0.185 ± 0.013

	Round 1
	0.201 ± 0.022

	Round 2
	0.193 ± 0.007

	Round 3
	0.189 ± 0.015

	Round 6
	0.255 ± 0.029





	Figure 13. Binding characterization of the top aptamer candidates to AT using the plate-based binding assay. Each point represents the mean colorimetric production (± SD) of HRP-conjugated anti-AT IgG. Higher mean velocities are correlated to the increased presence of bound AT, which was captured by the immobilized aptamer. Each data point is the average of three different determinations. The x-axis is graphed on a logarithmic scale. The error bars represent the SD.
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	Figure 14. Standard curve of AT using the plate-based binding assay. Each point represents the mean colorimetric production (± SD) of HRP-conjugated anti-AT IgG. Higher mean velocities are correlated to the increased present of bound AT, which are captured by the immobilized aptamer. The data point is the average of three different determinations. The x-axis is graphed on a logarithmic scale. The error bars represent the SD.
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	Mean V (± SD)
	Percentage AT Bound (%)

	R6_10
	0.404 ± 0.011
	10

	R6_15
	0.325 ± 0.023
	8

	R6_19
	0.354 ± 0.019
	9

	NEG.
	0.153 ± 0.014
	<1



B


[bookmark: _Toc104993051]4.6  Effects of Aptamers R6_10, R6_15, and R6_19 on the Intrinsic Fluorescence of AT as a measure of Binding Affinity
	Molecules binding to AT have been shown to affect the intensity of AT’s intrinsic fluorescence emissions. As shown in Figure 15 below, AT alone (in buffer) demonstrated an intrinsic fluorescence peaking at approximately 450-500 intensity units. However, the addition of standard heparin, a molecule which binds tightly to AT, raised the peak of AT by about 200-250 units to a final value of 700 (⬥). Heparin by itself did not yield any fluorescence signal.
	Conversely, combining aptamer shown to reduce AT inhibition in clotting assays which AT decrease the protein’s intrinsic fluorescence, as evidenced by a flattening of the fluorescence emission curve. This phenomenon can be observed in Figure 16. In other words, the peak intensity value of AT decreased by about 40-50% in the presence of plasma clotting-active aptamers. In contrast, the negative control aptamer resulted in a negligible difference from the AT only peak (■). As seen in Panels A-C, the new AT peak (▼) following aptamer addition peaked at 300 for the R6_10 condition or 280 for the R6_15 and R6_19 conditions. This reduction in AT fluorescence intensity was significant for all three aptamers, as shown in Table 6. The introduction of heparin to the aptamer-AT complex had varied effects on the AT fluorescence intensity, as represented by the ⬥ symbol, in the presence of different aptamers. For R6_10, the average fluorescence intensity of AT at the peak increased by about 50 units from the R6_10-AT complex fluorescence curve. However, heparin fully restored the original AT fluorescence peak value of 450-500 units after adding heparin to the R6_15-AT and R6_19-AT complexes. The negative control aptamer-AT complex (Figure 17D) shared the same curve as the AT only (Figure 15) fluorescence spectrum.
Statistical analysis identified that the effects of aptamers R6_10, R6_15, and R6_19 on AT’s fluorescence intensity were significant, whether or not heparin was present (Table 6). The top binding aptamers were able to decrease the intrinsic fluorescence of AT, based on Figure 16’s standard curve, by between 36-41% in the heparin-less condition. On the other hand, the negative control aptamer resulted in non-significant effect on AT’s fluorescence curve. By adding heparin to aptamer-AT solution, R6_10 was able to decrease AT percentage by another 17%, whereas R6_15 effect remained relatively negligible and R6_19 caused an overall increase in AT intensity from 41% decrease to about 34% decrease.
Another use of AT fluorescence assay was to determine binding affinity constants of aptamers to AT. By titrating increasing concentrations of aptamer, a binding curve was generated, which facilitated the process of calculating the binding dissociation constant (kd) (Figure 17). Aptamer R6_15 was revealed as the tightest binder to AT, with a binding dissociation constant of 65.3 nM. Aptamer R6_19 and R6_20 both bound AT with affinity of 67.5 and 204 nM, respectively. The negative control aptamer was also tested for its binding to AT, which resulted in a very high kd of 1789 nM. The aptamers were all compared to the negative control for any statistical significance. The p-values are shown in Table 6. All aptamers were statistically different from the negative control aptamer.

	Figure 15. Example of the fluorescence emission spectra of AT before and after the addition of 10 U/mL standard heparin. Each data point on the graph represents the mean of five determinations as measured by the fluorometer. Not visible are the error bars which represent the SD.
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	Figure 16. Example of the fluorescence emission spectra of AT before and after the addition of aptamers. Panels A-D show the effect of aptamer R6_10, R6_15, R6_19, and negative control aptamer on AT’s fluorescence intensity, respectively. Each data point on the graph represents the mean of five determinations as measured by the fluorometer. Not visible are the error bars which represent the SD.
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	Figure 17. Characterization of the AT standard curve in fluorescence assay. This standard was created using increasing concentrations of AT and continuously measuring the fluorescence emission intensity. Slope of the linear trendline was determined to be 2.633, which was subsequently used for calculation of was used for extrapolating the percentage decrease of AT. The means ± SD of three determinations are shown in each point. The error bars are smaller than the size of the symbols.




	[image: Chart, line chart

Description automatically generated]



	Table 6. Effects of aptamers on AT’s intrinsic fluorescent intensity. Panel A displays the decrease in AT fluorescence, whereas Panel B shows the effect on heparin-bound AT’s fluorescence. The means ± SD of five determinations are listed in each cell. Statistical significance compared to AT only fluorescence was determined by one-way ANOVA Multiple Comparisons test. “Mean F” average peak fluorescence intensity. “ns” not significant.





	
	[bookmark: OLE_LINK37]Mean F (± SD)
	% Decrease
	P-value

	AT
	[bookmark: OLE_LINK36]471.9 ± 1.2
	-
	-

	R6_10
	300.8 ± 1.4
	36.58
	**** <0.0001

	R6_15
	281.3 ± 1.1
	40.52
	**** <0.0001

	R6_19
	279.3 ± 1.3
	40.97
	**** <0.0001

	NEG.
	472.7 ± 2.9
	-0.76
	ns


A

	
	Mean F (± SD)
	% Decrease
	P-value

	AT
	767.7 ± 1.4
	-
	-

	R6_10
	356.3 ± 0.6
	53.6
	**** <0.0001

	R6_15
	460.1 ± 2.4
	40.0
	**** <0.0001

	R6_19
	504.1 ± 3.0
	34.3
	**** <0.0001

	NEG.
	712.6 ± 3.0
	7.2
	**** <0.0001


B





The following experiment consisted of measuring the effect of aptamers R6_15 and the negative control on the binding of AT in the presence of increasing concentrations of heparin. As illustrated in Figure 19A below, the increasing amount of heparin in the “no R6_15” condition (●) was associated with a fluorescence plateau at around the 100 ΔF mark. However, when 1 μM of R6_15 was added, the titrated heparin produced a peak change in fluorescence of about 26.1 a.u. (□). This equates to a 73.9% decrease in ΔF by adding 10-fold molar excess of R6_15 to AT. On the other hand, 1 μM of negative control aptamer decreased the maximum fluorescence plateau by only 28% (Figure 19B). Aptamer R6_15 was more effective at decreasing heparin binding affinity to AT than the negative control aptamer.


	Figure 18. Change in fluorescence intensity of AT due to increasing concentrations of aptamer. The means ± SD of five determinations are shown in each point.
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	Table 7. Binding characteristics of the most likely aptamers to target AT. The binding affinity values (kd) show were derived from the above plots and averaged from five determinations. Statistical significance was achieved using one-way ANOVA, with Tukey-Kramer multiple comparisons post-test. P-values show identify the significant differences from the negative control aptamer (NEG.) condition: **p < 0.01.




	
	kd ± SD (nM)
	P-value

	R6_10
	204.3 ± 6.8
	** 0.0041

	R6_15
	65.3 ± 8.7
	** 0.0026

	R6_19
	67.5 ± 14.5
	** 0.0028

	NEG.
	1789 ± 53
	-





[bookmark: _Toc104993052]4.7  Effects of Truncated R6_15 Variants on AT Inhibition in Human Plasma
As demonstrated in Figure 19, the full-length R6_15 aptamer remained the sequence with the quickest clotting time in all three different types of aPTT assays. None of the variants resulted in a significantly less time to clot than full-length R6_15. In the normal and dilute aPTT assays, the differences between the full-length and all variants were significant (p-value < 0.0001) (Figure 20A,C). However, in the modified clotting assay, there was no significant difference between the full-length and 3P R6_15 variant (p-value = 0.053) (Table 8). Compared to the AT baseline, the full-length, 5P and 3P R6_15 truncated variants significantly decreased clotting time (Figure 19B). Only the no primer-binding regions R6_15 variant (NP R6_15) did not cause a significant decrease in clotting time (Table 8).
	Figure 19. Binding affinity parameters of standard heparin to the AT-aptamer complexes. (A) This panel demonstrates the decrease in binding affinity of heparin in response to increasing concentrations of R6_15 relative to AT. Panel B shows the results of the same experiment, however while adding heparin into the reaction. The means ± SD of five determinations are shown in each point.
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	Figure 20. Effects of R6_15 truncated variants on clotting time of pooled human plasma. Panel A shows the effect of truncated variants on plasma in a standard aPTT assay, whereas clotting time for the modified and dilute aPTT assays are displayed on panels B and C, respectively. Clotting assay data is shown as a change in clotting time, in seconds, from the baseline (dotted line). Each black dot represents an individual clotting time point. Horizontal capped lines that link different conditions represent statistical significance using one-way ANOVA, with Tukey-Kramer multiple comparisons post-test. Symbols above the horizontal bar indicate statistically significant differences from Buffer or AT only reactions: **p < 0.01; ***p < 0.001; ****p < 0.0001. “ns” not significant.
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	Table 8. Measurement of clotting time of aptamer R6_15 variants in the modified aPTT assay. Clotting times represented in the second column are averaged from three determinations. Statistical significance was probed using one-way ANOVA, with multiple comparisons post-test.





	Aptamer
	Average Clotting Time ± SD (sec)
	P-value (from AT)
	P-value (from Full)

	AT
	44.3 ± 0.8
	-
	-

	Full R6_15
	37.3 ± 0.7
	**** <0.0001
	-

	NP_R6_15
	42.7 ± 1.1
	ns
	**** <0.0001

	5P_R6_15
	40.6 ± 0.7
	*** 0.001
	* 0.025

	3P_R6_15
	39.1 ± 0.2
	**** <0.0001
	ns




[bookmark: _Toc104993053]4.8  Binding Characterization of Truncated R6_15 Variants to AT using Intrinsic Fluorescence
The same R6_15 variants from the aPTT assays were also tested using the fluorescence binding assay under the same conditions explained in the Methods section. The variants’ kd values do not decrease from the full-length value of 60.23 nM (Table 9). As shown in Figure 21B below, the aptamer variant with the no primer binding region (‘NP R6_15’) does not appear to even bind specifically to AT since the 4-parameter equation cannot derive a binding affinity constant. However, like the aPTT assays, adding back the 5’ and 3’ primer binding regions shows a reversion of binding affinity back to the level of the full-length R6_15 aptamer. The binding affinity of 5P R6_15 was statistically different from the full-length aptamer. On the other hand, 3P and full R6_15 did not statistically differ in terms of their kd values. These results complement the clotting time data since the addition of the 3’ primer binding region shows better binding to AT, than with the addition of the 5’ region only, or by taking away both regions.	


	Figure 21. Examples of R6_15 variants’ effects on the change of fluorescence of AT. Panels A-D represent the full-length, no primer-binding region, 5’ primer-binding region, and 3’ primer-binding region R6_15 variants, respectively.  The means ± SD of five determinations are shown in each point. The derived binding affinity constants (kd) determinations are shown in each graph. 
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	Table 9. Binding affinities of R6_15 truncated variants. The average binding affinities were averaged from three determinations. Statistical significance was probed using one-way ANOVA, with Tukey-Kramer multiple comparisons post-test. “ND” not detected. “ns” not significant.




	
	kd ± SD (nM)
	P-value

	Full R6_15
	[bookmark: OLE_LINK38]65.3 ± 8.7
	-

	NP R6_15
	ND
	ND

	5P R6_15
	258 ± 28
	**** <0.0001

	3P R6_15
	92.2 ± 2.6
	ns




[bookmark: _Toc104993054]4.9  RNA Sequence Analysis of the Most Active Aptamers
	A trend in the variable region of the aptamers with improved AT binding was observed. By aligning the variable regions of the top four aptamer candidates (based on plate binding assay), it is evident that the guanine at position 6, uracil at position 17, and adenine at position 31 are highly conserved among all the top candidates. However, there was no strong consensus sequence found at the exact positions of the variable region. Instead, we chose to further investigate potential binding motifs by comparing only two aptamers at a time. As highlighted in Table 10 below, the Basic Local Alignment Search Tool (BLAST) identified exact overlaps. It could be possible that these exact motifs are responsible for binding to different sites on AT.
	Additionally, by aligning these same aptamers using the MEME server, an optimal consensus sequence was found near the middle of the variable region (Figure 22). It is evident that the uracil position conserved among all sequences, including the non-selected control. Across all the 3 most active sequences, uracil (positions 17, 23) and guanine (position 18) are conserved (Figure 22). Additionally, cytosine (position 19), uracil (positions 25,26), and adenine (position 31) appear frequently. When compared to the negative control aptamer, only the uracil at position 19 is common whereas none of the other bases are present. 


	Table 10. Results of the BLAST global alignment by pairing two aptamer sequences at a time.









	APTamer
	Aptamer Variable Region
	Motif

	POSITION
	   20         25         30         35         40        45         50         55
	-

	R6_10
	UAAUGGCUGUGUGCCUUUAUUCAUGCCUGCAUGUGACGCG
	UGCCUUU

	R6_19
	UGUGCGAAUGCCUUUUUAACGCACGCGCAUAGUUGUUACA
	

	R6_10
	UAAUGGCUGUGUGCCUUUAUUCAUGCCUGCAUGUGACGCG
	UAUUCA

	R6_15
	GUGCAGGGUAUACACGUGUCCGUAUUCACCAGGACUUCGA
	

	R6_15
	GUGCAGGGUAUACACGUGUCCGUAUUCACCAGGACUUCGA
	GUGC

	R6_19
	UGUGCGAAUGCCUUUUUAACGCACGCGCAUAGUUGUUACA
	




















	Figure 22. The most frequently occurring ribonucleic acid bases in a multiple sequence alignment. Panel A shows a figure of the consensus sequence of the aptamer candidates that bind AT most avidly. Panel B represents the comparisons between the sequences of these top binding aptamers, as well as in relation to the negative control aptamer.





	Aptamer
	Aptamer Variable Region

	R6_10
	GCGGACUACU
	UGCUAAUAUUUAGCA
	UACCGUAGUA

	R6_15
	GGUAUACACG
	UGUCCGUUUUCACCA
	GGACUUCGAG

	R6_19
	AAUGGCUGUG
	UGCCUUUAUUCAUGC
	CUGCAUGUGA

	CONTROL
	UGAUUAUAUC
	UCCAUUGUACUCUCG
	CAGUCGUUUC


A
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[bookmark: _Toc104993055]5     DISCUSSION
The overarching goal of this project was to discover a novel RNA aptamer capable of targeting and inhibiting human plasma AT. To accomplish this goal, we chose to biopan a large RNA combinatorial library against AT, a member of the serpin family of proteins. Previous studies have indicated that the knockdown of AT activity via an siRNA inhibitor rebalances hemostasis in patients suffering from hemophilia A and B (128). Rebalancing hemostasis in favour of clotting could also be of benefit in trauma. Given that inhibiting AT has been shown to restore hemostasis, we sought to achieve a similar outcome by using aptamer technology to target AT. As of now, limited studies explore the inhibition of AT as therapeutic option. Additionally, there are no methods previously described in literature concerning biopanning a large combinatorial nucleic acid library against AT. While rebalancing coagulation via inhibition of APC (98) or inhibition of TFPI (99) have been investigated, there is limited information regarding inhibition of AT in the literature. In this project, direct inhibition of AT by RNA aptamers was investigated.
[bookmark: _Toc104993056]5.1 The In Vitro Selection Protocol and its Limitations
	In this study, aptamer candidates were identified and generated through an in vitro selection process known as SELEX (100, 101). Recent advancements in the field, such as high throughput or deep sequencing, have facilitated the identification, processing, and visualization of the SELEX output. Combining HTS with SELEX (HT-SELEX) provides a deeper understanding of the sequence selection process. By characterizing these sequences, or aptamer candidates, following a set number of selection rounds, researchers have been able to probe an entire in vitro evolution process more thoroughly. Additionally, HT-SELEX offers an improved identification of the most active sequences in the enriched libraries.
	As described in the Introduction section of this thesis, SELEX is often referred to as a “black box”. There are many variables that can alter the outcome of a SELEX experiment, such as number of cycles, target concentration, buffer conditions, incubation temperature and oligonucleotide library composition (129). Since the majority of target proteins in SELEX do not naturally bind nucleic acids, deducing an oligonucleotide sequence or a certain motif cannot be achieved without using in vitro selection. Hence the importance of proper design of the SELEX protocol, as it greatly contributes to the success of the aptamer candidates.
In this study, we employed the same starting randomized oligonucleotide library that was previously used in the lab to identify a novel anti-FXIa aptamer (108). This original DNA library was converted into modified RNA sequences, which are chemically modified at the 2’ position of the sugar molecules. Based on previous studies, these chemical additions result in a nuclease-resistant conformation, which increases the aptamer half-life, and may show superior affinity to targets (130, 131). Indeed, it has been demonstrated that target binding of weaker aptamers can be improved by up to 100-fold by incorporating these chemical modifications (132). 
After ten iterative rounds of selection, the final enriched library was hypothesized to contain at least a few aptamer candidates capable of binding AT with high affinity and specificity. This section of the thesis explores these candidates thoroughly by analyzing their effects on multiple experiments, which measure AT’s structure and activity, and relating them to other aptamers in published studies.
We employed similar selection conditions which have been previously explored in well-known aptamer discovery studies that used SELEX (100, 101, 103). However, in our study, starting from Round 6, the stringency of the selection protocol was intensified as summarized in Table S1. For instance, the salt concentration in the wash buffer was greatly increased, whereas the incubation times and the amount of target AT were decreased. These steps were applied under the assumption that they would pressure the system to select for the strongest binding sequences to AT. However, it is possible that these relatively harsh conditions resulted in the lack of a single or few sequences dominating the enriched pool by the end of selection. In a study by Kim et al., the researchers aimed to discovered a novel single-stranded DNA (ssDNA) aptamer against the influenza virus H5N1 (133). The authors increased the concentrations of salt in buffers and decreased incubation time to 15 minutes, which were the same conditions used in our study. The researchers concluded that great deviations in buffer conditions can lead to failure of target binding (134). Increasing stringency of wash buffer (too much salt) may have an effect on aptamer structure formation and binding behavior to its target. In another paper, Siddiqui and Yuan demonstrated that the binding affinity of their DNA aptamer to its target was significantly decreased as the ionic strength of buffer increased (135). By applying this theory to our protocol, this may be the reason as to why some of the most enriched aptamer candidates in Round 10 lost binding capacity to AT.
	In this SELEX protocol, the AT protein was immobilized on magnetic streptavidin beads via a biotinylated anti-AT IgG (See Figure 3 for a detailed illustration). This orientation could present a possible limitation. Immobilizing AT may have resulted in a change of its conformation and limited some sequences from binding to it in its native form. Additionally, the biotinylated polyclonal antibody could have bound to AT epitopes that may have been good sites for inhibitory aptamer binding. In both scenarios, inhibitory sequences could have been eliminated from selection as they were not able to bind AT. 
[bookmark: _Toc104993057]5.1.1 Ranking of the Most Abundant Sequences
After the 10th selection round, the first step was to identify specific sequences which inhibit and/or bind AT in vitro by deep sequencing. As previously mentioned in the Results section, the 20 most abundant sequences determined from HTS analysis were tested in AT-thrombin kinetics assay, as well as plate-based and fluorescence binding assays. Following these experiments, a few select aptamers were identified as potential strong binders to AT. These aptamers, which were named R6_10, R6_15, and R6_19, were observed to have significantly disrupted AT’s inhibition of thrombin and altered AT’s intrinsic fluorescence, compared to the no-aptamer condition and negative control aptamer.
	The two most frequent sequences by the final round of selection (R6_1 and R6_5) did not perform as well as R6_15 in either the kinetics or binding assays. These sequences appeared to be the most abundant candidates in the selected pool, yet they did not specifically bind AT as well as the other aptamers. This outcome could have arisen due to unintended PCR bias during the regeneration of the RNA pools, between selection rounds (136). It is possible that certain nucleotides were favored in the PCR or IVT reaction. A study concerning such bias in SELEX pool regeneration has identified adenine bases to be more frequently excluded during IVT reactions, than other nucleotides (137). Ideally, the number of PCR cycles should be kept at the minimum to reduce unintended PCR bias (136). In this project, PCR conditions were constant, with the number of cycles being 20 consistently throughout the SELEX protocol. By analyzing the HTS results, the fourth most abundant sequence terms of frequency appeared to be the most inhibitory aptamer and tightest binder to AT.
Even though there was a drop-off in the abundance of the top aptamer candidates in Rounds 8 and 10, the sequencing data still presented compelling data which made us proceed with kinetically characterizing the specific sequences. As observed in Table 3, the frequencies of the most abundant sequences were greatly decreased in Round 8 and later increased back in Round 9. This drop-off occurred again in Round 10 (not shown). By inspecting the selection protocol (Table S1), some explanations can be provided. Round 8 marked the decrease in incubation times from 30 to 15 minutes and reducing the amount of RNA pool by half for the first time. This provided less opportunities for the sequences to interact and bind AT. In Round 10, the concentration of AT used was decreased by 10-fold, from 4 to 0.4 μg. In this case, a reduced amount of target protein led to more competition between sequences, which may have affected the binding of these sequences to AT. These drastic changes in the selection process could have contributed to the drop-off in sequence frequencies as demonstrated by HTS analysis.
In this study, the negative control aptamer was chosen for primarily three reasons. Firstly, it was the same size as the other most abundant 20 sequences. Secondly, the negative control aptamer was from the same library. And lastly, it did not increase in abundance over the ten rounds of selection. This observation indicates that this negative control sequence was not enriched. However, a more appropriate negative control aptamer could have been employed in this study. To make the negative control aptamer, the primary sequence of the most inhibitory aptamer candidate R6_15’s variable region could have been scrambled. That way, the negative control would have the same nucleotide composition as R6_15 but in a randomly shuffled sequence. 
[bookmark: _Toc104993058]5.2 Determining the Most Improved Aptamers based on Kinetic Characteristics	 
In the kinetic assay, the rate of inhibition of thrombin by AT was observed and recorded. To determine the effect of aptamers on the rate of AT’s inhibition of thrombin, the second-order rate constants were derived and compared to every other condition (no-aptamer condition, negative control aptamer, or other aptamer conditions). The first experiment which was conducted showed that the total RNA populations after Round 6 and 10 showed significantly increased thrombin activity than the Round 0 population (Figure 7). This observation provided us with the confidence that there exists in the enriched pools at least one sequence which interrupted AT’s inhibition of thrombin. This was indicative that the selection process was possibly successful and generated specific sequences with high binding capacity to AT.
In separate study, researchers tested the effect of human peptidylarginine deiminase 4 (PADI4) on AT inactivation (138). Similar to our kinetic experiments, they found that increasing the amount of the inhibitor PADI4 resulted in an increase of residual thrombin activity. Their findings were consistent with our results since the inhibitory aptamers (e.g., R6_15) appeared to have prompted the activity of thrombin to increase, compared to the no-aptamer (AT-thrombin only) and negative control conditions (Figure 8B). Therefore, we were able to correlate this increase in thrombin residual activity with AT inhibition, similar to what Chang et al concluded (138).
Later kinetic experiments focused on the effects of specific RNA sequences that were individually synthesized and purified. By determining the k2’s of each AT-thrombin inhibition reaction, in presence of a specific aptamer candidate, we were able to compare the effect these sequences have on AT’s rate of inhibition. In the Results section, Figure 8A summarizes these findings and this figure identifies aptamers R6_4, 5, 8 and 15 as the ones with the most negative effect on k2. Furthermore, the same experiment was conducted with the only difference being incorporating standard heparin. This condition was tested because of a working hypothesis that some aptamer sequences may be binding to AT at the same region as heparin. As shown in Figure 9B and Table 3, it appeared that heparin competed with R6_19 for AT binding. In the R6_19 condition without heparin, there was a significant decrease in AT’s second-order rate of inhibition of thrombin compared to the baseline, indicating the possibility that R6_19 actively interrupted the AT-thrombin interaction. However, when adding heparin, that same rate was no longer significant, potentially meaning that the aptamer R6_19 does not inhibit AT as well when heparin is present. On the other hand, aptamers R6_10 and 15 both significantly decreased AT’s rate of inhibition regardless of whether heparin was present or not. This finding explains not only the strength of these aptamers’ binding to AT, but also the location of this aptamer-AT interface. It could possibly be that heparin was not able to compete with these aptamers for AT binding, or that these aptamers bound at a different site from heparin. The finding that AT binds to heparin with a KD of 72 ± 19 nM (139) supports the latter possibility.
[bookmark: _Toc104993059]5.3 Examining the Most Improved Aptamers based on Binding Characteristics
In this study, we used two different experiments to measure the aptamers’ binding capacity to AT. The first was the plate-based binding assay, which provided a singular value of AT binding, rather than a binding affinity constant. The second experiment was designed to derive a kd, which was obtained by measuring the change in intrinsic fluorescence of AT. As previously described in the Methods sections, the plate binding assay was used to immobilize the aptamer to a streptavidin-coated plate and the amount of AT captured was measured through an anti-AT HRP-conjugated IgG. Although this assay was not appropriate for calculating a binding constant, it was valuable to compare the amount of AT captured by each aptamer candidate and gave initial information. It was shown that conditions with aptamers R6_8, 10, 15, and 19 produced the greatest mean velocities, or heightened HRP activity, after adding the substrate (Table 5). This increased HRP activity was indicative of elevated amounts of anti-AT IgG, which correlates to more AT captured by the immobilized aptamer. In other words, these aptamers captured the most amount of AT protein compared to the other candidates and the negative control. However, the differences in mean velocities between these aptamer conditions and other candidates were not great (mean velocity values were about 30% within each other). Therefore, this assay did not provide conclusive evidence that a single or few aptamers were superior to the others at capturing AT. The reason as to why this may be the case is found in the experimental approach. To immobilize the aptamer, an oligonucleotide sequence that is complementary to the 5’ primer-binding region, with a biotin tag, was hybridized to the aptamer. In a study by Siddiqui and Yuan, researchers showed that adding a 5’-biotin tag to the aptamer showed decreased binding capacity to their target (135). This impact on binding may be due to disruptions in the secondary structure or proper folding of the aptamer, causing the aptamer to lose specificity to the target. In our study, the 5’-biotinylated primer may have altered the aptamer shape and its ability to capture AT as well as it would in biotin-free solution.
The second approach to quantify aptamer-AT binding involved deriving a binding affinity constants. In this assay, we measured the change in intrinsic fluorescence of AT and generated binding curves based on the amount of aptamer added. The aptamer R6_15 displayed the best binding capacity to AT in lower-mid nanomolar range, with a kd of 65.3 ± 8.7 nM (Figure 18B). As shown in Table 7, aptamer R6_19 retained similar binding affinity to R6_15, however, R6_10 had more than a 3-fold decrease in affinity to AT. The negative control aptamer’s binding to AT was undetectable (kd > 1 μM). Although the aptamer R6_15 demonstrated high binding affinity towards AT, the question remains as to whether its affinity could have been improved under different conditions (133). For instance, the buffer used during the selection process was different from the fluorescence assay buffer in terms of pH and salt concentrations (see Methods section for buffer components). Studies have shown that variations in pH and amount of salt could impact binding of oligonucleotides to their intended target (140-142). The affinity of aptamers to AT in the fluorescence assay could have been impacted by the difference in selection and binding buffers. Furthermore, lower incubation temperature may have an adverse effect on the kd of an aptamer (143). The selection process and kd determinations were conducted at room temperature. It is possible that binding experiments at 37°C may show higher affinity (144).
	 In the literature, there exist two RNA aptamers which have comparable binding affinity constants to R6_15. Pathogenic influenza virus H5N1-binding aptamer (HBA) binding constant derived from quenched fluorescence demonstrated a kd of 70.05 nM (133). Another example is an anti-human neutrophil elastase (HNE) RNA chemically modified aptamer, termed 2fHNE-1, which presented an affinity constant of 78 nM (145). This aptamer is prominent since it was generated by using similar SELEX conditions as our aptamers. For example, the incubation times with the target protein HNE and 2’ sugar carbon modifications on the RNA structure were both akin to our study conditions. However, during the selection process, the researchers used almost double concentration of NaCl as we used in the selection buffer.
[bookmark: _Toc104993060]5.4  Determining the Most Improved Aptamers based on Clotting Time Assay
Plasma clotting assays have been previously used in literature to assess aptamers’ inhibitory activity towards a certain target protein. Similar to this project, other studies sought to test SELEX-derived aptamers against two other natural anticoagulants, APC and TFPI in human plasma assays. In an abstract published by Wagner et al, an unnamed anti-APC RNA aptamer discovered by Archemix Corporation decreased clotting times in normal plasma-based assay (146). In another paper, TFPI antagonist aptamer BAX499 improved fibrin clot formation in normal human and hemophilia A plasma. The aptamer also showed decreased clotting time and accelerated propagation of clotting compared to controls (147). Based on these results, the authors concluded that the enhanced clotting was primarily due to the inactivation of TFPI. This paper demonstrates that assessing anticoagulant inhibition by aptamers is possible, and that provided us with more confidence when interpreting the results of these experiments for our study.
Almost half of the tested sequences appeared to accelerate clotting, potentially indicating that the activity of AT in normal human plasma was diminished or that there was a direct effect on coagulation factors (Figure 10). Potentially, this inactivation of AT led to less inhibition of its target coagulation factors, which are mainly thrombin and FXa (148). These factors were then able to continue their role in coagulation cascade and accelerate the clotting process.
The rest of the aptamers in the normal human plasma, along with the negative control, appeared to slow clotting down. This observation may be due to the aptamers non-specifically targeting other coagulation enzymes or cofactors. Since the RNA aptamers are highly negatively-charged molecules, they could potentially interact and bind with positively-charged regions of plasma proteins and interrupt the clotting process.
In the modified clotting assay, similar proportions of the aptamer candidates were able to speed up the clotting process. These were mostly the same sequences that were previously identified using the normal clotting assay. However, aptamers like R6_19 and R6_38 significantly accelerated clotting times in the modified assay (Table 7). As previously described, the dilute clotting assay greatly reduced the rate of plasma clotting for all conditions. All the aptamers showed significant effects in this modified assay. This type of assay allowed for the most active aptamer candidates to demonstrate greater effectiveness at accelerating clotting than in another non-dilute assay type, by altering the signal-to-noise ratio. As observed in Figure 11, conditions with aptamers R6_10, R6_15, and R6_19 produced the fastest clotting times. Therefore, we can infer that these aptamers led to the greatest reduction in plasma AT activity out of all the other candidates.
[bookmark: _Toc104993061]5.5  Predicting the Optimal Regions on Aptamer for AT Inhibition
Truncation experiments were used to pinpoint which region of the R6_15 aptamer was responsible for binding and inhibiting AT. As previously described, three new truncated variants were generated (Figure 4). One variant represented only the 40 nt variable region of the aptamer, whereas the other two variants incorporated either the 5’ primer-binding region along with the variable region or the 3’ primer-binding region and the variable region. In a plasma clotting assay, none of the truncated variants resulted in a significantly less time to clot than full-length R6_15. It is evident that truncating portions of the aptamer did not result in an enhanced procoagulant effect in plasma. It was only in a modified clotting assay (using AT-deficient human plasma) that there was no significant difference between clotting times of plasma under full-length and 3P R6_15 variant conditions (Table 8). However, the 5P and 3P R6_15 truncated variants significantly decreased clotting time compared to the AT baseline (Figure 20B). This observation indicates that these variants maintain some inhibitory and binding affinity to AT which were later quantified in the binding assay. The variable region variant (NP R6_15 variant) did not show any effect on the plasma clotting time in the modified assay. Only the no primer-binding regions R6_15 variant (NP R6_15) did not cause a significant decrease in clotting time (Table 8). An example of a full-length aptamer having higher binding affinity to its target than the truncated version is the previously mentioned HBA aptamer (133). Researchers found that none of the truncated structures worked as well independently as the full-length aptamer. Furthermore, by consulting the literature, it is evident that these primer-binding (fixed) regions are important for proper aptamer binding to target as these fixed regions can often influence the selection process (149). The bias can be due to the effect of these regions on the folding and function of aptamers (150). Therefore, removing these sequences likely results in loss of specificity of the target, like what was observed in our study.
On the other hand, researchers have shown that truncating the primer-binding sites resulted in better target binding in some cases (76, 151, 152). The authors concluded that shortening the aptamer sequence allowed for folding of simpler structure that had equal or better binding affinity to its target. These observations diverge from our results. It appears that the 3’ primer-binding site is important to the structure and function of the R6_15 aptamer. The variants with the truncated 3’ region, NP_R6_15 and 5P_R6_15, resulted in weaker binding capacities and longer clotting times. Furthermore, there were no statistically significant differences between the full-length aptamer and its 3P variant in both the modified clotting time assay and intrinsic fluorescence binding assay. This observation could possibly indicate that the 3’ primer binding region is integral for proper aptamer folding and AT surface recognition. 
[bookmark: _Toc104993062]5.5.1 Sequence Alignment
	As observed in the alignment of the primary sequences of the top three most avid AT-binding aptamers, there was no clear consensus found in the variable regions. However, near the middle of variable region (positions 17-28), some bases appeared to be conserved. Most notable was the uracil-rich region, which was predicted to have closer binding to AT. The significance of the uracil bases is discussed in-depth in later sections. Yet, as evident by the truncation experiments on aptamer R6_15, this region does not bind and inhibit AT independently. The flanking fixed regions play an integral role in the function of this aptamer. Additionally, the negative control’s sequence does not appear to align to any of the top sequences listed above, increasing the probability that some of the identified motifs are necessary for AT inhibition.
[bookmark: _Toc104993063]5.5.2 Secondary Structure Analysis
In this study, the Mfold server was used to predict aptamer RNA secondary structure (153). These structures for aptamer R6_15 and its truncated variants are shown in Figure S2. Notable structural motifs of R6_15 are the stem-loops on either side of the molecule. Researchers performed experiments to test the importance of these terminal structural motifs on target binding (154). Yang et al. found that aptamers with stem-loop structures on both sides had lower KD values than the sequences in the library with hairpin structures. The only R6_15 variant with two stem-loop structures was the 3P_R6_15. This truncated variant demonstrated equal capacity as the full-length aptamer to bind and inhibit AT in the fluorescence and plasma clotting assays, respectively. The most inhibitory aptamer identified by our screening, along with its most active variants, conformed with the conclusions of Yang et al. Like our own findings, the authors deduced that trimming the constant primer-binding regions showed a strong decrease in affinity to their target protein AMACR, a cancer marker. This observation shows the impact of the fixed regions on aptamer binding to its target.
	Figure 23. Illustration of the predicted binding regions on the R6_15 primary sequence. The darker shades of green indicate closer interactions with the surface of AT, as predicted by the molecular dynamic’s simulation. The red asterisk (*) represents the region of the aptamer with the closest interface distance to AT.
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[bookmark: _Toc104993064]5.6 Modelling Aptamer-AT Interactions
In this study, there was no plan to co-crystalize any aptamer-AT complex. Although a crystal structure would have provided extensive knowledge of specific AT-aptamer interactions, it was not feasible to conduct in the duration of this master’s project. Moreover, there are no existing crystal structures of any AT-nucleic acid complex in the PDB which we can be used to infer aptamer interactions with AT. However, by using predictive computer modelling along with an existing thrombin-aptamer crystal structure (PDB ID: 3DD2), conceptualizing how an inhibitory RNA aptamer could bind AT became clearer.
We used RNA-target protein modelling like what was used previously by two independent research groups, who employed the HDOCK web-based software to predict binding interfaces. The HDOCK web server was consistently ranked as one of the top predictor algorithms in CAPRI sessions (155, 156). This software also maintains 75% success rate when predicting RNA-protein models (157). Firstly, Amar et al were able to construct a complex of the virulence-associated protein B and C (VapBC) associated with a generated transfer RNA (tRNA) molecule. They found that the tRNA molecule binds multiple arginine residues on the surface of VapBC and were subsequently able to validate the importance of a specific arginine residue (Arg94) via mutagenesis studies (158). In another study, researchers identified binding regions of the protein N-Myc Downstream Regulated 1 (NDRG1) to a long non-coding RNA (lncRNA) molecule. The predicted complex and binding fragments were verified by in vitro experiments (159).
In this project, the predicted AT-R6_15 model was generated by flexible computational docking. Such docking methods cannot be certain to reliably predict the structure of the complex, since the RNA molecule undergoes large conformational changes upon binding (160). However, a previous study successfully confirmed a simulated model of palytoxin (PTX) and an ssDNA aptamer (P-18S2) binding, using flexible molecular dynamics (161). Akin to our study’s experimental design, the aptamer three-dimensional (3D) structure was generated using the ‘RNA Composer’ software (Methods 3.9). The simulated binding sites of P-18S2 to PTX were firmly proved to be the actual binding sites by using real-time optical analytical techniques to obtain the binding affinity constant. This study demonstrates that in silico nucleic acid 3D structure determination and flexible molecular docking can be used to accurately predict aptamer-target interactions. A graphical illustration of the predicted AT-R6_15 complex is shown below in Figure 24A.
The only crystal structure available of a non-nucleic acid binding protein with an aptamer is of a thrombin-aptamer complex. We used information provided in the structure’s accompanying paper to understand some of our own findings from the predicted AT-R6_15 complex. Long et al presented the first thrombin-RNA aptamer crystallized complex (162). In this structure, researchers demonstrated that the aptamer Toggle-25t interacted with the arginine and lysine residues of thrombin’s exosite-2, a heparin-binding site. It was concluded that the aptamer interacted directly with the residues with which heparin normally interfaces. However, the nature of these interactions was different from what is observed with heparin. The authors hypothesized that the RNA aptamer has a higher degree of shape complementarity because of the ability for the aptamer to fold in a way that fits the surface of the native protein. Additionally, the aptamer-thrombin interface has more extensive van der Waals contacts and π-π stacking interactions with the arginine and lysine residues than heparin, which may be the reason why the aptamer binds thrombin with a Kd that is 4 orders of magnitude less than heparin (162). These findings can be extrapolated to our modelled AT-R6_15 structure. A portion of the R6_15 aptamer was predicted to interface with AT within the site of heparin binding, specifically lysine residue 114 (K114) (Introduction 1.3.2.1). Furthermore, AT’s K114 was involved in forming ionic interactions as well as potential hydrogen bonding with the phosphate backbone of the RNA aptamer (Figure 24B). Mutation studies on AT’s surface residues have demonstrated the importance of Lys114 to the binding of heparin to AT (50). The mutated K114M AT blocked heparin’s ability of conformationally activating AT. Aptamer-AT interactions at that specific residue (K114) could be locking the AT in its native state where the RCL is still partially inserted into β sheet A and is not in a suitable configuration for proteolytic attack by thrombin.
By analyzing the thrombin-Toggle-25t interface, adenine bases were determined to be preferred in the RNA binding motif; however according to the authors, a reason for that is not readily apparent. Another study which explored 41 different RNA-protein crystalized complexes concluded that adenine, uracil, and cytosine bases more easily stack with arginine and lysine residues on the surface of proteins (163). This finding is relevant to the modelled AT-R6_15 complex as the predicted binding regions of aptamer R6_15 have a high frequency of uracil bases (Figure 23). Coincidently, this uracil-rich region is present in the consensus sequence of the top three most active anti-AT aptamer candidates (Figure 22). By exploring the literature, we found that our predicted model aligns with what other researchers previously concluded about protein-RNA interactions using co-crystalized structures. Ultimately, docking techniques cannot fully predict actual AT-aptamer interactions since mathematical models cannot consider all the experimental factors that play a role. However, as we have shown, combining predicted models with relevant crystallization findings from other studies can provide reliable information concerning how the two molecules possibly interact.


	Figure 24. Computer-generated image of the predicted AT-R6_15 complex. Panel A illustrates the docking of aptamer R6_15 (green molecule) to the right side of the AT protein. Sections of the aptamer with relatively closer distances to AT surface are highlighted in red. Panel B is a close-up representation of the Lys114 and its interactions with the bases of aptamer R6_15.
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[bookmark: _Toc104993065]6     CONCLUSIONS AND FUTURE DIRECTIONS
	By the end of this project, we demonstrated that sequences derived from the in vitro selection process were successful binders and inhibitors of AT. This study further examined the effects of the most inhibitory aptamers on AT through various experiments. These experiments tested AT’s ability to inhibit thrombin in the presence of these inhibitory aptamer candidates. Also, the binding capacity of the aptamer sequences to AT was measured and compared. Ultimately, aptamer R6_15 was found to be the most avid binder and inhibitor of AT. 
This study was the first in which an oligonucleotide library was probed against the protein AT. Although this project presented novel inhibitors of the natural anticoagulant AT, additional developments to our protocol may yield even stronger binders and more potent inhibitors. By reprobing the oligonucleotide library under less stringent selection conditions over ten rounds, new sequences may emerge and dominate the enriched pool. 
Modelling data suggests that the aptamer R6_15 binds AT near or exactly at the heparin-binding site. Additional studies may be required to assess the validity of the dynamic modelling results. Such experiments may involve direct AT mutagenesis at the site of predicted binding (e.g., Lys114) and comparing binding constants to that of the native AT. Furthermore, future studies could explore where else the aptamers could bind. Based on the nature of the serpin-protease inhibition mechanism, it may seem as though the most inhibitory aptamer should bind the RCL, or at least interfere with the insertion of the RCL into the core of AT. A possible experiment could be incorporating thrombin-AT complexes into SELEX as a negative selection round. That way, researchers would be confident that any sequences identified from the thrombin-AT round could not easily bind at the RCL. Another study could revisit the selection protocol and incorporate heparin into the SELEX solution. In this potential experiment, the system would be pressured to select for aptamer candidates that do not bind at AT’s heparin-binding site. Therefore, by the end of the selection process, the identified sequences would likely bind other regions of AT, including the RCL. This protocol could potentially result in more inhibitory aptamers that specifically target the RCL or the mechanism of RCL insertion.
Beyond this project, assessing the inhibitory activity of the aptamers in vivo could uncover their potential as therapeutics. Since the most inhibitory and tightest binding aptamer is R6_15, it could be tested for its efficacy in reducing bleeding in monkey and/or mouse models of acquired hemophilia or traumatic bleeding. AT is among the most abundant proteins circulating in plasma with a concentration of approximately 150 mg/L or 2.4 µM (164). To insure maximum possible inhibition of AT by the aptamer, about a 10-fold molar excess of aptamer would have to be delivered. R6_15 can be easily mass produced with minimal risk of contamination since it is a chemically well-defined molecule that does not require biological systems to generate. 
In a previous study, it was shown that an anti-AT siRNA therapeutic (fitusiran) reduced AT activity by 70% (120). By testing our aptamer R6_15 in human plasma, we showed that the activity of AT decreases by approximately 40-50%. Similar values were observed in the discontinuous kinetics assay, as well as the intrinsic fluorescence assay. Knowing that in vitro results may not be consistent with the outcomes of in vivo experiments, it may be worthwhile to test the aptamer R6_15 in vivo. Based on this project’s results, R6_15 may not exceed the AT inhibition threshold set by fitusiran. Nevertheless, this experiment will provide conclusive data on whether reprobing the library under different conditions is necessary. A revised SELEX protocol would address the functional limitations experienced in this study by lessening the selective pressures and introducing heparin or thrombin in the selection process. Now that this project established the success of in vitro selection protocol in discovering a novel RNA aptamer that is inhibitory towards AT, expanding on this knowledge could help identify a stronger inhibitor of AT.



[bookmark: _Toc104993066]7      APPENDIX
	
	Round Number

	
	1
	2
	3
	4
	5
	6

	Positive Incubation Time
	120 min
	n/a
	60 min
	30 min

	RNA Incubated
	4 nmole
	1 nmole
	500 pmole

	Wash [NaCl]
	150 mM
	4 M






Table S1. Overview of the selection protocol as the rounds progress. Note the increasing wash stringency and decrease in incubation time. The final two rounds (11 and 12) were not completed.



	
	Round Number

	
	7
	8
	9
	10
	11
	12

	Positive Incubation Time
	30 min
	15 min
	10 min
	5 min

	RNA Incubated
	500 pmole
	250 pmole
	100 pmole

	Wash [NaCl]
	4 M

	Wash Repetitions
	3 times
	5 times

	Competing RNA
	n/a
	2X 

	Antithrombin
	4 μg
	0.4 μg
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Figure S1. Example of gel electrophoresis following rounds 7 (A) and 8 (B) of in vitro selection. The blue arrows indicate oligonucleotide bands of interest. The DNA strand generated after selection by RT-PCR is 96 base pairs (bp) in size, whereas the RNA strand is 76 bp long (in the IVT lane). The top band in the RT-PCR lane is a non-specific product of the reaction.
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Figure S2. Graphical illustrations of the structures of aptamer R6_15 and its truncated variants, as predicted by Mfold. Panel A represents the full-length aptamer R6_15. Truncated variant NP (no primer-binding sites) is shown in Panel B. The variants with the 5’ and 3’ primer-binding sites (5P and 3P) are shown in Panels C and D, respectively.
	
Figure S3. Binding characterization of a combined titration of the top aptamer candidates (R6_15 and R6_19) to AT using the plate-based binding assay. Each point represents the mean colorimetric production (± SD) of HRP-conjugated anti-AT IgG. Higher mean velocities are correlated to the increased presence of bound AT, which was captured by the immobilized aptamer. Each data point is the average of three different determinations. The x-axis is graphed on a logarithmic scale. The error bars represent the SD. 
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