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SUMMARY

Coagulation cofactors profoundly regulate hemostasis and are appealing targets for anticoagulants. Howev-
er, targeting such proteins has been challenging because they lack an active site. To address this, we isolate
an RNA aptamer termed T18.3 that binds to both factor V (FV) and FVa with nanomolar affinity and demon-
strates clinically relevant anticoagulant activity in both plasma and whole blood. The aptamer also shows
synergy with low molecular weight heparin and delivers potent anticoagulation in plasma collected from pa-
tients with coronavirus disease 2019 (COVID-19). Moreover, the aptamer’s anticoagulant activity can be
rapidly and efficiently reversed using protamine sulfate, which potentially allows fine-tuning of aptamer’s ac-
tivity post-administration. We further show that the aptamer achieves its anticoagulant activity by abrogating
FV/FVa interactions with phospholipid membranes. Our success in generating an anticoagulant aptamer
targeting FV/Va demonstrates the feasibility of using cofactor-binding aptamers as therapeutic protein
inhibitors and reveals an unconventional working mechanism of an aptamer by interrupting protein-mem-

brane interactions.

INTRODUCTION

Aptamers are short single-stranded oligonucleotides that can
have high affinity to proteins, nucleic acids, and small mole-
cules of interest (Ellington and Szostak, 1990; Tuerk and
Gold, 1990). Many aptamers have been isolated that inhibit
cell receptors, enzymes, and growth factors (Dunn et al,
2017). The high affinity and specificity of aptamers make
them favorable as diagnostics and therapeutics. Compared
with antibodies, nucleic-acid-based aptamers are considered
non-immunogenic and theoretically have lower development
and production costs because they are generated by chemical
synthesis, allowing them to be used in more comprehensive
clinical applications (Chabata et al., 2018). Additionally, the
introduction of a complementary oligonucleotide or a nucleic-
acid-binding polymer can readily alter the conformation of the
aptamer, thereby disrupting the aptamer’s bioactivity (Bom-
piani et al., 2012; Rusconi et al., 2002) This rapid reversibility
enables fine-tuning of aptamers’ activity post-administration
and has led to significant interest in the use of aptamers in
regulating coagulation during acute care interventions (Chabata
et al.,, 2018). Of note, Rusconi et al. developed a factor IXa
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(FIXa)-inhibiting aptamer that delivers potent anticoagulation
activity both in vitro and in vivo, which can be neutralized by
a short oligonucleotide antidote (Rusconi et al., 2002, 2004).
The PEGylated version of this aptamer with its oligonucleotide
antidote were further tested in several clinical trials for surgical
anticoagulation and delivered effective and rapidly reversible
anticoagulant activity (Becker et al., 2010; Lincoff et al., 2016;
Povsic et al., 2013). Moreover, although the PEGylated aptamer
has a long half-life (>24 h), the hybridization between aptamer
and antidote promotes endonuclease degradation, resulting in
rapid clearance from the circulation (Becker et al., 2010). This
allows for the re-administration of the aptamer to restore anti-
coagulation as needed clinically.

In contrast, traditional anticoagulants such as heparin are
associated with multiple complications, including life-threat-
ening bleeding (Yavari and Becker, 2008). Heparin functions by
inhibiting multiple procoagulant proteases, including thrombin
(Flla), factor Xa (FXa), and FIXa, and by activating the intrinsic an-
ticoagulation protein antithrombin (Frederiksen, 2000). Due to
the complex mechanism of heparin and its short half-life, its
dosing must be closely monitored and varies widely among indi-
viduals. Additionally, the use of heparin causes continuous
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consumption of both coagulation and anticoagulation proteins,
which exacerbates complications during surgery and post-
intervention. In addition, prolonged or repeated exposure of hep-
arin can lead to immune-mediated heparin-induced thrombocy-
topenia (HIT), which can be life threatening (Frederiksen, 2000;
Yavari and Becker, 2008). These complications have been
seen in patients with severe coronavirus disease 2019 (COVID-
19), especially during extracorporeal membrane oxygenation
(ECMO) for treatment of acute respiratory distress syndrome.
Extensive use of heparin in such a hypercoagulative setting
could manifest in the high prevalence of thrombotic and hemor-
rhagic events in patients with COVID-19 (Schmidt et al., 2020).
Heparin-associated complications have also partially contrib-
uted to the high morbidity and mortality in ECMO-treated pa-
tients with COVID-19 (Namendys-Silva, 2020). Because of the
risks and complications associated with the use of heparin, a se-
ries of potent, specific, and reversible inhibitors against different
coagulation factors that can precisely modulate coagulation in
different patients based on their hemostatic profile would be
highly valuable as alternatives or supplements to existing
anticoagulants.

To date, aptamers have been isolated for various coagulation
proteases (factors lla, Vlla IXa, Xa, Xla, and Xlla and kallikrein),
many of which have shown potential in preclinical settings
(Bock et al., 1992; Buddai et al., 2010; Burrell et al., 2017; Rus-
coni et al., 2000, 2002; Tasset et al., 1997; White et al., 2001;
Woodruff et al., 2011, 2013, 2017). However, there is currently
no report of an inhibitory aptamer targeting coagulation cofac-
tors. Coagulation cofactors profoundly regulate the catalytic ac-
tivity of coagulation complexes and are present at much lower
circulating concentrations than proteases. For example, the pro-
thrombinase (llase) complex, composed of a protease, FXa, and
its cofactor, FVa, catalyzes the conversion of prothrombin (Fll) to
Flla (Mann and Kalafatis, 2003). The plasma concentration of FV
is six times lower than that of FX (Bolliger et al., 2010), and
thrombin generation by FXa alone is reduced over 1,000-fold in
the absence of FVa (Rosing et al., 1980). These features make
FV/FVa an appealing target for anticoagulant development.
While there are clinically approved drugs that target the llase
complex (apixaban, rivaroxaban, and fondaparinux), their mech-
anism of action is direct or indirect inhibition of FXa’s active site,
and the reversal mechanism relies on an engineered decoy FXa
protein, which is both complicated and expensive (Carpenter
et al., 2019; Harter et al., 2015).

The primary challenge of developing inhibitors targeting
cofactor proteins is their lack of an active site, a site that has
been readily targeted on proteases. Because the inhibitory effect
of aptamers is commonly achieved by interfering with protein-
protein interactions, which do not rely on an active site (Gelinas
et al., 2016; Long et al., 2008; Woodruff and Sullenger, 2015),
theoretically, generating an anticoagulant aptamer targeting
cofactor proteins is possible. In light of this, we isolated an
RNA aptamer targeting FV and FVa via systematic evolution of
ligand by exponential enrichment (SELEX) (Tuerk and Gold,
1990). The aptamer not only binds both FV and FVa with high af-
finity but also demonstrates potent anticoagulant activity in both
plasma and whole blood, which expand the target spectrum of
aptamer therapeutics. We also showed that the aptamer medi-
ates anticoagulation by inhibiting FV/FVa membrane docking,
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which deepens our understanding of aptamer-protein interac-
tions during coagulation and analogous processes.

RESULTS

Isolation of FV/FVa binding aptamer via SELEX

Due to the highly labile nature of FV/FVa, we performed SELEX
using modified versions of FV and FVa that increase their stabil-
ity. The validated stabilizing modifications included the mutation
of the thrombin cleavage sites at 709 and 1,545 from arginine to
glutamine and the removal of a portion of the B domain including
the 1,018 cleavage site (Bunce et al., 2013; Toso and Camire,
2004). Nine rounds of selection were carried out using a previ-
ously described RNA library, SEL2 (Table S1), which contains a
40 nucleotide (nt) randomized region (Oney et al., 2007). All cyti-
dine and uridine were 2’'F-modified to increase the nuclease
resistance of the resulting aptamers, making it feasible to eval-
uate them via plasma screening assays. The concentration of
FV and the ratio of RNA pool to FV were altered throughout
SELEX rounds to maintain selection stringency (Table S2).
Because the initial library has very low target-binding affinity un-
der physiological ionic strength, the first six rounds of SELEX
were performed in a buffer containing only 100 mM NaCl. From
round 7, the selection was performed in a buffer containing
150 mM NaCl to ensure the bioactivity of any final aptamers in
clinically relevant conditions.

The target-binding affinity of the RNA pool was monitored be-
tween rounds using a nitrocellulose-filter binding assay. We
observed that the FV-binding affinity of the aptamer pools
gradually increased over rounds and peaked after round 8 (Fig-
ure S1A). The anticoagulant activity of the aptamer pools after
eight and nine rounds of selection was assessed using the acti-
vated partial thromboplastin time (aPTT) assay. The assay mea-
sures the clotting time of the plasma upon the activation of the
intrinsic coagulation pathway; inhibition of FV/FVa activity can
therefore be identified by a significantly prolonged aPTT. We
observed that both aptamer pools could significantly prolong
clotting in a dose-dependent manner; by contrast, the SEL2 li-
brary did not alter the clotting time at concentrations up to
1.5 uM (Figure S1B).

We then sequenced 20 clones from each of the round-eight
and -nine aptamer pools. Only 12 unique sequences were iden-
tified, in which the two most popular sequences (1.1 and 2.1)
composed 67.5% of the 40 clones (Figure S2A). This result
showed that the final selection pools were extensively enriched
and had relatively low sequence diversity. Four consensus mo-
tifs larger than 15 nt were identified (Figure S2A, highlighted).
Three orphan sequences (5.1, 6.1, and 7.1) were found to have
no shared motif with other sequences. Each sequence was tran-
scribed in vitro and individually screened for anticoagulation ef-
fects at a dose of 1.5 uM in normal human plasma in an aPTT
assay. The results showed that sequence 2.1 had the highest
anticoagulant activity among all sequences, with the ability to
prolong the aPTT 6.4-fold over baseline. Sequence 2.2, pos-
sessing the same motif, also showed high bioactivity and pro-
longed the aPTT 6.1-fold over baseline (Figure S2B). Other
sequences such as 3.2 and 4.2 also showed moderate bioac-
tivity but were not comparable with sequence 2.1.
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Figure 1. Binding of aptamer T18.3 to FV and FVa

(A and B) The secondary structure of T18.3 (A) and a mutant version of the aptamer Mut1 (B) was predicted by mfold, the mutation sites of Mut1 are circled.
(C and D) The aptamer-binding affinity to (C) FV and (D) FVa was measured by SPR with immobilized biotinylated T18.3. Error bars show the SD of three

experiments.

(E) The stability of T18.3 and a DNA control in plasma was determined by gel electrophoresis.

A systematic truncation study was then performed to deter-
mine the critical sequence for binding and to develop a shorter
aptamer without losing the desired anticoagulant activity. The
secondary structure of sequence 2.1 predicted by mfold (Zuker,
2003) was used to guide the truncation. The predicted second-
ary structure contains four stems (Figure S3A) linked by multiple
single-stranded loops. Because the consensus motif of the ap-
tamer is located only on stems I, lll, and IV, the stem | region
containing mostly primer sequences was first removed to
generate a 60 nt aptamer variant termed T18 (Figure S3B), with
no significant reduction in anticoagulant activity (Figure S3C).
We further tested the effect of removing the 5’ and/or 3’ overhang
on the aptamer termini (Figure S3B, sites 1 and 2) and found
them to be non-essential for bioactivity. We then truncated the
aptamer by progressively removing base pairs from stem Il (Fig-
ure S3B, site 3, 4, and 5). Somewhat surprisingly, despite the
high melting temperature of stem Il (>75°C), the shortening of
stem Il significantly reduced the bioactivity of the aptamer (Fig-
ure S3C). This result is consistent with the nitrocellulose filter
binding assay, where aptamers having higher bioactivity also
possessed lower apparent dissociation coefficients (Kps) (Fig-
ure S3D). Finally, we choose the 58 nt T18.3 aptamer (Figure 1A)
for further study due to its high binding affinity (Kp = 28 nM) and
anticoagulant activity. Notably, T18.3 also had a high affinity to
FVa (Kp = 0.99 + 6.80 nM) (Figure S4B).

To demonstrate that the binding and inhibition of FV/FVa by
T18.3 is specific, we designed a point mutant variant of the ap-
tamer by altering three bases between stems Ill and IV termed
Mut1 (Figure 1B). Although these mutations do not alter the

mfold-predicted secondary structure of the aptamer, they re-
sulted in a drastic reduction of both FV and FVa binding affinities
(Kp =410 + 46 nM and 359 + 323 nM, respectively) (Figures S4A
and S4B). Interestingly, the maximum fraction of T18.3 that binds
to FVais only 23% in contrast to >70% when bound to FV, which
may be due to FVa aggregation at higher concentrations. To
confirm the high target-binding affinity of T18.3, we used surface
plasmon resonance to measure the affinity between immobilized
biotinylated T18.3 and both FV and FVa (Figures 1C and 1D). Kps
of 11.4 £ 3.0 nM and 4.73 + 0.69 nM binding to FV and FVa were
obtained, respectively, correlating with the filter-binding assay
results. We further tested the affinity of T18.3 to other coagula-
tion factors and cofactors including FlI/Flla, FX/FXa, and FVIII
and observed no meaningful binding (Figure S4C). These results
clearly reveal that T18.3 specifically binds both FV and FVa with
high affinity. Finally, we determined that T18.3 is stable in plasma
for greater than 8 h due to the 2'F modifications. In contrast, a 58
nt DNA control oligonucleotide is largely degraded within 2 h
(Figure 1E).

Aptamer T18.3 demonstrates potent anticoagulant
activity in plasma and whole blood

Because of FVa's role in the common pathway of coagulation,
both aPTT and PT assays were used to evaluate the anticoagu-
lation function. As shown in Figure 2, we found that in both as-
says, aptamer T18.3 was able to dose-dependently increase
the clotting time of normal human plasma, while Mut1 showed
almost no effect. This indicated that T18.3 specifically and effec-
tively inhibits the common coagulation pathway where FV/FVa
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exerts its function. The anticoagulant activity of T18.3 started to
plateau at 0.75 uM, where the clotting time was prolonged by
3.9- and 2.0-fold in the aPTT and PT assays, respectively (Fig-
ure 2A). Due to the higher dynamic range for the aptamer in
the aPTT assay, it was used in later studies for aptamer
characterization.

To understand to what extent plasma FV and FVa can be in-
hibited by aptamer T18.3, we created plasma containing varying
concentrations of FV by mixing normal human plasma and FV-
deficient plasma at different ratios and measured their clotting
times in the aPTT assay. As expected, the result showed that
clotting times are progressively prolonged in plasma with
decreasing FV levels (Figure S5). When the FV levels are reduced
to 10% and 1% of normal levels, the clotting times increase by
1.57- and 2.99-folds, respectively. From this relationship be-
tween FV levels and the aPTT, we determined that T18.3 can
inhibit 90% of FV activity in plasma at a concentration below
50 nM and can inhibit 99% of FV activity at a concentration of
~250 nM (Figure 2A), which correlates well with the aptamer
binding affinity measured by filter-binding assay and surface
plasmon resonance (SPR).

FV mutations have been known to be associated with coagu-
lation disorders. For example, one of the most common pro-
thrombotic genetic disorders, FV Leiden, is associated with a
mutation at R506 and is carried by 5% of white people in North
America. This mutated FV leads to resistance to inactivation of
FVa by activated protein C (APC), which increases the circulating
half-life of the protein (Bertina et al., 1994; Dahlback et al., 1993;
Gregg et al., 1997). People with FV Leiden carry an elevated risk
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that T18.3 could prolong the aPTT of FV

Leiden plasma similar to normal plasma,
while Mut1 showed no effect, as expected (Figure 2B). This result
indicates that the aptamer may represent a useful anticoagulant
in people with FV Leiden.

Although coagulation assays in plasma are useful to charac-
terize the anticoagulant activity of the aptamer, such analyses
do not take the critical role of platelets in hemostasis into ac-
count. Notably, 20% of FV is derived from platelets (Tracy
et al., 1982), which will impact the potency of T18.3. Therefore,
we tested the anticoagulant activity of aptamer T18.3 in
platelet-rich plasma. The result showed that T18.3 can engender
a similar anticoagulant effect (~3-fold prolongation) in an aPTT
assay using platelet-rich plasma and normal platelet-poor
plasma at a 0.5 pM aptamer dose (Figure 2C). As expected,
Mut1 did not alter the clotting time. Thus, T18.3 remains a potent
anticoagulant irrespective of the presence platelets.

Next, we evaluated the anticoagulant activity of T18.3 in whole
blood using the point of care activated clotting time (ACT) assay.
Clinically, ACT is often used to monitor patient anticoagulation
with heparin in interventions such as cardiac catherization,
ECMO, and percutaneous coronary intervention (which usually
use doses of 2.5 units/mL or lower) (Horton and Augustin,
2013). We therefore used the ACT assay to evaluate the antico-
agulant activity of aptamers (0.1-3.0 uM) compared with unfrac-
tionated heparin (0.2-2.5 U/mL) in whole blood from four
different human donors. Aptamer T18.3 was able to increase
clotting time in all donors, while Mut1 did not exhibit any antico-
agulant activity (Figure 2D). Moreover, aptamer T18.3 was able
to increase the clotting time to a similar extent as heparin over
this dose range (Figure 2D), indicating that this aptamer can
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(A) Synergistic effect between T18.3 and LMWH. The 3D-scattered plot showed the effect of the aptamer-LMWH combinations on aPTT. The surface plot shows
the predicted Loewe-additivity response surface. Data points above the response surface indicate synergy between T18.3 and LMWH.

(B) Effects on the aPTT of plasma from patients with COVID-19 in the presence of 100 and 500 nM T18.3 or Mut1, respectively. Box indicates 25" and 75t
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***p < 0.0001.

(C) Dose-dependent effect of protamine on aPTT of normal human plasma in the presence of 0.5 pM T18.3 or Mut1. Error bars show the SD between two ex-

periments.

achieve therapeutic levels of anticoagulation at least in
whole blood.

Aptamer T18.3 complements low molecular weight
heparin (LMWH) and potently anticoagulates normal
plasma and COVID-19 patient samples

We have previously reported that anticoagulant aptamers can
induce a cooperative inhibitory effect when used in combination
with other anticoagulant agents (Bompiani et al., 2014; Gunar-
atne et al., 2018; Soule et al., 2016). This cooperativity allows
for potent anticoagulation at relatively low aptamer concentra-
tions and achieves high anticoagulation activity, which cannot
be achieved by individual aptamers (Bompiani et al., 2014; Gu-
naratne et al., 2018). Since FVa s the cofactor of FXa, we hypoth-
esized that aptamer T18.3 may complement the routinely used
FXa inhibitor, enoxaparin, which is in the LMWH family. To
assess any synergistic effect between the aptamer T18.3 and
LMWH, we first measured the aPTTs in the presence of different
concentrations of enoxaparin ranging from 0 to 1,500 IU/mL. The
result showed that enoxaparin dose-dependently prolonged the
aPTT of normal human plasma (Figure S6A). Using the aPTT
response curves obtained with aptamer T18.3 (Figure 2A) and
enoxaparin (Figure S6A), we were able to determine the equiva-
lent concentration of enoxaparin (LMWH,g) that delivers the
same anticoagulant effect of any given dose of T18.3 (Fig-
ure S6B). For example, 207 IU/mL LMWH is equivalent to
20 nM T18.3. If no synergy exists, the activity of the aptamer-
LMWH combination, termed Loewe additivity (Loewe), can
then be quantified by an equivalent dose of LMWH. For example,
a combination of 20 nM T18.3 and 100 IU/mL LMWH is equiva-
lent to 207 + 100 = 307 IU/mL LMWH. Using this method, we
could determine the Loewe-additivity response surface of ap-
tamer-LMWH combinations with different T18.3 and enoxaparin
concentrations (Figure 3A). We then experimentally measured
the aPTT in the presence of LMWH-T18.3 combinations with
different aptamer and enoxaparin concentrations and compared

these results with the predicted Loewe additivity. We observed
that the experimental anticoagulant activity exceeds Loewe
additivity when the concentrations of T18.3 and enoxaparin are
greater or equal to 100 nM and 250 1U/mL, respectively, which
indicates a synergistic effect (Figure 3A; Table S3). For example,
when 500 nM T18.3 and 500 IU/mL of enoxaparin were used in
combination, the aPTT exceeded 1,000 s (35.1-fold over base-
line), which cannot be achieved by using up to 3,000 nM T18.3
or 1,500 IU/mL of enoxaparin individually. These results clearly
demonstrate that a synergistic inhibitory effect can be achieved
by combining aptamer T18.3 and enoxaparin, a quality that may
enable effective anticoagulation with relatively low aptamer and
LMWH concentrations.

To demonstrate the full potential of T18.3 in clinical samples,
we measured the anticoagulation activity of the aptamer in
plasma from patients with COVID-19 being treated in the inten-
sive care unit (ICU) with LMWH. Severe COVID-19 is associated
with hypercoagulability, which leads to a high risk of pulmonary
embolism, deep vein thrombosis, ischemic stroke, and micro-
vascular thrombosis (Singhania et al., 2020). LMWH is therefore
routinely used as a prophylactic anticoagulant in patients with
severe COVID-19 requiring ICU-level care (Moores et al,
2020). Despite the use of LMWH, many of these patients still
experienced thrombotic events (Moores et al., 2020; Singhania
et al.,, 2020). Therefore, we wanted to determine if aptamer
T18.3 could enhance anticoagulation in samples from patients
with severe COVID-19. Plasma samples were collected from
eight patients with COVID-19 in the ICU. At the time of collection,
these patients were treated with the LMWH enoxaparin, which
resulted in anti-Xa levels varying from 0.09-0.49 U/mL. The
baseline aPTT of these plasma samples also varied significantly
from 27.2 to 41.0 s due to their different basal coagulation states,
the effect of COVID-19, and the treatment regimen of LMWH
(Table S4). To determine if T18.3 could enhance the activity of
the existing LMWH, we measured the clotting times in aPTT
assays of these samples in the presence or absence of T18.3
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Figure 4. FV/Va aptamer inhibits prothrombi-
A A nase

I S B Y T

O T18.3-desGla Q271
A Mut1-desGla Q271

(A and B) Dose-dependent inhibition of pro-
thrombinase activation of FIl with (A) or without (B)
Gla domain by aptamer T18.3 but not Mut1. Error
bars show the SD between three experiments.
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at concentrations of 100 and 500 nM. We observed that T18.3
prolonged the aPTT by 1.71 + 0.17- and 3.78 + 0.17-fold at con-
centrations of 100 and 500 nM, respectively, in patient samples
(Figure 3B; Table S4). By contrast, Mut1 did not significantly
change the aPTT in these samples from patients with COVID-
19. Notably, the effect of T18.3 in patients’ plasma is very similar
to that in normal pooled plasma despite their diverse baseline
aPTT, which would greatly simplify the dosing of the aptamer
in clinical settings and reduce the risk of overdosing. These re-
sults demonstrate the potential of T18.3 as an anticoagulant in
clinical applications so as to control hypercoagulability in pa-
tients with COVID-19 being treated with LMWH but still experi-
encing thrombotic events.

One major challenge with combining anticoagulant regiments
to enhance potency is that such potent inhibition may lead to
increased and life-threatening bleeding events. Thus, an anti-
dote that can rapidly reverse the effect of an anticoagulant is
highly valuable for surgery-related applications or in the event
of major hemorrhage. Short complementary oligonucleotides
that disrupt aptamers’ structures upon hybridization have been
demonstrated as effective antidotes for several aptamers both
in vitro and in vivo (Bompiani et al., 2012; Rusconi et al., 2002).
However, several 18 nt oligonucleotides complementary to
different domains of the FV/FVa aptamer could not completely
reverse aptamer’s anticoagulation effect in the aPTT assay
(data not shown). Protamine sulfate is a polycationic molecule
that is routinely used to reverse the anticoagulation of negatively
charged heparin following cardiopulmonary bypass surgery. We
then investigated if protamine sulfate can be used as a reversing
agent for aptamer T18.3 that has a negatively charged phospho-
diester backbone. As shown in Figure 3C, we observed that prot-
amine sulfate dose-dependently reversed the anticoagulant
effect of T18.3 on the aPTT within 5 min. The anticoagulant activ-
ity of T18.3 was completely reversed at an aptamer:antidote ratio
of 1:1 (wt:wt), restoring the clotting time to baseline. Clearly, the
antidote effect of protamine sulfate provides a means to fine-
tune the activity of aptamer after administration, which is vital
for mitigating the bleeding risks associated with anticoagulant
administration, particularly when using the aptamer in combina-
tion with other anticoagulants such as appears to be required in
the setting of severe COVID-19 cases. Moreover, when the
aptamer is used in combination with unfractionated heparin,
protamine sulfate can be utilized to reverse the activities of
both anticoagulants simultaneously (Oney et al., 2009).
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The observation that FV/FVa-binding T18.3
can synergistically enhance anticoagula-
tion of FXa inhibitor enoxaparin encour-
aged us to explore the mechanism of FV/
FVa inhibition. During coagulation, FVa and FXa dock on the
phospholipid surface and then assemble to form the llase com-
plex; the complex is able to bind Fll and catalyzes its activation to
generate thrombin (Mann and Kalafatis, 2003). Therefore, we
first examined if the aptamer could inhibit llase using a thrombin
generation assay. The assay measures the rate of thrombin
generation from Fll in the presence of FVa, FXa, and the phos-
phatidylcholine/phosphatidylserine (PCPS) membrane by a
fluorogenic thrombin substrate and provides quantitative mea-
surements on llase activity. We first performed the assay with
Q271 prothrombin, which is a variant similar to wild-type Fll
that requires membrane docking before activation (Orcutt and
Krishnaswamy, 2004). T18.3 was able to effectively and dose-
dependently reduce the rate of thrombin generation (V/Vo):
V/Vy was reduced by 50% and 90% at aptamer concentrations
of 26 and 400 nM, respectively (Figure 4A). By contrast, Mut1
only had a modest effect on Fll activation at a concentration of
1,000 nM.

To determine if the aptamer can inhibit llase activation of
membrane-independent prothrombin, we performed an analo-
gous experiment using the Fll variant that lacks the mem-
brane-docking Gla domain (desGla-Q271) (Bradford et al,
2013). Similarly, T18.3 can efficiently inhibit thrombin generation
of desGla-Q271 prothrombin, achieving 50% and 90% reduced
rates at concentrations of 1.8 and 30 nM, respectively (Fig-
ure 4B). As expected, Mut1 does not show an effect on thrombin
generation. Thus, aptamer T18.3 is able to inhibit llase activity
even in the absence of membranes.

Next, we investigated whether the inhibitory effect of the ap-
tamer is due to the blockage of substrate binding to llase using
fluorescent resonance energy transfer (FRET). We labeled FXa
with Alexa 488 in the llase complex and FIl with Alexa 522 and,
upon addition to one another, achieved a FRET efficiency signal
of 62%, which indicated strong interaction between llase and Fll
(Figure S7A). No change of FRET efficiency was observed with
the addition of 2.5 or 4.5 uM T18.3 (Figures S7B and S7C). How-
ever, the addition of 10 mM EDTA reduced the FRET efficiency to
4% because EDTA chelates Ca2*, which is required for llase
assembly and subsequently prohibits binding of FIl to FXa
(Figure S7D). This experiment indicates that the aptamer does
not inhibit llase activity by prohibiting FIl binding.

We then investigated if the aptamer inhibits the formation llase
using fluorescence anisotropy. Here, FXa was labeled with Alexa
488 and incubated with a saturating concentration of PCPS.
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Increasing concentrations of FVa promote membrane-mediated
llase assembly, which reduces the free rotation of the fluoro-
phore labeled on FXa and yields a saturable increase in anisot-
ropy (Figure 5A). The addition of 2.0 uM aptamer T18.3 signifi-
cantly reduces anisotropy compared with the samples treated
with 2 uM Mut1 (Figure 5A). This result indicates that aptamer
T18.3 inhibits llase assembly on membrane surfaces.

To further explore the inhibitory mechanism of aptamer T18.3,
we studied the FVa membrane binding in the presence and
absence of the aptamer using dynamic light scattering. Docking
of FVa leads to increased light scattering with increasing con-
centrations of PCPS (Figure 5B). However, in the presence of
T18.3 (0.2 uM), the light scattering is significantly reduced to
30%, indicating that the membrane docking of FVa was strongly
inhibited. At a higher aptamer dose of 2 uM, no scattering signal
was observed, indicating that the binding between FVa and the
PCPS surface is completely abrogated (Figure 5B). By contrast,
the addition of Mut1 even at high concentrations only resulted in
a marginal decrease in light scattering. These results demon-
strated that aptamer T18.3 is able to block the FVa-membrane
interaction, which is essential for llase assembly and subsequent
thrombin generation.

Molecular basis of T18.3 anticoagulation

After determining the aptamer’s mode of action, we next sought to
understand the molecular basis of such inhibition. FVa contains
two peptide chains; the heavy chain contains A1 and A2 domains
and primarily contributes to the interaction with FXa, prothrombin,
and APC. The light chain contains A3, C1, and C2 domains and is
required for membrane docking (Mann and Kalafatis, 2003; Orban
etal., 2005). We therefore tested the binding affinity of the aptamer
to the purified heavy chain and the light chain of FVa using SPR. As
shown in Figure 6, T18.3 binds the light chain and the heavy chain
of FVa with a Kp of 3.33 + 0.69 nM and 113 + 43 nM, respectively
(Figure 6A). The binding affinity to the purified light chain is very
similar to that of FVa (Figure 1D) and was ~30-fold higher than
the binding affinity of the purified heavy chain, which indicated
that the majority of the binding occurs via the light chain, an obser-
vation that correlates well with the aptamer-blocking membrane-
docking of FVa.

Finally, we used molecular modeling to simulate the binding of
T18.3 with FVa. The tertiary structure of T18.3 was first predicted
by SimRNA (Boniecki et al., 2016) using the secondary structure
predicted by mfold (Zuker, 2003). The structure with the lowest
free energy was further equilibrated and refined by a 100 ns

[PCPS] (pM)

molecular dynamic simulation. The predicted three-dimensional
structure of FVa was obtained from the RCSB PDB databank
(PDB 1FV4) (Pellequer et al., 2000). We then performed FVa-ap-
tamer docking using the online server ClusPro2 (Kozakov et al.,
2017). Among the predicted models with the highest scores
based on binding energy, one model (ranked #3) fits the criteria
of the aptamer binding to the light chain and was chosen for an
additional 100 ns molecular dynamic simulation. Both the protein
and the aptamer remained bound during the 100 ns simulation,
indicating that the predicted binding between T18.3 and FVa is
stable. Therefore, the predicted structure at the end of the mo-
lecular dynamic simulation was chosen as the lead binding
model for further analysis (Figures 7A and 7B). Although this
simulated model has not been confirmed by direct structural an-
alyses, it is consistent with our biochemical studies and pro-
posed anticoagulation mechanism. Specifically, the main body
of the aptamer interacts closely with the C2 domain of the FVa
light chain, while the termini of the aptamer interact with the A1
domain of the FVa heavy chain. This prediction correlates with
the binding preference of the aptamer to the light chain. Notably,
the aptamer is predicted to occupy ~2,200 A? of the solvent-
accessible surface of the protein, covering a significant portion
of the C2 domain (Figure 7B), including three amino acid residues
(K2060, Q2085, and S2115) that directly interact with phospho-
lipids (Macedo-Ribeiro et al., 1999) and are important for the
membrane docking of FVa (Figure 7C). Previous studies have
highlighted the absolute importance of the C2 domain for the
proper FVa function and, ultimately, the proper maintenance of
hemostasis; mutations localized to the C2 domain of the protein
present as membrane-binding defects and are associated with
parahemophilia (Asselta et al., 2003). Additionally, acquired in-
hibitors to FV have been described as targeting this region of
the protein, which leads to bleeding phenotypes (Izumi et al.,
2001). Thus, this predicted aptamer-FVa structure represents a
reasonable working model to further explore how T18.3 medi-
ates its inhibition of FVa and induces a potent anticoagulant ef-
fect. Moreover, as this portion of FVa is remote from the FXa
binding domains on the heavy chain, the model is consistent
with the observation that T18.3 can synergistically inhibit llase
in combination with FXa inhibitors such as LMWH.

The fairly localized binding of the aptamer on the FVa C2
domain is also consistent with the observation that the aptamer
can bind to FV, FVa, and FV Leiden and that it does not interfere
with FIl binding. The nucleotides on the aptamer-protein inter-
face also correlated well with the shared motif between
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Figure 6. Aptamer binding to FVa heavy and
light chains

(A and B) Binding affinity of T18.3 to the purified
FVa heavy chain (A) or light chain (B) using SPR.
Error bars show the SD of three experiments.
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sequences 2.1 and 2.2 and explains why mutations in Mut1 abro-
gate target binding (Figure 7C). Finally, the close interaction be-
tween stem Il and FVa (Figure 7B) may explain why truncation of
the stem |l dramatically reduced the aptamer binding affinity and
the anticoagulation effect without seeming to impact aptamer
folding.

DISCUSSION

In this work, we isolated a 2'F-modified RNA aptamer, T18.3, that
binds human FV and FVa with low nanomolar Kps and that is an
effective anticoagulant in human plasma and blood. Although
several aptamer anticoagulants have been isolated against pro-
tein enzymes in the coagulation cascade, this article describes
the first inhibitor generated against a coagulation cofactor with
no active site. Importantly, the aptamer was able to achieve
potent anticoagulation even though it only inhibits a single coag-
ulation cascade protein, which make the aptamer a potentially
suitable replacement for low-dose heparin during acute inter-
ventions such as cardiac catheterization. In addition, the high
activity of T18.3 in FV Leiden plasma could make it suitable adju-
vant anticoagulant for people with FV Leiden who may require a
stronger anticoagulation during interventions. Considering the
relatively mild bleeding tendency in FV deficiency compared
with deficiencies in other clotting factors, anticoagulants target-
ing FV/FVa such as aptamer T18.3 may also carry a lower
bleeding risk compared with anticoagulants targeting FXa or
thrombin. Notably, we demonstrated that the aptamer and
LMWH showed a strong synergistic effect in anticoagulation by
simultaneously inhibiting FV/FVa and FXa, which disrupts the
llase complex and the ability to generate thrombin. This feature
should allow for potent anticoagulation to be achieved in clinical
settings with reasonably low doses of aptamer and LMWH,
potentially reducing costs and side effects. The comparable anti-
coagulant effect of aptamer T18.3 in the plasma of patients with
COVID-19 and normal human plasma indicates a predictable
dose-response of the aptamer even in a hypercoagulable state
such as COVID-19, which would benefit clinical dosing
strategies.

In this work, we also demonstrated that the anticoagulation
activity of T18.3 can be effectively reversed by protamine sulfate.
It has been previously shown that the bioactivity of several anti-
coagulant aptamers can be rapidly and completely reversed by
specific complementary oligonucleotide antidotes. However,
compared with specific oligonucleotide antidotes, the more gen-

222 Cell Chemical Biology 29, 215-225, February 17, 2022

[FVaLC] (nM)

when T18.3 is utilized in combination
with other aptamer(s) or heparin.

Analysis of T18.3 also revealed an un-
conventional mode of action for ap-
tamer-based inhibitors. It is well known that aptamers usually
bury large areas on the target protein (Gelinas et al., 2016; Wood-
ruff and Sullenger, 2015) and can efficiently inhibit protein-pro-
tein interactions; this work demonstrates that aptamers can
also achieve functional inhibition by disrupting the membrane
docking of a protein cofactor. Aptamer T18.3 demonstrates
similar potency to a previously isolated FXa-binding aptamer
11F7t, one of the most potent anticoagulant aptamers isolated
(Buddai et al., 2010). Aptamer 11F7t also inhibits the assembly
of llase but does so by interfering with FXa binding to FVa.
Although the affinity of T18.3 for FV/FVa is not as strong as
11F7t for FXa (Kp = 1.1 = 0.2 nM), both aptamers can prolong
the aPTT by ~4-fold in normal human plasma at a dose of
500 nM. These results clearly demonstrate that disrupting the
membrane docking of protein cofactors is an effective way to
inhibit protein function. In addition, the lower target concentra-
tion of the procofactors compared with their zymogen counter-
parts may allow for the use of lower doses of aptamer-based
inhibitors to achieve the same bioactivity.

In summary, our studies describe a high-affinity aptamer to FV/
FVa that has potent anticoagulant activity. The resulting aptamer,
T18.3, can be rapidly reversed using protamine sulfate, which is
routinely utilized to reverse heparin activity in the clinic. The anti-
coagulant potency of aptamer T18.3 is achieved in large part by
blocking an essential FV/FVa protein-membrane interaction and
underscores the feasibility of targeting enzyme cofactors as a
viable strategy to modulate the formation of thrombin and other
proteins whose generation is dependent upon cofactors.

160 240 320

Limitations of the study

Despite the high activity of T18.3 in vitro, its in vivo activity needs
to be evaluated. X-ray crystallography analyses are also needed
to develop a detailed understanding of aptamer-protein binding.

SIGNIFICANCE

Aptamers have been recognized as a new class of protein in-
hibitors due to their high target affinity and specificity, low
toxicity, and antidote-reversible activity. Notably, aptamers
can modulate protein functions via diverse mechanisms,
enabling them to target virtually any protein including those
without an active site, such as coagulation cofactors. We
have here generated an RNA aptamer against coagulation
cofactor FV/FVa that effectively inhibits a target’s function
and delivers clinically relevant anticoagulation in both
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(A) Simulated model of T18.3 binding to FVa. T18.3 is colored blue. A1, A2, A3, C1, and C2 domains of FVa are colored cyan, red, green, yellow, and gray,

respectively.

(B) Zoomed view of aptamer binding site. The predicted aptamer binding surface of FVa is colored pink, while the nucleotides of T18.3 involved in protein binding

are colored orange.

(C) The sequence of T18.3 and aptamer-binding domain on FVa light chain. The amino residues and nucleotides involved in binding in the model are marked pink
and orange, respectively. The shared motif between aptamer sequences 2.1 and 2.2 is highlighted in gray, and the mutation sites of Mut1 is highlighted in a

red box.

plasma and whole blood. The aptamer, termed T18.3, also
demonstrates potent anticoagulant activity in hypercoagu-
lative plasma from people with FV Leiden and patients
with COVID-19, potentially making the aptamer a suitable
replacement to or adjuvant for heparin in some clinical set-
tings. Moreover, the aptamer has shown synergistic effects
with LMWH in clotting assays, and its anticoagulant activity
can be rapidly reversed by protamine sulfate. These features
offer a means to enhance or neutralize the activity of the ap-
tamer. Interestingly, although inhibitory effects of aptamers
are commonly achieved by interfering with protein-protein
interactions, we found that T18.3 does not directly block
FVa binding to protease FIXa or substrate FX. Instead, bind-
ing of the aptamer abrogates the FV/FVa interaction with
phospholipid membranes, likely by binding to the C2 domain
of the protein light chain. The disruption consequently re-
duces llase complex assembly, resulting in reduced
thrombin generation and prolonged clotting times. Our
success in generating an aptamer targeting FV/FVa with
clinically relevant anticoagulant activity demonstrates the
feasibility of using cofactor-binding aptamers as therapeu-
tic-protein-inhibitors and reveals an unconventional mecha-

nism of aptamer-mediated protein inhibition by interrupting
protein-membrane interactions.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Biological samples

Normal human whole blood
COVID-19 patient blood
COVID-19 patient plasma
Pooled normal human plasma
FV deficient plasma

FV Leiden plasma

Draw from healthy donor

Duke COVID-19 ICU Biorepository
Duke COVID-19 ICU Biorepository
George King Bio-Medical

George King Bio-Medical

HRF

IRB: Pro00007265
IRB: Pro00101196
IRB: Pro00105315
Cat# 0010

Cat# 0500

Lot# 166-718

Chemicals, peptides, and recombinant proteins

FV/FVa
Q271 and desGLAQ271 Prothrombin

Alexa-488Xa and Alexa532-prothrombin

FXa

(Bradford et al., 2010)
(Bradford et al., 2013)

(Ivanciu et al., 2014)

(Krishnaswamy et al., 1987)

https://pubmed.ncbi.nim.nih.gov/19858193

https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC3784695

https://www.ncbi.nim.nih.gov/pmc/articles/
PMC4162104

https://pubmed.ncbi.nim.nih.gov/3818642

Unfractionated heparin Mylan NDC 67457-385-10
Enoxaparin Winthrop NDC 0955-1016-01
H-d-phenylalanyl-I-pipecolyl-I-arginine-p- Chromogenix Cat# S2238
nitroanilide

Critical commercial assays

TriniClot PT Excel Stago Cat# T1106

Ellagic acid stimulated aPTT reagent
ACT-LR cartridges
Biotin CAPture Kit, Series S

Pacific Hemostasis
Accriva Diagnostics
GE Healthcare

Ref# 100402
Ref# 000JACT-LR
Ref# 28-9202-34

Oligonucleotides

T18.3 aptamer Biosynthesis N/A

DNA oligo templates and primers Integrated DNA Technologies N/A

RNA library and aptamers transcribed in vitro (see This paper N/A
Supplemental information)

Deposited Data

Predicted structure of FVa (Pellequer et al., 2000) PDB ID: 1fv4

Software and algorithms

Gromacs 2021.2
SimRNA

Prism 8

GROMACS

International Institute of Molecular
and Cell Biology in Warsaw

GraphPad

https://manual.gromacs.org/documentation/
http://genesilico.pl/software/stand-alone/simrna

https://www.graphpad.com/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Bruce

Sullenger (bruce.sullenger@duke.edu).

Materials availability

This study did not generate any unique reagents.
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Data and code availability

All data reported in this paper will be shared by the lead contact upon request. All datasets generated or analyzed during this study
are included in this article. No code was generated in this study. Additional Supplemental Items are available from Mendeley Data at
https://doi.org/10.17632/xhtt8fy49h.1. Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects

Blood was drawn from healthy volunteers (sample size of four) following an approved IRB performance protocol (Pro00007265). The
collected blood was added to 3.2% citrate tubes (Cardinal Health) and inverted several times to ensure dispersion of the citrate
throughout the blood. Platelet-poor and platelet-rich plasma were prepared with whole blood collected from healthy volunteers
as previously reported. The number of platelets/uL in platelet-rich plasma was normalized to 150,000 platelets/uL by dilution with
platelet-poor plasma generated from the same individual. COVID-19 patient blood was drawn from patients (sample size of eight)
enrolled in the IRB-approved Duke COVID-19 ICU Biorepository (Pro00101196) and plasma aliquots accessed from the biorepository
and analyzed via an IRB-approved performance protocol (Pro00105315). Anti-Xa levels in COVID-19 patient plasma was determined
with BIOPHEN™ Anti-Xa (Aniara A221005). This study was primarily designed to determine how inhibition of FV and FVa affects
blood coagulation in vitro without the intention to develop or evaluate a new theraputic or diagnostics entity in COVID-19 patients.
Therefore, sample size estimation was omitted in the original study design.

METHOD DETAILS

Proteins

All proteins including FV, FVa, purified FVa heavy chain and light chains (Bradford et al., 2010), Q271 prothrombin, desGlaQ271 pro-
thrombin (Bradford et al., 2013), and FXa (Krishnaswamy et al., 1987) were isolated and purified using as previously described.
Alexa488-FXa and Alexa532-FIl were modified from FX and prothrombin using N-hydroxysuccinimidyl derivatives of Alexa probes
as previously reported (lvanciu et al., 2014).

Oligos

Sequences of the RNA used in this work were listed in Table S1. All RNA sequences were transcribed in vitro as previously described,
followed by PAGE purification without further specification. 2’-fluoro modified cytidine triphosphate and uridine triphosphate were
purchased from TriLink Biotechnologies. T18.3 aptamer was synthesized by Biosynthesis (Lewisville, TX). Aptamers were dissolved
in the selection buffer (20 mM Hepes pH 7.4, 150 mM NaCl, 2 mM CaCl,) and stored at —20°C. Aptamer preparations were renatured
before each use by melting at 65°C for 5 min, followed by cooling to ambient temperature.

Other reagents and consumables

The nitrocellulose filters used for SELEX and the filter-binding assay was purchased from Millipore Sigma. The nylon sheet used for
binding assay was purchased from Perkin-Elmer. TriniClot PT Excel reagent was purchased from Stago. Ellagic acid stimulated aPTT
reagent was purchased from Pacific Hemostasis. ACT-LR cartridges were purchased from Accriva Diagnostics. CAPture chip kit for
surface plasmon resonance (SPR) measurements were purchased from GE Healthcare. Enoxaparin was purchased from Lovenox.
Peptidyl substrate H-d-phenylalanyl-I-pipecolyl-I-arginine-p-nitroanilide (S2238) for thrombin generation assay was purchased from
Chromogenix. 75:25 PCPS were prepared as previously reported. Phenol:chloroform:isoamyl alcohol (25:24:1) was purchased from
Thermo Fisher Scientific. Unless otherwise specified, SPR, activity, fluorescence, and DLS measurements were performed in 20 mm
HEPES, 150 mm NaCl, 5 mm CaCl2, pH 7.5 at 25°C.

Methods

Modifications to FV

The protein modifications to FV have been described previously and validated to behave like plasma-derived FV (Bunce et al., 2013;
Toso and Camire, 2004). Briefly, the cDNA of B-domainless FV were generated from FV cDNA in the pMT2 expression plasmid using
splicing by overlap extension. The GIn replacement mutations of Arg;ge and Argis4s Were generated with the QuikChange site-
directed mutagenesis kit (Stratagene) using complementary oligonucleotides baring the specific mutations. The resulting cDNA
was cloned into pED expression vector and expressed in baby hamster kidney (BHK) cells. Expressed FV was purified from the
conditioned media by an anti-human FVSepharose column and concentrated by ultrafiltration.

Aptamer generation

Soluble SELEX was used to generate aptamers to modified FV as described previously (Oney et al., 2007). Selection was performed
in selection buffer (20 mM Hepes pH 7.4, 150 mM NaCl, 2 mM CaCl2) containing 1x BSA if not specified otherwise. Briefly, the initial
SEL2 library (Table S1) was transcribed in vitro from DNA templates with natural adenosine and guanine triphosphate and 2’-fluoro
modified cytidine and uridine triphosphate. The RNA library was incubated with FV in selection buffer, and then filtered through a
0.45-pm nitrocellulose membrane. Protein-bound RNA retained on the filter was then extracted using phenol:chloroform:isoamyl
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alcohol (25:24:1), followed by ethanol precipitation. The recovered RNA was then amplified by reverse transcriptase PCR and served
as the library template for the next round of SELEX. Nine rounds of selection were performed in total, and the detailed selection con-
ditions can be found in supporting information (Table S2). DNA templates of the SELEX pool after the 8™ and 9" rounds of selection
were cloned into E. Coli via linearized pUC19 plasmid as previously reported (Layzer and Sullenger, 2007; Oney et al., 2007). Twenty
clones from each selection pool were sequenced by Sanger sequencing. The sequences were then manually trimmed, aligned, and
counted.

Nitrocellulose filter binding assay

The apparent dissociation constants (Kp) of aptamers or aptamer pools were determined as previously reported (Oney et al., 2007).1”
Briefly, 32P 5'-end radiolabeled aptamers or aptamer pools (final concentration 500 CPM/uL) were incubated with different concen-
trations of protein in the selection buffer for 5 min at 37 °C. The mixtures were filtered through a nitrocellulose blotting membrane over
a nylon hybridization transfer membrane to trap the protein bound RNA and unbound RNA, respectively. The faction of protein bound
RNA was quantified by a Storm 840 phosphoimager (GE Healthcare) for Ky calculation. All samples were measued in duplicates, and
the average and standard deviation were reported.

Coagulation assays

All coagulation assays were performed with pooled platelet poor normal human plasma if not specified otherwise. All samples were
measued in duplicates, and the result were presented as average and standard deviation the two measurements. Both activated
partial thromboplastin time (@PTT) and prothrombin time (PT) clinical clotting assays were performed with a STart4 coagulometer
(Diagnostica Stago). For the PT assay, plasma (50 pL) was incubated with aptamer or mutant (5 pl) diluted in selection buffer for
five minutes at 37°C followed by the addition of PT Excel reagent (100 plL) to initiate clotting and clotting time was recorded. For
the activated aPTT assays, plasma (50 pL) was incubated with increasing concentrations of aptamer, mutant, or Enoxaparin in se-
lection buffer for 5 min at 37°C. Then aPTT-XL reagent containing ellagic acid (50 pL) was added and incubated at 37°C for five addi-
tional minutes. Finally, clotting was initiated by the addition of 0.025 M CaCl, (50 uL), and clotting time was measured. Clotting times
are presented in total seconds or as a ratio of clot time with aptamer over clot time without aptamer. For aPTT assays with COVID-19
patients, plasma samples were collected from eight donors. Assays without aptamer, with 500 nM T18.3, and with 500 nM Mut 1 were
performed on all eight samples. Assays with 100 nM T18.3 and Mut1 were performed on five samples due to the limit in sample vol-
ume. Student’s t-test was used to compare any two sets of data using Prism 8.

Aptamer reversal assays were slightly modified from the aPTT protocol above. A single concentration of aptamer (0.25 uM (0.77 ng)
in 5 ul) was incubated with plasma (50 uL) for five minutes at 37°C followed by the addition of aPTT-XL reagent (50 uL) and another
five minutes incubation at 37°C. Then varying amounts of protamine sulfate diluted in selection buffer (0.1925-1.54 ug in 5 uL) were
added and incubated for an additional five minutes at 37°C. Clotting was initiated by the addition of 0.025 M CaCl, (50 pL) and clotting
time was recorded.

Aptamer stability in plasma

Plasma were prepared from whole blood collected from healthy volunteers that was supplemented with 10U/mL of heparin to prevent
coagulation. 500 nM of T18.3 or a 60-nt control DNA were incubated with 200 uL of the plasma at 37°C. 20 pL of plasma reaction was
collected at different time point (0, 0.5, 1, 2, 4, 8, 24, 48 hour) and immediately vortexed with 100 uL phosphate buffer saline, 100 pL
chloroform, and 200 puL methanol to quench nucleases. A mixture of 100 pL water and 100 pL chloroform was further added to extract
the nucleic acids. The mixture was vortexed and centrifuged 500 rcf x 20 min, and the aqueous phase containing nucleic acids was
collected, lyophilized, reconstituted in water, and analyzed on a 15% polyacrylamide gel containing 7M urea.

Active clotting time (ACT) assays

Citrated blood (76 uL) was incubated with refolded (95°C for 3 minutes followed by room temperature for 3 minutes) T18.3 or Mut1
(0.09375-3.0 uM in 2 pL) or unfractionated heparin in selection buffer (0.15625-2.5 U/mL in 2 pL) for three minutes at room temper-
ature in a microcentrifuge tube. Then 245 mM CaCl, (2 uL) was added and pipetted up and down to re-calcify the blood and imme-
diately added to the ACT-LR cartridge and placed into a Hemochron Jr. Signature machine (Accriva Diagnostics). Clot times were
recorded, and each aptamer or heparin concentration was assayed in duplicate. The same assays were performed using blood
collected from four individual donors, and the the average and standard deviation of the ACTs were reported.

Surface plasmon resonance

The apparent Kp, of T18.3 for modified FV, FVa, purified FV heavy chain, and purified FVa light chain was determined using SPR on a
BlAcore 3000 (GE Healthcare). Prior to chip coating, the biotinylated T18.3 was denatured at 95°C for 3 minutes and refolded by
cooling for 3 minutes at ambient temperature. For binding experiments with modified FV, FVa, and purified FV heavy chain,
5.0 ng of aptamer was coated onto the chip. For binding experiments with purified FVa light chain, 15.3 ng of aptamer was coated
onto the CAPture chip. Binding experiments were performed at 25°C in the selection buffer. The binding constants were determined
from the amplitude of the SPR signal observed with increasing concentrations of the target proteins with immobilized T18.3. The
steady state response was determined after sequential injections of increasing concentrations of the protein over a sensor chip sur-
face containing immobilized T18.3. The specific binding signal was obtained by subtracting the response at each proetein concen-
tration from the amplitudes obtained with an underivatized chip surface lacking aptamer (ARU). The equilibrium dissociation constant
was extracted by fitting the dependence of amplitude on the concentration of the target protein to a rectangular hyperbola. In this
analysis, the amount of immobilized T18.3 was considered small, hence the free protein concentration was considered to approx-
imate the total concentration injected. Each protein was tested in triplicate, and the apparent Ky, for each run was reported.

e3 Cell Chemical Biology 29, 215-225.e1-e5, February 17, 2022



Cell Chemical Biology ¢? CellPress

Thrombin generation assay

Reaction mixtures of 200 pL containing FVa (0.25 nM), aptamer at varying concentrations (0-1000 nM), PCPS extruded vesicles
(20 uM), a Q271-modified Fll substrate (0.5 uM), and FXa (0.05 nM) were utilized to assay llase complex activity. The aptamers
were pre-incubated with FVa and reaction buffer (20 mM HEPES, 150 mM NaCl, 0.1% w/v polyethylene glycol 8000, 0.03% Tween
20, pH 7.5) for 4 minutes at 25°C in a circulating water bath. Reactions were removed from the bath, and PCPS vesicles and the pro-
thrombin-like substrate were added and vortexed. The t=0 timepoint was removed diluted into quench buffer (20 mM HEPES,
150 mM NaCl, 50 mM EDTA, pH 7.5) in a 96 well flat-bottom plate. The reaction was then initiated by the addition FXa. At 30, 60,
90, 120, and 180 seconds, aliquots of the reaction mixture were removed and mixed into quench buffer to stop further cleavage
of prothrombin. Quenched reactions were further diluted in quench buffer, and immediately prior to scanning at 405 nm in a Gemini
kinetic plate reader (Molecular Devices), the thrombin substrate, S2238 (100 uM), was added to the plate. The initial rate of thrombin
generation for each aptamer concentration was determined using a thrombin generation standard curve where S2238 was hydro-
lyzed by a known amount of thrombin. The aptamers were assayed over either 7 (Mut1) or 14 (T18.3) points ranging from
0-1000 nM. A similar test was performed with the desGlaQ271 FIl substrate with increased FVa (0.5 nM) and FXa (0.5 nM) concen-
trations to achieve a measurable rate of thrombin generation, and reduced aptamer/mutant concentrations (0-30 nM). All tests were
performed three times and the average and standard deviation were reported.

Fluorescent anisotropy

Fluorescent anisotropy measurements were performed with Alexa-488 FXa at 25°C using a PTI QuantaMaster fluorescence spec-
trophotometer fitted with polarizing lenses (Photon Technology International, Birmingham, NJ). The machine settings were as follows
for slit A: 1.4 mm, 0.93 mm, high volt at 850, gain at 1073. Slit B was 1.5 nm, high volt at 790, gain at 10™". All four cuvettes were utilized
in the experimental set up with the following conditions in selection buffer: PCPS, buffer PCPS + Alexa-488 FXa, PCPS + Alexa-488
FXa + T18.3, PCPS + Alexa-488 FXa + Mut1. The final concentrations were 10 uM for PCPS, 100 nM for Alexa-488 FXa, 2.0 uM for
T18.3 or Mut1, and FVa was assayed from 0-200 nM. Scattering intensity and errors for each data point were recorded.
Fluorescence resonance energy transfer (FRET)

FRET measurements were performed at 25 °C with a PTI QuantaMaster fluorescence spectrophotometer. FXa (Alexa-488 labeled or
unlabeled), Alexa-532 FIl (Alexa-488 labeled or unlabeled) were mixed in selection buffer supplemented with 10 uM PCPS in the
absence or presence of T18.3, or in the presence of 10 mM EDTA. Fluorescence spectra of the from 500 to 610 nm with an excitation
wavelength of 488 nm. The FRET efficiency for each sample was calculated by 1- (F - Fo)/(F4 - Fo), Where F, Fy, and F4 is the integrated
fluorescence from 505 to 520 nm obtain with Alexa-488 Xa + Alexa-532 prothrombin, Xa + Alexa-532 prothrombin, and Alexa-488
Xa + prothrombin, respectively.

Dynamic light scattering

Membrane docking of modified FVa was assayed using light scattering. Vesicles were prepared by sonication to contain a ratio of
75:25 PCPS and quantitated using a phosphate assay. Quartz cuvettes (0.5 mL) were washed with HCI and methanol, rinsed with
Milli-Q water, and finally rinsed with 100% methanol before drying with canned air. The outsides of the cuvettes were polished
with a lint-free cloth. The scattering machine was calibrated with a selection buffer, so the maximum scattering intensity did not
exceed 7.75 units. The excitation wavelength was set to 2.0 nm, and the excitation slit was 1.1 mm. The emission wavelength
was set to 1.2 nm, and the emission slit was 1.1 mm. Four cuvettes were utilized for the experimental set up: buffer + PCPS, buffer +
200 nM FVa + PCPS, buffer + 200 nM FVa + T18.3 (2.0 uM or 200 nM) + PCPS, and buffer + 200 nM FVa + Mut1 (2.0 uM or 200 nM) +
PCPS. PCPS vesicle concentration was increased in 2.0 uM increments using a Hamilton syringe fitted with a repeat pipettor, so the
final PCPS concentration ranged from 0 to 60 uM. Scattering intensity and errors for each data point were recorded. The background
scattering obtained from the buffer + PCPS was subtracted from other datasets.

Molecular modeling

The secondary structure of T18.3 having minimum free energy was predicted by the mfold web server. The ternary structure of the
aptamer with minimum free energy was further predicted from the secondary structure using SImRNA. The resulting RNA structure
was further solvated with water (three-site SPC model) balanced with Na*, and refined through a 100 ns molecular dynamic (MD)
simulation at 1 atm, 310 K using GROMACS with Amber chiOL3 force field. The 3D structure of FVa was obtained from the RCSB
PDB data bank (ID: 1fv4). RNA protein docking was performed using ClusPro 2.0 web server with no constraint. The RNA-protein
complex structures were ranked based on their predicted binding energy. The structure where T18.3 binds to the FVa light chain
(ranked #3) was chosen for further MD simulation. The complex structure was first solvated with water balanced with Na* , and
refined through a 100 ns MD simulation at 1 atm, 310 K using GROMACS (Abraham et al., 2015). Amber chiOL3 and Amber 14sb
force fields were applied for RNA and protein, respectively. The final average structure of the T18.3-FVa complex was obtained based
on 1000 snapshots over the last 10 ns trajectory of simulation. Pymol was used for visualization and analysis of the aptamer-protein
interface.

QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical analyses were performed using Prism 8 and the error bars represent standard deviation. In box plot, box indicates 25th

and 75th percentiles; line indicates mean value. Student’s t-test was used to compare two sets of data, ns, **, and **** represent
p-value >0.05, <0.01, and <0.0001, respectively.
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ADDITIONAL RESOURCES
The human samples in this work were obtained from the Duke COVID-19 ICU Biorepository under Duke IRB protocols (Pro00101196

and Pro00105315). This work is not a part of a clinical trial that requires registration in ClinicalTrials.gov; therefore no clinical registry
number is assigned.
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