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Alleviating the potential risk for irreversible adverse drug
effects has been an important and challenging issue for the
development of covalent drugs. Here we created a DNA-
aptamer-type covalent drug by introducing a sulfonyl fluoride
warhead at appropriate positions of the thrombin binding
aptamer to create the weaponized covalent drugs. We showed
a de-activation of thrombin by the novel modality, followed by
its re-activation by the complementary strand antidote at an
arbitrary time. We envision that such on-demand reversal of
covalent drugs alleviates the major concern of potentially
irreversible ADEs and accelerate the translational application
of covalent aptamer drugs.

Targeted covalent drugs can form permanent bonds to target
proteins and, in theory, eternally exert the drug effect.”” This
prolonged duration of drug action would reduce the required
dosing frequency and improve quality-of-life for patients.® 8
However, because of the potential risk for irreversible adverse
drug effects (ADEs), a cautious approach towards the covalent
drug development has prevailed.® 8-1° Many small molecule-,
peptide-, and protein-type covalent drugs have been
developed.® 1114 |n particular, notable progress has been made
in utilizing the sulfur fluoride exchange (SuFEx) click chemistry
and protein engineering to create novel covalently binding
proteins with superior performance compared to the non-
covalent counterpart.’* 1> However, to the best of our
knowledge, none have overcome the potential risk of
irreversible ADEs.

Nucleic acid aptamers (i.e., single-stranded small
oligonucleotides) are emerging as an attractive class of drugs.1®
20 Aptamers have been shown to exhibit high binding affinity
and selectivity?! with dissociation constants typically in the nM
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and even pM ranges when properly selected against a target.?%
23 Since the target affinity arises from the correct folding of the
single-stranded aptamer, the addition of complementary strand
(CS) oligonucleotide as an antidote results in the formation of a
double-strand (DS), and release of the aptamer drug from the
target.1® Kinetics of the DS formation are rapid and effective in
vivo, and the reversal of an anticoagulant aptamer has been
demonstrated.!8 24

Here we report the creation of an aptamer-type covalent
drug that covalently binds to thrombin, inhibiting its enzymatic
activity while retaining on-demand reversal by a CS antidote.
We start with the well-characterized thrombin binding aptamer
(TBA) which is a 15-base DNA oligonucleotide identified by
SELEX (Systematic Evolution of Ligands by EXponential
enrichment).?3 2527 TBA inhibits thrombin enzymatic activity
resulting in the prolongation of clotting time, in vitro®® 2°, and
effective anticoagulation, in vivo.3® A warhead (i.e., sulfonyl
fluoride3' 32) with a relatively long spacer was introduced at
appropriate positions of TBA to create the weaponized covalent
drugs. The linker was placed outside the presumed TBA-
thrombin interaction interface to minimize potential
interference with the binding of TBA to thrombin. The reactive
warhead placed at the end of the extended linker maximized
the chances of covalent bond formation at sites away from the
enzyme catalytic active site and the TBA binding site. Upon
addition of the CS antidote, TBA was dislodged from thrombin,
reversing the anticoagulant effect while still covalently bound
to the target protein (Fig. 1).

complementary
strand

target

XO00(
Fig. 1 Summary of a covalent-binding aptamer. A warhead (red star)
conjugated aptamer (folded string) binds to its target protein (blue)
(left). A covalent-bond is formed between the warhead-conjugated
aptamer and the target protein (middle), resulting in semi-permanent
drug action. Introduction of the CS antidote removes the aptamer from
the binding site and reverses the permanent drug action (right).

To create the covalent-binding TBA, we introduced an
azidated (i.e., N3-) warhead to an alkyne-containing TBA by the
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copper(l)-catalyzed azide-alkyne cycloaddition (CuAAC)
reaction33. As the warhead, we chose an aryl-sulfonyl fluoride
(Ar-SO,F) derivative to maximize the potential of covalent-
binding with the target protein without lack of protein-
specificity; it spontaneously forms a covalent bond with a
proximal nucleophilic amino acid (i.e., serine, threonine, lysine,
tyrosine, cysteine, or histidine) via a reaction.3l: 32 34 35 Ag
identified in Fig. S2, N3-Ar-SO,F was synthesized (Fig. 2a), and it
was introduced on designated thymine residues (T,) to obtain
TBA isomers (TBAy) (Fig. 2b). TBA; and TBA;,, in which the
warhead is attached to T3 and Ty,, respectively, facing the TBA-
thrombin interaction interface, were designed on the basis of
the known crystal structure3® (Fig. S3). TBAg was also created in
which Tg modified by the warhead faced the side opposite from
the interaction interface. The purity of each warhead-
conjugated TBA was determined to be about 95% by liquid
chromatography (Fig. S4). Invariant circular dichroism spectra
(Fig. S5) showed that introducing the warhead did not grossly
alter the TBA folded structure.
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Fig. 2 Identification of covalent-binding TBA. (a) Chemical structure of
the azidated warhead. (b) Creation of the warhead conjugated TBA.
Azidated warhead was introduced to an appropriate position of TBA; an
alkyne-containing thymine whose position is highlighted in red was
conjugated with the azidated warhead by CUAAC reaction. (c) Covalent-
binding between each warhead-conjugated TBA and thrombin,
confirmed by 13% SDS-PAGE, followed by CBB staining. Each black arrow
represents the band of the thrombin and thrombin-TBA conjugate,
respectively.

Next, we evaluated the covalent-binding ability of each
warhead-conjugated TBA. TBA; and TBAj,, incubated with
thrombin, induced persistent mobility shift of the protein on gel
electrophoresis where the protein bands were visualized by
Coomassie Brilliant Blue (CBB) staining. This suggests that a
stable covalent bond was formed between the respective
modified aptamers and thrombin. In contrast, native TBA (i.e.,
negative control possessing no warhead) and TBAg did not
induce significant mobility shift (Fig. 2c). The warhead location-
dependent covalent-binding with thrombin also strongly
suggests that the SuUFEx reaction is target-specific and not due
to a non-specific interaction of warhead. For further
experiments, we exclusively used TBA; because the covalent-
binding efficiency was the highest among them. The covalent-
binding efficiency was improved by increasing the molar
concentrations of TBA; against a fixed thrombin amount. At
higher molar concentrations of TBA;, two separated bands were
seen (Fig. 3a). Of note, the competition assay with native TBA
demonstrated a decrease in both two separated bands (Fig. S6),

2| J. Name., 2012, 00, 1-3

suggesting that the TBAj3-mono-adduct and bis-addugt. form
covalent-bond formation at two distint®! tRrERinY Fesfdeds
while sharing the same binding site with native TBA (i.e., exosite
13¢). We believe the TBA; tethered to thrombin exhibits a finite
off rate from exosite I, allowing entry of a second TBA; that
covalently binds to a different residue in thrombin, resulting in
the bis-adduct. The covalent-binding efficiency increased with
time up to 90% within 60-120 minutes. The final covalent-
binding efficiency of TBA; to thrombin proceeded to 90% in
time- and concentration-dependent manners (Fig. 3b, c).
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Fig. 3 Covalent-binding ability of TBA;. (a) Concentration-dependent
mobility shift of thrombin on gel, confirmed by 13% SDS-PAGE followed
by CBB staining. (b) Time-dependent change of covalent-binding
efficiency. The density of the unreacted-thrombin band at 0 minute was
normalized to 100%, and the relative density of each incubation time
was quantified. (c) Concentration-dependent change of covalent-
binding efficiency. The density of the unreacted-thrombin band in the
absence of TBA; was normalized to 100%, and the relative density of
each concentration of TBA; was quantified. (d) LC profile of trypsinized
fragments of thrombin without (top) or with (bottom) TBA;. A single
fragment peak of thrombin, identified as IYIHPR by MS and MS/MS,
diminished after the covalent binding of TBA;. (e) MS and MS/MS
spectra of the reduced peak. (f) Molecular docking simulation of the
TBA; (shown as a stick) to thrombin (PDB ID: 1HAO) using cosgene of
myPresto. Fluorine atom in the warhead (cyan) and a folded ribbon
cartoon thrombin (grey) with the putative TBA; covalently bound
residues Y88 and H91 (red).

The potential of TBA; covalent-binding site was explored by
trypsinization of the covalently bound molecule followed by
liquid chromatography-tandem mass spectrometry (LC-
MS/MS). Because of the technical difficulty of identifying a
peptide-oligonucleotide complex by the MS analysis3? (see the
supporting information section), we monitored the
disappearance of a specific peak among the trypsinized

This journal is © The Royal Society of Chemistry 20xx
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fragments of thrombin on the LC profile. A significant decrease
in a peptide fragment corresponding to IYIHPR sequence was
observed only when TBA; was present (Fig. 3d, e), indicating
that the location of the putative TBA; covalent-binding site is
within this peptide span and outside of the thrombin enzyme
catalytic site (Fig. 3f).

Thrombin activity inhibition by TBA; was monitored by a
time-dependent change of optical density at 288 nm (i.e.,
turbidimetric assay), which corresponds to thrombin-induced
fibrin aggregation.3® The activity decreased in a concentration-
dependent manner with an IC50 of 3.5 + 0.1 nM for native TBA
(Fig. 4a, b), whereas TBA; showed a 3-fold greater potency with
an IC50 of 1.2 + 0.1 nM (N=3, P = 0.00048) (Fig. 4c, d). It is
plausible that the tethered TBA; covalently bound to thrombin
increased the effective local concentration3®, allowing the
desired thrombin inhibition to be achieved at a lower bulk
concentration. An automated coagulometer monitored change
in the thrombin-dependent clotting time, and as expected, the
mean clotting times in the presence of TBA; at 5 nM and 1 nM
were significantly increased compared to native TBA (Table 1).
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Fig. 4 Comparison of thrombin inhibition activity between native TBA
and TBA; by turbidimetric assay. (a) Time-dependent thrombin
inhibition by native TBA with different concentration. The maximum
absorbance (288 nm) of fibrin polymerization at 0 second was
normalized to 0% and plotted against time. The plot was fit by a line,
and the slope value was quantified as a thrombin activity. (b) The
thrombin activity in the absence of inhibitor was normalized to 100%,
and the relative thrombin activity of each concentration was
quantified. (c) and (d) were performed as above but using TBAs.

Finally, the on-demand reversal property of TBA3; was
confirmed by the following experiments. A carboxyfluorescein
(FAM)-tagged CS incubated with TBAz; covalently bound
thrombin resulted in a fluorescent signal at the expected
molecular mass consistent with the FAM-CS forming a double
strand with the thrombin bound-TBA (Fig. 5a). Fluorescent
bands did not appear in the presence of serum proteins,
indicating high specificity of TBA; toward thrombin (Fig. 5b).
Turbidimetric thrombin enzymatic assay confirmed a CS
antidote concentration-dependent reactivation of thrombin
with an EC50 of 2.3 + 0.2 nM for native TBA (Fig. 5c, d), and an
EC50 of 4.6 nM + 0.3 for TBA; (Fig. 5e, f). The difference in CS
antidote EC50 was statistically significant (N =3, P = 0.015) by a

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 On-demand reversal property of TBA; by CS antidote. (a) TBA-
specific duplex formation of CS antidote confirmed by 13% SDS-
PAGE/fluorescence imaging. Whole proteins were visualized by CBB
staining (left panel of each lane), and a complex of TBA; covalently
bound for thrombin and FAM-CS was visualized by fluorescence in the
same gel (right panel of each lane). (b) Specific covalent binding
between TBA; and thrombin, confirmed by the same procedure as in (a)
except in the presence of human serum (40%). (c) The reversal of
thrombin inhibition activity of native TBA confirmed by the
turbidimetric assay with increasing concentrations of CS antidote. All
runs contained IC50 concentration of native TBA, which resulted in
approximately 50% thrombin activity in the absence of CS antidote. The
maximum absorbance (288 nm) of fibrin polymerization at 0 seconds
was normalized to 0% and plotted against time. The plot was fit by a line
and the slope quantified as thrombin activity. (d) The thrombin activity
in the absence of inhibitor was normalized to 100%, and relative
thrombin activity at each concentration of CS antidote was quantified.
(e) and (f) were performed as in (c) and (d) but by using TBA;.

In conclusion, we created a covalent-binding DNA aptamer
that targets thrombin by introducing a sulfonyl fluoride
warhead into appropriate positions of the TBA. The covalent-
binding TBA demonstrated high-affinity inhibition of the
thrombin activity and showed on-demand reversal property of
this drug action by the CS antidote. While we did not examine
the in vivo pharmacokinetic of TBA;, prolonged inhibition of the
target protein is expected by extension of pharmacological half-
life mediated by the covalent binding, regardless of the
macroscopically  observable pharmacokinetic half-life.
Accordingly, covalent-binding aptamers would enable in vivo
use of aptamer drugs as a covalent drug by circumventing the
pharmacokinetic and drug action duration limitations while
maintaining the desirable features such as on-demand reversal
property, high affinity, target selectivity, easy production, and
lack of immunogenic response.?® 4! Furthermore, weaponizing
aptamers with SuFEx-warhead is likely applicable in developing
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covalent aptamers targeting a wide range of target proteins as
a general method. We believe that these advantages will
mitigate the major concern of covalent drugs and accelerate the
translation to human usage.

Table 1. Prolongation of clotting time by native TBA and TBA.

Sample C ation? CS antidote _ Clotting time (s)° P value®
No inhibitor - - 21 =1 0
native TBA 1 nM - 26 £ 2 0.0065

TBA; 1nM - 413 0.00016
native TBA 5nM - 40 £ 3 -
TBA; 5nM - 200 ~ -
TBA; 1nM 5nM 21 =1 0.80
TBA3 1nM 20 nM 20 £1 0.86
TBA; 5nM 5nM 39 £1 0.0080
TBA; 5nM 20 nM 22 £ 2 0.19

%Native TBA or TBA; was incubated with thrombin for 3 hours at 37°C
and fibrinogen solution added to give a final concentration of 13 nM
thrombin, 2 mg/mL fibrinogen, and native TBA or TBA; varied as
shown. “Clotting times were measured using an automated
coagulometer. ‘Values are mean * S.E.M. from six independent
experiments. All groups were compared with the group of no inhibitor
by a paired t-test. P < 0.05 was considered to be statistically significant.
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