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Potent and selective inhibition of the structurally homologous proteases of
coagulation poses challenges for drug development. Hematophagous organ-
isms frequently accomplish this by fashioning peptide inhibitors combining
exosite and active site binding motifs. Inspired by this biological strategy, we
create several EXACT inhibitors targeting thrombin and factor Xa de novo by
linking EXosite-binding aptamers with small molecule ACTive site inhibitors.
The aptamer component within the EXACT inhibitor (1) synergizes with and
enhances the potency of small-molecule active site inhibitors by many
hundred-fold (2) can redirect an active site inhibitor’s selectivity towards a
different protease, and (3) enable efficient reversal of inhibition by an antidote
that disrupts bivalent binding. One EXACT inhibitor, HD22-7A-DAB, demon-
strates extraordinary anticoagulation activity, exhibiting great potential as a
potent, rapid onset anticoagulant to support cardiovascular surgeries. Using

this generalizable molecular engineering strategy, selective, potent, and
rapidly reversible EXACT inhibitors can be created against many enzymes
through simple oligonucleotide conjugation for numerous research and
therapeutic applications.

Hematophagous organisms, such as leeches, ticks, mosquitos and
nematodes, use potent inhibitors of the coagulation proteases to
acquire blood meals'. These inhibitors are frequently peptides that
engage the target protease through exosite and active site inter-
actions to fulfill the biological needs of high potency and rapid
onset of action during feeding®°. This strategy is exemplified by
hirudin from the medicinal leech that targets thrombin using an
N-terminal active site binding motif linked to a C-terminal region
that binds anion binding exosite I (ABE1) (Fig. 1a)>. The two motifs
contribute synergistically to binding and achieve a 10"M inhibition
constant (K;) which is greatly affected when binding by either
domain is impaired'®". Tick anticoagulant peptide (TAP) secreted
by the Ornithodoros moubata’ also achieves potent inhibition

of factor Xa by simultaneously binding the active site and an
extended surface on the protease, and inhibits free factor Xa
(K;=0.18nM) and complexed factor Xa within prothrombinase
(K;=5.3 pM) to achieve potent anticoagulation through an analo-
gous mechanism®'?. The evolution of such bivalent inhibitors by
different blood-feeding organisms inspired us to pursue a synthetic
but analogous bifunctional engineering strategy using a small
molecule active site inhibitor tethered to an exosite-binding
aptamer.

In this work, by evaluating the binding and inhibitory mechanisms
of such EXosite and ACTive site (EXACT) inhibitors, we show that the
exosite-binding aptamer can be utilized to modulate the apparent
binding affinity and target selectivity of the small molecule moiety.
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Fig. 1| Rational design of thrombin-binding EXACT inhibitor. a, b Crystal
structures of hirudin-thrombin complex (a) in comparison to HD22-7A-DAB-
thrombin complex (b). In both inhibitors, the active site-binding domain (magenta)
and the exosite binding domain (green) are connected by a linker domain (gray),
which allows synergistic binding to thrombin (tan). In b, the active site was zoomed
in to show thrombin’s interacting residues (red) with dabigatran. The composite
omit 2Fo-Fc map contoured at 1.0 o shows the electron density for DAB as gray
mesh. ¢ Thrombin inhibition by HD22-7A-DAB and other inhibitors in fluorescent
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peptidyl substrate cleavage assay. HD22-7A-DAB showed a significantly higher
inhibitory effect of thrombin than DAB, HD22, or their equimolar mixture, and can
be efficiently reversed by an antisense oligonucleotide (AO2). Data are presented as
mean values +/- SD calculated from three independent experiments (n =3). d two-
step binding model of EXACT inhibitor (Al) to protease (E) determined by dis-
sociation constants Kg 4, Kg;, and Kga ;. € Characterization of binding kinetics of
biotinylated HD22-7A-DAB and its derivatives to thrombin (1.6 nM) by bio-layer
interferometry. The illustration in panel (d) was created using Biorender.com.

This property can be used to manipulate the potency, specificity, and
antidote-mediated reversibility of the EXACT inhibitors. This bioin-
spired EXACT inhibitor strategy is generalizable to different aptamer-
small molecule combinations and thus represents a molecular engi-
neering approach for generating potent, selective, and reversible
inhibitors for a wide range of enzymes that are vital for health and
dysregulated in disease.

Results

De novo rational design of an EXACT thrombin inhibitor

We investigated whether an EXACT inhibitor against thrombin could
be rationally created de novo by chemically conjugating the direct
thrombin inhibitor dabigatran (DAB, K; =4.5 nM)" to the DNA aptamer
HD22" (Supplementary Fig. 1 and Supplementary Table 1). HD22 binds
to anion binding exosite 2 (ABE2) of thrombin with high affinity
(Kp =0.5nM) and high selectivity, but has weak anticoagulant activity
as it does not bind either ABE1-the fibrinogen binding site—or the
active site'. The crystal structure of the HD22-thrombin complex
indicates that the distance between HD22'’s 5’ terminus and thrombin’s
active site is -40 A”. Therefore, we extended HD22’s 5’ terminus with a
poly-(7)-deoxyadenosine linker (estimated length of 49 A)'® to facil-
itate the simultaneous binding of both the HD22 and the DAB moieties.
DAB’s carboxyl group which is not directly involved in binding
thrombin® was then conjugated to the 5 amino modifier at the

terminal of the linker. The resulting EXACT inhibitor is named HD22-
7A-DAB (Supplementary Table 1).

The x-ray structure of thrombin complexed with HD22-7A-DAB
at 2.2 A resolution (Fig. 1b, Supplementary Fig. 2a, and Supplemen-
tary Table 2) confirms the bivalent binding mechanism of HD22-7A-
DAB. The diffraction data allows unambiguous placement of both
aptamer and DAB moieties onto thrombin. The aptamer-thrombin
interface in HD22-7A-DAB corresponds well to the previously
determined structure of HD22 bound to thrombin®; thus no obvious
conformational changes in the aptamer or thrombin are observed
with the linker and DAB added onto the aptamer (Supplementary
Fig. 2b). DAB binds the S1 specificity pocket where its amidine group
is appropriately juxtaposed with Asp189, as found in the previously
reported structure of the thrombin-DAB complex®. The carboxyl
group of DAB moiety is displaced from the reported thrombin-
dabigatran complex possibly to accommodate the linker’s position
(Supplementary Fig. 2b). Only one deoxyadenine of the 7 nt linker at
the 5’ terminus of HD22 is unambiguously resolved in the structure.
At lower map contour levels, a partial second nucleotide is resolved,
as is density potentially representing other nucleotides in the linker.
These observations imply high flexibility of the linker, which pre-
sumably facilitates bivalent binding. A 1:1 binding stoichiometry of
HD22-7A-DAB to thrombin was then confirmed by size exclusion
chromatography (Supplementary Fig. 3).
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HD22-7A-DAB demonstrates extraordinary thrombin-binding
affinity and inhibitory potency via synergistic binding
Initial velocity studies of fluorescent peptidyl substrate cleavage by
thrombin were then used to assess protease inhibition by the EXACT
inhibitor (Fig. 1c). DAB alone inhibited thrombin in this assay with an
ICso (the concentration of inhibitor yielding 50% of the maximum
inhibition, (Supplementary Note 1) of 50 nM), a value similar to that
previously reported”. On the other hand, exosite-binding HD22 does
not directly block the active site and despite having a low ICsq of
0.95nM, it can only inhibit thrombin activity by 30% at maximum.
Strikingly, HD22-7A-DAB inhibited thrombin with an ICso of 0.1nM,
indicating a potency 500-fold higher than DAB and the aptamer-small
molecule conjugate inhibited >99% of thrombin activity at a con-
centration of 1nM (Fig. 1c). The marked inhibitory potency of the
EXACT inhibitor very likely results from the synergistic binding of
thrombin by its HD22 and DAB moieties, since an equimolar mixture of
free HD22 and free DAB achieved only the additive inhibitory effects of
those two molecules (Fig. 1c). We controlled for non-specific aptamer
effects by generating a variant of the EXACT inhibitor whose aptamer
moiety had a point mutation that abrogates its high-affinity binding to
thrombin'®, This mutated EXACT inhibitor derivative, HD23-7A-DAB,
has similar potency as DAB alone, confirming that exosite binding by
the aptamer is required for potent thrombin inhibition by the parental
EXACT inhibitor (Supplementary Fig. 4). Similarly, replacing the DAB
moiety of HD22-7A-DAB with a non-binding amine group (HD22-7A-
NH2) also yielded a derivative that did not significantly inhibit
thrombin.

The increased potency of the EXACT inhibitor can be explained by
a two-step thermodynamic binding model (Fig. 1d and Supplementary
Note 2). In the first step, either the aptamer or small molecule moiety
binds to the target protease with a dissociation constant presumably
similar to that of the free aptamer or small molecule. This interaction
positions the other moiety in proximity to its binding site, thus facil-
itating synergistic binding. Notably, the second binding step is a
unimolecular process and is independent of the EXACT inhibitor’s
concentration; this rationally engineered, juxtaposition allows effec-
tive inhibition of the protease even at a very low inhibitor concentra-
tion. This binding model is supported by binding affinity and kinetic
measurements via biolayer interferometry (BLI). EXACT inhibitor
HD22-7A-DAB has a ko, of 3.9 x 10"’ M7s™ and a kog of 2.1 x1073s™ for
thrombin binding, yielding a Kp, of 54 pM (Fig. 1e and Supplementary
Fig. 5). HD22-7A-DAB shows significantly higher ko, lower ko, and
over 100-fold lower Kp compared with its monovalent derivatives
(HD22-7A-NH, and HD23-7A-DAB), indicating strong synergistic bind-
ing through two domains. As a control, when both binding moieties are
altered (HD23-7A-NH,), no binding was observed (Fig. 1e and Supple-
mentary Fig. 5).

The linker length determines synergy and inhibition potency of
the EXACT inhibitor

According to the two-step binding model shown in Fig. 1d, the unitless
dissociation constant of the second step, Kga dictates EXACT inhibi-
tor’s binding synergy. When Kga; decreases, the composition of biva-
lently bound complex (AEI) in all bound complexes (AIE, EAI, AEI)
increases, resulting in lower ICso and higher maximal inhibition
(Fig. 2a-c). We postulate that the linker domain regulates the Kga ; of an
EXACT inhibitor and the potency of the EXACT inhibitor can be fine-
tuned by varying its linker length. To investigate that possibility, we
synthesized a series of HD22-DAB conjugates with linker lengths ran-
ging from O to 30 nucleotides (nt) and tested their potency in the
fluorescent peptidyl substrate cleavage assay (Fig. 2d). The inhibition
pattern correlates well with our predicted binding model (Fig. 2b).
Even the conjugate with the shortest linker domain (0 A, estimated
length=8A) showed a high thrombin-binding affinity
(ICso=0.55 £ 0.04 nM), probably due to the high affinity of the HD22

moiety™. However, a fitted Kga; of 1.8 indicated that only 35% of the
conjugate binds bivalently (Fig. 2a and e). This low level is probably
due to the short linker creating steric hinderance for bivalent binding.
As aresult, the conjugate only maximally reduced thrombin activity by
55% (Fig. 2f). With increasing length of the linker, Kga ; decreases as the
flexibility of the linker better accommodates bivalent-binding. As
expected, the ICso of the conjugate decreased and the maximum
inhibition increased, indicating more effective inhibition of thrombin.
When the linker length reaches 7 nt (estimated length 49 A), the con-
jugate can fully inhibit thrombin (inhibition max > 99%) with an ICsq of
0.10nM. A Kga ~0.01 indicated the aptamer and small molecule
moiety almost always bind simultaneously (Fig. 2a, d-f). Further
increasing of linker length to 30 nt (estimate length 18.5 nm) does not
significantly alter the maximum inhibition, ICso or Kga; of the con-
jugate. Such results show that the strong synergy between the small
molecule and the aptamer occurs over a broad range of linker lengths
as long as the spacer can span than the distance between the active site
and exosite, a critical consideration for designing additional EXACT
inhibitors.

The exosite-binding aptamer domains regulates the selectivity
of EXACT inhibitors

The ability of an exosite-binding aptamer HD22 to promote binding of
a small molecule DAB to thrombin’s active site prompted us to test if
another exosite-binding aptamer can be used to manipulate the inhi-
bition potency and selectivity of this small molecule inhibitor. It is well
known that DAB is a fairly selective thrombin active site inhibitor,
although it also binds factor Xa, but with over 800-fold weaker affinity
(K; = 3760 nM)". We therefore conjugated DAB to the 5’ end of a 36-nt
factor Xa RNA aptamer 11F7t via a 20 nucleotide poly 2" O-methyl A
linker (Supplementary Table S1). The crystal structure of FXa com-
plexed with 11F7t indicates that a linker of that length would readily
span the distance between the 5’ terminus of the aptamer and the
active site of FXa.”°. This EXACT inhibitor, termed 11F7t-20A-DAB, was
evaluated in the fluorescent peptidyl substrate cleavage assay along
with several control derivatives. As expected, DAB only weakly inhibits
factor Xa (ICso > 500 nM) (Fig. 2g). The aptamer 11F7t alone, although
having high affinity to factor Xa (Kp =1.26 nM), also showed no inhi-
bition as it does not impede access to the active site of the protease
(Supplementary Fig. 6)'°. However, 11F7t-20A-DAB achieved an ICsq
0.18 nM, demonstrating >2500-fold enhancement of potency against
factor Xa compared to free DAB. In contrast, the thrombin inhibition
profile of 11F7t-20A-DAB (ICso =120 nM) is similar to that of free DAB
and dramatically inferior to that achieved for factor Xa inhibition
(Fig. 2h). This result highlights the ability of the exosite targeting
aptamer domain to redirect selectivity of a small molecule inhibitor
towards a different enzyme. The tight and specific binding of 11F7t to
an exosite on factor Xa apparently confines the DAB moiety into close
proximity with factor Xa’s catalytic center, generating a high local
concentration, which results in potent inhibition. Then as expected,
when the exosite-binding factor Xa aptamer was replaced with the
thrombin-binding aptamer HD22 (HD22-20A-DAB), the EXACT inhi-
bitor showed an enhanced specificity to thrombin (ICsq = 0.1 nM) over
factor Xa (ICso > 500 nM) (Fig. 2g, h).

Remarkably, because the active-site inhibitor binding is a
concentration-independent unimolecular process after aptamer
binding, the potency of the EXACT inhibitor is insensitive to the affinity
of the active-site inhibitor. For example, when the weak-binding DAB
moiety of 11F7t-20A-DAB is replaced with a strong-binding factor Xa
active site inhibitor apixaban-COOH (APX, ICso = 5.5 nM), the resulting
11F7t-20A-APX exhibits almost identical potency against factor Xa
(IC50=0.17nM) as 11F7t-20A-DAB (IC5o=0.18 nM) (Fig. 2i, Supple-
mentary Fig. 7 and Supplementary Table 1). These results clearly
illustrate the versatility of the exosite targeting aptamer, allowing
generation of selective and potent EXACT inhibitor regardless of the

Nature Communications | (2024)15:3977



Article

https://doi.org/10.1038/s41467-024-48211-6

a 100] b o L100
S 9 =
< < L =
@ 751 > 75 o1
"E ;E_GO- » Inhibition max E
£ S o ICy, 150 ¢
v 501 g 2
g ] 3
g% 25 5
m 25 u £

0 ro
1 01 001 0.001 0.01 1 100 1 01 0.01 0.001
d Kea, [AI] (nM) £ Kea,
e
]a o 0A 15A [] 0.6
_100 1. L100
= ) —_
s ‘ x
2 75 S
:é _ §0.4 —o~Inhibition max | a0 §
S 504 < £ —o-1Cg, £
P & 0.1 S :
£ 292 e E
E 25 60 2
'-E [] [] i £
0/ = : 0.01; v i } 0.0 L 40
01 1 10 100 0 5 10 15 20 25 30 0 5 10 15 20 25 30
[Inhibitor] (nM) Linker length (nt) Linker length (nt)
g h I o APX o 11F7t-20A-APX
1004 + . ) I @ 1004 100- v DAB 11F7t-20A-DAB
< k) I T ' > 3
a\; 751 g 75 :; 751
= © =
2 50 v DAB S 50l v DAB 2 50
8 HD22-20A-DAB s HD22-20A-DAB S
S 25 A 1F7t-20A-DAB E sl A 11F7t-20A-DAB S 25
£
0- [ ol 0
01 1 10 100 1000 01 1 10 100 1000 01 1 10 100 1000

[Inhibitor] (nM)

] HD22-7A  Linker domam Aptamer domain

[Inhibitor] (nM)

[Inhibitor] (nM)

=

-DAB r "
AGTCCGTGGTAGGGCAGGTTGGGGTGACT I 3 580 . ;:,___
AO1 T TCAGGCACCATCCCGICCAACCCCACTGA] 5 F’w I
AO2 3’ 5 3 604
A03 3 DOOOOOTICAGGCACCATCCCGTCCAACCCCA] 5 8 3
A04 3 DOODDDTICAGGCACCATCCCGICCAAC] 5 5 401
a0s 3 OOOOOOTCASGCACCATELESTC] 5 ol —
Aros 3 QOOOOOTILICAGGCACCATCC] 5 F m e |"'|
ro7 3 QOOODODTCAGECAC] S |
AO8 3’\****1**|TCAGG Is’ SF P TP E o*’ 0°“v~ (}«\
I YO 000000 ?‘Y‘?‘?‘Y‘?‘Y‘?‘Y‘eoovib

Fig. 2 | Regulation of inhibitory properties of EXACT-inhibitors. a-c Simulation
of composition of bivalent-binding for all binding complexes (a) enzyme inhibition
curves (b) and the maximum inhibition and ICsg (c) with varying Kga; by EXACT
inhibitors with different Kga; based on the proposed two-step binding model with
additional assumptions (see Supplementary Note 2) d-f Synergistic-binding of
EXACT inhibitors can be tuned by varying linker length. The inhibition curves of
HD22-DAB conjugates with different dA linker lengths in fluorescent peptidyl
substrate cleavage assay (d) indicate that the linker length regulates the Kga (€),
ICso and inhibition max (f) of HD22-DAB conjugates. g-i, Exosite-binding aptamers
regulate the selectivity of EXACT inhibitors. Inhibition of factor Xa (g) and
thrombin (h) activity by EXACT inhibitors constructed with thrombin (HD22) or
factor Xa (11F7t)-binding aptamer, respectively, demonstrate that the selectivity of
the small molecule inhibitor DAB can be dictated by the exosite-binding aptamer to
which it is conjugated. The inhibition potency of EXACT inhibitors is not sensitive
to the affinity of small molecule active site inhibitors (i). j, k The linker domain

modulates the antidote-mediated reversibility of EXACT inhibitors. j Sequence of
HD22-7A-DAB and different antidotes. k Thrombin activity (%) of each sample is
measured by fluorogenic activity assay and normalized with the thrombin activity
in the absence of inhibitor as 100%. Samples AO1-5 show thrombin activity in the
presence of 250 nM HD22-7A-DAB and 2 uM of different AOs. Sample No AO and
DAB ctrl show thrombin activity in the presence of 250 nM HD22-7A-DAB and DAB,
respectively. In panels (d, g-i and k) data are presented as mean values +/-SD
calculated from three independent experiments (n=3). In panels e and f, data are
presented as mean values +/-SE fitted from the data in panel d. In penal (k) One-
way ANOVA test followed by Bonferroni’s multiple comparisons test (two-sided)
was used to compare between two sets of data. *P < 0.05, ns, not significant. Exact P-
values are provided as follows. AO2 vs AO1, AO2 vs AO8, AO2 vs AO9, AO2 vs No AO,
AO2 vs DAB ctrl: p<0.0001. AO2 vs AO3: p = 0.4144; AO2 vs AO4: p=0.0807; AO2
vs AOS5: p=0.7064; AO2 vs AO7: p=0.0984; AO2 vs AO6 and AO9 vs No AO:
p>0.9999.
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inherent selectivity and potency of the small molecule active-site
inhibitor.

The linker domain impacts the antidote-mediated reversibility

of EXACT inhibitors

One of the valuable traits of aptamer-based inhibitors is that they can
be reversed by complementary antidote oligonucleotides (AO) that
disrupt the folded structure of the aptamer®. We next investigated if
the activity of the aptamer-based EXACT inhibitor HD22-7A-DAB can
be reversed using an AO. Strikingly, an AO termed AO2 (Fig. 2j) that is
complementary to the entire length of the aptamer and the linker
region reduced the anticoagulant potency of HD22-7A-DAB by more
than 10,000-fold (Fig. 1c), despite HD22-7A-DAB’s high affinity for
thrombin. Notably, although AO2 does not directly interact with the
DAB moiety, the antidote reduces the potency of the EXACT conjugate
to an extent that is significantly lower than free DAB (Fig. 2k). This
result illustrates the fundamental role of the exosite-binding compo-
nent of the EXACT inhibitor in driving affinity for active site inhibition.
In line with the importance of the worm-like flexible behavior for the
single stranded DNA linker, hybridization of the AO to the entire length
of the aptamer plus linker not only disrupts exosite-dependent binding
to thrombin but stiffens the linker by forming double-stranded
DNA?>?, This alteration, in addition to steric effects, is likely a partial
explanation for why addition of AO to HD22-7A-DAB restores thrombin
activity to a level significantly higher than thrombin activity inhibited
with free DAB. Testing this concept, we evaluated an antidote lacking
two nucleotides that hybridize with the 5’ terminus of the linker region.
This AO (AO1) resulted in considerably reduced antidote efficacy. By
contrast, truncation of the antidote’s aptamer binding sequence by up
to 20 nucleotides does not significantly reduce antidote efficacy
(Fig. 2k). Further truncation of the AO resulted in decreased efficacy
most likely because such short base pairing against the aptamer can-
not reverse its binding. These results indicate that AOs that bind and
constrain both the linker and at least part of the aptamer domain are
optimal. With this insight, we developed an antidote for 11F7t-20A-DAB
(AO5.4) that pairs with the entire linker region and part of the aptamer
region; we observed that it effectively reverses the inhibition of this
factor Xa EXACT inhibitor (Supplementary Fig. 6 and Supplementary
Table 1).

EXACT Inhibitor HD22-7A-DAB impedes multiple functions of
thrombin

Thrombin has two exosites that mediate its enzymatic activity on
multiple substrates, including fibrinogen, factors V, VIII, XI and XIII. We
investigated how EXACT inhibitor HD22-7A-DAB impacts thrombin
exosite-mediated cleavage of its natural substrates. Thrombin’s clea-
vage of fibrinogen was characterized by a fibrin turbidity assay**. In the
absence of an inhibitor, thrombin rapidly cleaves fibrinogen, leading to
the formation of fibrin clots. Light scattering by the fibrin clots results
in increased absorbance at 550 nm wavelength (Fig. 3a). DAB inhibits
thrombin activity, resulting in a 7.7 min delayed onset of clot forma-
tion, a slower clot formation, and lower maximum absorbance, pre-
sumably due to altered clot structure (Fig. 3b). As expected, HD22 did
not inhibit this thrombin activity, since it binds exosite Il and does not
block the fibrinogen-thrombin interaction or thrombin’s active site®.
In the presence of 50 nM EXACT inhibitor HD22-7A-DAB however, no
significant absorbance increase was observed during the course of the
experiment (120 min), indicating that thrombin’s enzymatic activity on
fibrinogen is completely inhibited. An equimolar mixture of HD22 and
DAB did not yield a comparable potency to the EXACT inhibitor,
highlighting the power of bimodal engineering and binding. To test the
efficacy and kinetics of antidote reversal, AO2 was added to the
thrombin-fibrinogen-HD22-7A-DAB mixture at the 10-min time point.
After a 9.8-min lag time, the absorbance of the AO2-containing solu-
tion rapidly increased as clot formed(Fig. 3a, b). These results

demonstrate that the antidote can rapidly and effectively reverse the
activity of the EXACT conjugate.

We then used SDS-PAGE analysis to characterize the effect of
HD22-7A-DAB on FVIII activation which is mediated by thrombin ABE2
(Fig. 3c-e). Thrombin cleavage of FVIII results in the disappearance of
both heavy and light chain of FVIII and appearance of several cleaved
products (Fig. 3c, d). The presence of 100 nM DAB delayed such
digestion. As expected, HD22 also showed an inhibitory effect due to
its binding to ABE2. In the presence of HD22-7A-DAB, no proteolysis
was observed for over 1 h, demonstrating a much higher potency than
DAB and HD22 alone, and a similar potency to an equimolar mixture of
HD22 and DAB (Fig. 3c and e).

HD22-7A-DAB achieves potent, clinically relevant levels of
anticoagulation

We then investigated the anticoagulation activity of HD22-7A-DAB in
human plasma with a series of clinical clotting assays. Thrombin time
(TT) directly probes the terminal step of the coagulation cascade, in
which fibrinogen is cleaved by thrombin to form fibrin clots. As
expected, free HD22 minimally affected TT as thrombin exosite Il is not
involved in fibrinogen cleavage (Fig. 4a). DAB, on the other hand, dose-
dependently prolonged TT, resulting in a clotting time of 518 sec at the
concentration of 250 nM. An equimolar mixture of HD22 and DAB
prolonged TT to a similar extent as DAB alone. HD22-7A-DAB showed a
different dose-dependent effect on TT compared to both DAB and free
HD22; when the EXACT inhibitor concentration is lower than the
added thrombin (13.4 nM), the conjugate showed limited effecton TT.
However, once the EXACT inhibitor’s concentration exceeded throm-
bin’s concentration, TT dramatically increased and surpassed 999 s at
a concentration of 31 nM. Notably, the high anticoagulant potency of
HD22-7A-DAB can be largely reversed within 5min by the addition
of AO2.

The prothrombin time (PT) and activated partial thromboplastin
time (aPTT) assays were used to assess the effect of HD22-7A-DAB on
the extrinsic and intrinsic coagulation pathways, respectively
(Fig. 4b, c). At a concentration of 500 nM, the EXACT inhibitor pro-
longed the PT and aPTT significantly longer than the same con-
centration of DAB. HD22 alone produced no anticoagulant effect, and
equimolar mixtures of DAB and HD22 prolonged the PT and aPTT to an
extent comparable to that of DAB alone. The anticoagulant effect of
HD22-7A-DAB on both assays can also be efficiently reversed by AO2.
However, HD22-7A-DAB could not completely block clotting in these
assays because the EXACT inhibitor cannot prohibit activation of
thrombin by factor Xa. Thus, HD22-7A-DAB will lose its effectiveness
when the thrombin concentration eventually exceeds the concentra-
tion of the conjugate.

We further compared the anticoagulant effect of HD22-7A-DAB to
that of unfractionated heparin (UFH), the most potent clinical antic-
oagulant. UFH activates the anticoagulant protein antithrombin, which
then irreversibly inactivates multiple procoagulant proteases, parti-
cularly thrombin, factor Xa, and factor IXa, and results in high antic-
oagulant activity**. HD22-7A-DAB shows potency that rivals UFH in TT
and PT assays (Supplementary Fig. 8), which can be attributed to its
very high thrombin binding affinity. Not surprisingly, HD22-7A-DAB is a
weaker anticoagulant than UFH in the aPTT assay, as HD22-7A-DAB
does not inhibit factors IXa and Xa, two proteases that significantly
affect aPTT.

Finally, we assessed the anticoagulation activity of HD22-7A-DAB
in whole human blood with the activated clotting time (ACT), a point of
care assay commonly utilized to monitor the level of anticoagulation in
patients during cardiopulmonary bypass (CPB) and other invasive
procedures that require rapid onset systemic anticoagulation”’. HD22-
7A-DAB dose dependently prolonged ACT (Fig. 4d). At 1uM con-
centration, the ACT increased to 624 sec, significantly higher than the
ACTs that followed the addition of DAB, HD22, or their equimolar
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Fig. 3 | HD22-7A-DAB efficiently and reversibly inhibits multiple functions of
thrombin. a, b Inhibition of thrombin mediated fibrin clot formation by HD22-7A-
DAB in a fibrinogen turbidity assay. a Time-course of fibrin clot formation with
0.8 mg/mL fibrinogen and 2.5 nM thrombin in the absence (gray) or presence of
thrombin inhibitors (50 nM) including HD22 (red), DAB (black), equimolar mixture
of HD22 and DAB mixture (blue), and EXACT inhibitor HD22-7A-DAB (yellow)
characterized by the absorbance at 550 nm. The kinetics of antidote reversal was
characterized by adding 2 uM of AO2 to the reaction 10 min after fibrinogen addi-
tion (green). b The lag time, maximum absorption, and time to reach 90% max-
imum absorption (teo) in the absence and presence of different inhibitors were

determined. c¢-d Inhibition of thrombin (1 nM) mediated FVIII (100 nM) activation
by EXACT inhibitor HD22-7A-DAB. ¢ PAGE analysis of thrombin-mediated FVIII
cleavage the absence or presence of thrombin inhibitors (100 nM), two sets of
independent experiments were performed with similar results (n =2). d Structure
of human FVIII and thrombin cleavage site. e Thrombin’s activation of FVIII in the
absence and presence of thrombin inhibitors were quantified using the time-course
concentration of intact light chain (a3A3C1C2) determined by band intensity. Data
are presented as mean values +/—SD calculated from the two independent
experiments.

mixture at the same concentration. More importantly, HD22-7A-DAB at
1uM and 2 uM concentrations were able to prolong ACT to a level
significantly higher than 5U/mL UFH, the standard concentration
employed during CPB. Those findings indicate an anticoagulant
potency in whole blood that can potentially support highly thrombo-
genic procedures, including CPB. Thus HD22-7A-DAB is a ground-
breaking aptamer-based, de novo generated EXACT inhibitor that can
achieve such profound anticoagulant activity.

Discussion

Small molecule active site inhibitors have proven incredibly clinically
valuable to study and modulate enzymes involved in many human
diseases; their use to target coagulation factors to treat and prevent
cardiovascular disease and stroke has been particularly impactful.
However, developing such inhibitors with both high target affinity and
selectivity can be challenging given the low binding surface of the
small molecules and the similarity among the active sites on different
but related enzymes. Inspired by hirudin and other anticoagulants that
target both EXosite and ACTive sites of key coagulation proteases, we
show that this natural concept can be readily incorporated into
rational drug design using chemically synthesized binding agents;
such molecular engineering yields a generation of potent and rapidly
reversible, EXACT inhibitors that distinguish between structurally
homologous enzymes, such as thrombin and factor Xa. Once their

pharmacodynamic properties are optimized for various clinical
applications, these potent and reversible anticoagulants may provide
more effective and safer therapies to improve the acute care of mil-
lions of cardiovascular and stroke patients every year.

Strikingly, the binding properties of the active site-binding small
molecule can be governed by the exosite-binding aptamer to which it
is attached in three ways. First, the bimodal binding mechanism greatly
increases the protease accessibility and potency of the active site-
binding moiety. Second, the high binding synergy between the exosite-
binding aptamer and the small molecule means that the aptamer’s
affinity for its exosite can dictate the binding selectivity of the small
molecule while simultaneously enhancing it efficacy. Third, the
reversal of active site inhibition by an antidote against the exosite-
binding aptamer and the linker is particularly noteworthy as hemor-
rhage remains the chief safety issue associated with commonly utilized
active site-targeted antithrombotic agents.

Aptamers in the past few decades have struggled to find their
therapeutic niche and distinguish themselves from antibodies, small
molecules, and other classes of therapeutics®®?’. However, the ease
with which oligonucleotides can be chemically conjugated to small
molecules and the ability of aptamers to selectively bind surfaces of
enzymes such as exosites'®2°*°? makes them particularly suitable for
this type of rational drug design. Notably, although in HD22-7A-DAB
the aptamer binds to the exosite Il of thrombin, in theory, any aptamer
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Fig. 4 | Anticoagulation activity of EXACT inhibitor HD22-7A-DAB. a-c Different
concentrations of HD22, DAB, equimolar mixture of HD22 and DAB, or HD22-7A-
DAB were added to normal human plasma and incubated for 5 min at 37 °C and (a)
Thrombin time (TT), (b) Prothrombin time (PT), and (c) Activated partial throm-
boplastin time (aPTT) assays were performed to characterize anticoagulant effi-
cacy. To characterize antidote reversal of HD22-7A-DAB, another 5 min incubation
of antisense oligo AO2 (2 uM) with the plasma-HD22-7A-DAB mixture was per-
formed. d Anticoagulant activity of HD22-7A-DAB in whole blood was characterized
using the active clotting time (ACT) assay and compared to no inhibitor (Ctrl),
HD22, DAB, equimolar mixture of HD22 and DAB, and UFH (unfractionated

heparin)-mediated anticoagulation. ACT exceeded the measurable range of the
analyzer (999 sec) in the presence of 2 uM HD22-7A-DAB. In panels (a-c) data are
presented as mean values +/-SD calculated from two independent experiments
(n=2) using pooled plasma. In panel (d) data are presented as mean values +/- SD
calculated from blood collected from five individual donors. In penal (d) One-way
ANOVA test followed by Bonferroni’s multiple comparisons test (two-sided) was
used to compare between two sets of data. *P < 0.05, ns, not significant. Exact P-
values are provided as follows. (1) vs (2), (1) vs (5), and (1) vs (10): p>0.9999; (1) vs
(3): p=0.0002; (1) vs (4): p=0.0003; (1) vs (6): p = 0.0418; (7) vs (9): p = 0.0288; (1)
vs (7), (1) vs (8), (1) vs (9), (2) vs (7), (3) vs (7), (4) vs (7), and (8) vs (9): p<0.0001.

which binds outside of enzyme’s catalytical center can be utilized to
develop an effective EXACT inhibitor. The aptamer’s binding affinity
and linker govern the synergy with the small molecule and result in
strong active site inhibition. Therefore, potent, selective, and rever-
sible EXACT inhibitors can be created for virtually any enzyme, with or
without defined exosites, by appropriately linking a high affinity,
high specificity aptamer to even a low affinity, low specificity, small
molecule active site inhibitor. For enzymes with functionally important
exosites however, we anticipate that the most effective EXACT inhi-
bitors will contain aptamers that both inhibit exosite function as well as
catalytic activity. These studies foreshadow the development of a large
class of highly potent and specific enzyme inhibitors that are rapidly
reversible. This combination of beneficial properties has been difficult
to obtain for any therapeutic agent but now appears to be straight
forward to attain. Moreover, this generalizable molecular engineering
approach can help resuscitate many small molecule drugs abandoned
because they were not effective or selective enough on their own.

Methods

Materials

All DNA oligos were purchased from Integrated DNA Technologies Inc.
Modified RNA oligos were synthesized in house using a Mermade oligo
synthesizer followed by HPLC purification. Chemicals were purchased
from Sigma without specification. Dabigatran (DAB) and apixaban-
COOH (APX) were purchased from AK Scientific Inc. Human alpha
thrombin, human factor Xa, and human fibrinogen were purchased
from Haematologic Technologies Inc. Recombinant human factor VIII

was purified from Kogenate FS (Bayer) and quantified by UV abo-
sorbance. Pooled normal human plasma was purchased from George
King Bio-Medical. Human whole blood samples in this work were
obtained under Duke IRB protocol (Pro00007265).

Synthesis and purification of EXACT inhibitors with poly

(A) linker

EXACT inhibitors were synthesized via EDC/NHS using a reported
method with modification*°. Briefly, 1 umole of EDC and 4 pmole of
NHS were mixed in 22 uL of H,O/DMSO solution (v:v=15%:85%). The
mixture was immediately added to 230 uL of 5.5 mM DAB or APX dis-
solved in DMSO. After 30 min of incubation at room temperature,
5 nmole of amine-modified aptamer derivatives dissolved in 60 pL of
420 mM TEA/HCI buffer, pH 10 were added into the mixture and
incubated at room temperature overnight. The unreacted small
molecules were removed by ethanol precipitation, and the conjugates
were purified from the unreacted aptamer and other residue impu-
rities by HPLC and verified by IES-MS. The purity of the final product
was validated on a 15% denaturing PAGE (Supplementary Fig. 1).

Fluorogenic activity assay

All reagents were freshly reconstituted in the reaction buffer (20 mM
HEPES, 150 mM NaCl, and 2mM CaCl2, 0.02%, Tween 20, pH 7.5)
before the assay. 10 uL of thrombin or factor Xa (final concentration
0.5 nM) were first incubated with 5 pL of inhibitor, inhibitor/antidote
mixture, or buffer control on a 384-well opaque plate for 5min at
28°C. 10 uL of fluorogenic substrate (final concentration 50 uM) was
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then added to the mixture and the time-course fluorescence
(Aex=352nm, A, =470 nm) of the sample were recorded every min-
ute for 15min at 28 °C using a SpectraMax i3 microplate reader
(Molecular Devices). The catalytic rate of the protease was quantified
by the slope from linear regression of the time-dependent fluores-
cence intensity and normalized with the sample containing no inhi-
bitor as 100%. Each experiment was performed in triplicates.

Bio-layer interferometry

Bio-layer interferometry was performed using Octet R8 BLI System
(Sartorius). Briefly, 3.3nM of biotinylated HD22-7A-DAB, HD22-7A-
NH,, HD23-7A-DAB, and HD23-7A-NH, were immobilized to Octet
streptavidin biosensors (Sartorius). The baseline was collected in
buffer (20 mM HEPES, 150 mM NaCl, and 2 mM CaCl2, 100x BSA, pH
7.5) followed by a 30 min association in buffer containing different
concentrations of thrombin. A 30 min dissociation was performed in
buffer containing 200 nM HD22-7A-DAB. The existence of free HD22-
7A-DAB in dissociation buffer prevents re-binding of thrombin and
provides more accurate ko measurements.

Size exclusion chromatography

All experiments were performed using a BioCADRPM perfusion chro-
matography workstation with a HiLoad 16/600 Superdex 200 pg col-
umn (cytiva). Before experiment, the column was equilibrated
overnight in buffer (20 mM HEPES, 150 mM NaCl, and 2mM CaCl2,
0.1%, PEG8000, pH 7.5). 1.25nmole of thrombin, HD22-7A-DAB, or
their equimolar mixture in 250 uL buffer was loaded to the column with
a buffer elution rate of 0.5 mL/min for at least 240 min. The absor-
bance at 260 nm was recorded throughout the experiment. The pro-
tein standard consisted of human IgG (150KDa), BSA (67KDa),
thrombin S195A (38KDa), and a nanobody (14KDa).

X-ray crystallography

A mixture of 150 mM llag;esa and 160 mM HD22-7A-DAB in 20 mM
HEPES, 0.15M NaCl, pH 7.4 was mixed with an equal volume of 0.1M
MES monohydrate, pH 6.0, 22% (v/v) polyethylene glycol 400 and
crystals were grown from 2 ul sitting drops by vapor diffusion. X-ray
diffraction data were collected at beamline 17-ID-1 (AMX) at NSLS-II.
Data were merged and scaled using the AutoProc pipeline* using XDS*?,
Aimless*, Pointless* and StarAniso. Molecular replacement was done
using the human thrombin structure 1PPB* and the structure of HD22
from SEW1*¢ using Phenix.Phaser”. Initial rounds of model completion
and refinement were done with COOT*® and Phenix.Refine*’. The last
round of refinement was done using PDBREDO*.

Fibrinogen turbidity assay

All reagents were freshly reconstituted in the reaction buffer the assay.
20 uL Thrombin (final concentration 2.5 nM) was incubated with 10 uL
thrombin inhibitors (final concentration 50 nM) or buffer control at
37 °C for 5min. 20 uL fibrinogen (final concentration 0.8 mg/mL) was
then added to the reaction and absorbance at 550 nm was measured
every 30 s over 130 min using a SpectraMax i3 microplate reader to
monitor clot formation. To test the kinetics of antidote reversal, 1L
AO2 (final concentration 2 uM) was added to the reaction 10 min after
fibrinogen addition. The maximum absorption over the period of assay
in the absence and presence of different inhibitors were determined.
The time to reach 10%, 50%, and 90% maximum absorption increase
from the start point were calculated and recorded as lag time, tso, and
too, respectively, for each inhibitor to evaluate the kinetic of fibrinogen
activation. Each experiment was performed in triplicates to determine
the mean and standard deviation of each parameter.

Thrombin cleavage of FVIII
All reagents were freshly reconstituted in the reaction buffer the assay.
Thrombin (final concentration 1 nM) was incubated in the absence or

presence of thrombin inhibitors (final concentration 100 nM) at 37 °C
for 5min following by addition of recombinant human FVIII (final
concentration 100 nM). Sample were collected at 1, 2, 5, 10, 20, 30, 40,
and 60 min of reaction and quenched in SDS loading buffer and
heating at 95°C for 5min. The digestion products at different time
points are then characterized on a 4-20% PAGE gel. Thrombin’s
activity on activating FVIII in the absence and presence of thrombin
inhibitors were quantified using the time-course concentration of
intact light chain under thrombin digestion determined by band
intensity. The assay was performed in duplicates.

Plasma coagulation assays

Thrombin time (TT), prothrombin time (PT), and activated partial
thromboplastin time (aPTT) assays were performed in citrated normal
human plasma on a hemostasis coagulation analyzer (Diagnostica
Stago). For TT, 5 uL of inhibitors in the reaction buffer were mixed with
100 pL of plasma and incubated at 37 °C for 5 min. 50 uL of thrombin (6
NIH units/ml) in the reaction buffer was then added to initiate clotting.
For PT, 5 ul of inhibitors in the reaction buffer were mixed with 50 uL of
plasma and incubated at 37 °C for 5 min. 100 pL of TriniCLOT PT Excel
S reagent was then added to initiate clotting. For aPTT, 5 uL of inhibi-
tors in the reaction buffer were mixed with 50 pL of plasma and incu-
bated at 37 °C for 5min, 50 uL of TriniCLOT aPTT S reagents was then
added followed by another 5 min incubation at 37 °C. Finally, 50 uL of
20 mM CaCl, was added to initiate clotting. To characterize antidote
reversal of HD22-7A-DAB in the above assays, 5ulL AO2 (finial con-
centration 2 uM) in the reaction buffer was added after 5 min incuba-
tion between plasma and HD22-7A-DAB, followed by another 5 min of
incubation before the next step. All assays are performed induplicates.

Active clotting time (ACT)

Citrated blood (72 pL) freshly collected from heathy donors were
incubated with 6 pL inhibitors reconstituted in the reaction buffer at
room temperature for 3min following addition of 2.1pL CaCl,
(245 mM). The blood mixture was then immediately analyzed on an
ACT+ cuvette (Accriva Diagnostics) using a Hemochron Jr Signature
(Instrumentation Laboratory). The assay was performed with a N value
of five. One-way ANOVA test was used to compare between two sets
of data.

Statistical analysis

For multiple comparison within a data set, we performed ordinary one-
way ANOVA followed by Bonferroni test between every two groups. A
significant difference was called when P-value < 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Crystallographic data for the structures reported in this article have
been deposited to the protein data bank with PDB ID 8TQS. The
authors declare that other data supporting the findings of this study
are available within the paper and its Supplementary Information files.
Source data are provided with this paper and accessible via Figshare:
[https://doi.org/10.6084/m9.figshare.25320667]. Source data are pro-
vided with this paper.

References

1. Ledizet, M., Harrison, L. M., Koskia, R. A. & Cappello, M. Discovery
and pre-clinical development of antithrombotics from hemato-
phagous invertebrates. Curr. Med. Chem. Cardiovasc. Hematol.
Agents 3, 1-10 (2005).

2. Rydel, T. J. et al. The structure of a complex of recombinant hirudin
and human alpha-thrombin. Science 249, 277-280 (1990).

Nature Communications | (2024)15:3977


http://doi.org/10.2210/pdb8TQS/pdb
https://doi.org/10.6084/m9.figshare.25320667

Article

https://doi.org/10.1038/s41467-024-48211-6

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

van de Locht, A. et al. Two heads are better than one: crystal
structure of the insect derived double domain Kazal inhibitor
rhodniin in complex with thrombin. EMBO J. 14, 5149-5157 (1995).
vande Locht, A. et al. The ornithodorin-thrombin crystal structure, a
key to the TAP enigma? EMBO J. 15, 6011-6017 (1996).
Francischetti, I. M., Valenzuela, J. G. & Ribeiro, J. M. Anophelin:
kinetics and mechanism of thrombin inhibition. Biochemistry 38,
16678-16685 (1999).

Richardson, J. L. et al. Crystal structure of the human alpha-
thrombin-haemadin complex: an exosite Il-binding inhibitor. EMBO
J. 19, 5650-5660 (2000).

Koh, C. Y. et al. Variegin, a novel fast and tight binding thrombin
inhibitor from the tropical bont tick. J. Biol. Chem. 282,
29101-29113 (2007).

Macedo-Ribeiro, S. et al. Isolation, cloning and structural char-
acterisation of boophilin, a multifunctional Kunitz-type proteinase
inhibitor from the cattle tick. PLoS One 3, €1624 (2008).

Wei, A. et al. Unexpected binding mode of tick anticoagulant pep-
tide complexed to bovine factor Xa. J. Mol. Biol. 283, 147-154 (1998).
Krstenansky, J. L. & Mao, S. J. Antithrombin properties of C-terminus
of hirudin using synthetic unsulfated N alpha-acetyl-hirudin45-65.
FEBS Lett. 211, 10-16 (1987).

Chang, J. Y., Schlaeppi, J. M. & Stone, S. R. Antithrombin activity of
the hirudin N-terminal core domain residues 1-43. FEBS Lett. 260,
209-212 (1990).

Krishnaswamy, S., Vlasuk, G. P. & Bergum, P. W. Assembly of the
prothrombinase complex enhances the inhibition of bovine factor Xa
by tick anticoagulant peptide. Biochemistry 33, 7897-7907 (1994).
Hauel, N. H. et al. Structure-based design of novel potent non-
peptide thrombin inhibitors. J. Med. Chem. 45, 1757-1766 (2002).
Tasset, D. M., Kubik, M. F. & Steiner, W. Oligonucleotide inhibitors of
human thrombin that bind distinct epitopes. J. Mol. Biol. 272,
688-698 (1997).

Russo Krauss, I., Pica, A., Merlino, A., Mazzarella, L. & Sica, F. Duplex-
quadruplex motifs in a peculiar structural organization coopera-
tively contribute to thrombin binding of a DNA aptamer. Acta
Crystallogr. Sect. D: Biol. Crystallogr. 69, 2403-2411 (2013).
Alemany, A. & Ritort, F. Determination of the elastic properties of
short ssDNA molecules by mechanically folding and unfolding DNA
hairpins. Biopolymers 101, 1193-1199 (2014).

Baglin, T. Clinical use of new oral anticoagulant drugs: dabigatran
and rivaroxaban. Br. J. Haematol. 163, 160-167 (2013).

Kretz, C. A., Stafford, A. R., Fredenburgh, J. C. & Weitz, J. I. HD1, a
thrombin-directed aptamer, binds exosite 1 on prothrombin with
high affinity and inhibits its activation by prothrombinase. J. Biol.
Chem. 281, 37477-37485 (2006).

Buddai, S. K. et al. An anticoagulant RNA aptamer that inhibits
proteinase-cofactor interactions within prothrombinase. J. Biol.
Chem. 285, 5212-5223 (2010).

Gunaratne, R. et al. Combination of aptamer and drug for reversible
anticoagulation in cardiopulmonary bypass. Nat. Biotechnol. 36,
606-613 (2018).

Rusconi, C. P. et al. RNA aptamers as reversible antagonists of
coagulation factor IXa. Nature 419, 90-94 (2002).

Murphy, M. C., Rasnik, |., Cheng, W., Lohman, T. M. & Ha, T. Probing
single-stranded DNA conformational flexibility using fluorescence
spectroscopy. Biophys. J. 86, 2530-2537 (2004).

Brinkers, S., Dietrich, H. R., de Groote, F. H., Young, I. T. & Rieger, B.
The persistence length of double stranded DNA determined using
dark field tethered particle motion. J. Chem. Phys. 130,

215105 (2009).

Zeng, Z., Fagnon, M., Nallan Chakravarthula, T. & Alves, N. J. Fibrin
clot formation under diverse clotting conditions: comparing turbi-
dimetry and thromboelastography. Thromb. Res. 187,

48-55 (2020).

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

Kim, Y., Cao, Z. & Tan, W. Molecular assembly for high-performance
bivalent nucleic acid inhibitor. Proc. Natl Acad. Sci. USA 105,
5664-5669 (2008).

Despotis, G. J., Gravlee, G., Filos, K. & Levy, J. Anticoagulation
monitoring during cardiac surgery: a review of current and emer-
ging techniques. Anesthesiology 91, 1122-1151 (1999).

Horton, S. & Augustin, S. Activated clotting time (ACT). Methods
Mol. Biol. 992, 155-167 (2013).

Tsae, P. K. & DeRosa, M. C. Outlook for aptamers after twenty five
years. Curr. Top. Med. Chem. 15, 1153-1159 (2015).

Nimjee, S. M., White, R. R., Becker, R. C. & Sullenger, B. A. Apta-
mers as therapeutics. Annu. Rev. Pharmacol. Toxicol. 57, 61-79
(2017).

Sullenger, B., Woodruff, R. & Monroe, D. M. Potent anticoagulant
aptamer directed against factor 1Xa blocks macromolecular sub-
strate interaction. J. Biol. Chem. 287, 12779-12786 (2012).

Nimijee, S. M. et al. Synergistic effect of aptamers that inhibit exo-
sites 1 and 2 on thrombin. RNA 15, 2105-2111 (2009).

Jeter, M. L. et al. RNA aptamer to thrombin binds anion-binding
exosite-2 and alters protease inhibition by heparin-binding serpins.
FEBS Lett. 568, 10-14 (2004).

Woodruff, R. S. et al. Generation and characterization of aptamers
targeting factor Xla. Thromb. Res. 156, 134-141 (2017).

Woodruff, R. S. et al. Inhibiting the intrinsic pathway of coagulation
with a factor XlI-targeting RNA aptamer. J. Thromb. Haemost. 11,
1364-1373 (2013).

Layzer, J. M. & Sullenger, B. A. Simultaneous generation of apta-
mers to multiple gamma-carboxyglutamic acid proteins from a
focused aptamer library using DeSELEX and convergent selection.
Oligonucleotides 17, 1-11 (2007).

Steen Burrell, K. A., Layzer, J. & Sullenger, B. A. A kallikrein-targeting
RNA aptamer inhibits the intrinsic pathway of coagulation and
reduces bradykinin release. J. Thromb. Haemost. 15,

1807-1817 (2017).

Blake, C. M., Sullenger, B. A., Lawrence, D. A. & Fortenberry, Y. M.
Antimetastatic potential of PAI-1-specific RNA aptamers. Oligonu-
cleotides 19, 117-128 (2009).

Damare, J., Brandal, S. & Fortenberry, Y. M. Inhibition of PAI-1 anti-
proteolytic activity against tPA by RNA aptamers. Nucleic Acid Ther.
24, 239-249 (2014).

Ren, X. et al. Evolving A RIG-I antagonist: a modified DNA aptamer
mimics viral RNA. J. Mol. Biol. 433, 167227 (2021).

Li, Y. et al. Optimized reaction conditions for amide bond formation
in DNA-encoded combinatorial libraries. ACS Comb. Sci. 18,
438-443 (2016).

Vonrhein, C. et al. Data processing and analysis with the autoPROC
toolbox. Acta Crystallogr. Sect. D: Biol. Crystallogr. 67,

293-302 (20M).

Kabsch, W. XDS. Acta Crystallogr., Sect. D: Biol. Crystallogr. 66,
125-132 (2010).

Evans, P. R. & Murshudov, G. N. How good are my data and what is
the resolution? Acta Crystallogr. Sect. D: Biol. Crystallogr. 69,
1204-1214 (2013).

Evans, P. Scaling and assessment of data quality. Acta Crystallogr.
Sect. D: Biol. Crystallogr. 62, 72-82 (2006).

Bode, W. et al. The refined 1.9 a crystal structure of human alpha-
thrombin: interaction with D-Phe-Pro-Arg chloromethylketone and
significance of the Tyr-Pro-Pro-Trp insertion segment. EMBO J. 8,
3467-3475 (1989).

Pica, A. et al. Through-bond effects in the ternary complexes of
thrombin sandwiched by two DNA aptamers. Nucleic Acids Res. 45,
461-469 (2017).

. Liebschner, D. et al. Macromolecular structure determination using

X-rays, neutrons and electrons: recent developments in Phenix.
Acta Crystallogr. Sect. D Struct. Biol. 75, 861-877 (2019).

Nature Communications | (2024)15:3977



Article

https://doi.org/10.1038/s41467-024-48211-6

48. Emsley, P. & Cowtan, K. Coot: model-building tools for molecular
graphics. Acta Crystallogr. Sect. D Biol. Crystallogr. 60,
2126-2132 (2004).

49. Joosten, R. P, Long, F., Murshudov, G. N. & Perrakis, A. The
PDB_REDO server for macromolecular structure model optimiza-
tion. IUCr.J. 1, 213-220 (2014).

Acknowledgements

We thank Dr. Dario Neri for technical assistance on oligo conjugation; Dr.
Yi Xiao for useful discussion on binding characterization. This work was
supported by a US National Institutes of Health grant (PO1-HL139420) to
S. Krishnaswamy and B.A.S. and AHA postdoctoral fellowship
(23POST1018721) to H.Y.

Author contributions

Experiments were designed and conceived by H.Y., S.Kumar, S. Krish-
naswamy, and B.A.S. Experiments were performed by: H.Y., S.Kumar.
Collection of blood reagents was supported by G.P., R.R. and S.F.
Synthesis and purification of oligonucleotides was supported by A.Y.
Data were analyzed by H.Y., S. Kumar, JW.F., V.NK., G.P, J.L.,, RR,, S.
Krishnaswamy and B.A.S. H.Y. and B.A.S. conceived the idea and wrote
the manuscript. B.A.S. and S. Krishnaswamy acquired the funding,
provided resources and supervision. All of the authors contributed to
editing of the manuscript and support the conclusions.

Competing interests

Duke has submitted a patent application (U.S. Provisional Application
No. 63/421,756) on the thrombin and factor Xa EXACT inhibitors. H.Y.
and B.A.S. are inventors on such Duke Intellectual Property. The
remaining authors declare no competing interests.

Ethics

This research complies with ethical regulations under Duke University
Health System (DUHS) Institutional Review Board for Clinical Investiga-
tions with Federal wide Assurance No: FWA 00009025

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-48211-6.

Correspondence and requests for materials should be addressed to
Sriram Krishnaswamy or Bruce A. Sullenger.

Peer review information Nature Communications thanks Yolanda For-
tenberry and John Chaput for their contribution to the peer review of this
work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:3977

10


https://doi.org/10.1038/s41467-024-48211-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Aptameric hirudins as selective and reversible EXosite-ACTive site (EXACT) inhibitors
	Results
	De novo rational design of an EXACT thrombin inhibitor
	HD22-7A-DAB demonstrates extraordinary thrombin-binding affinity and inhibitory potency via synergistic binding
	The linker length determines synergy and inhibition potency of the EXACT inhibitor
	The exosite-binding aptamer domains regulates the selectivity of EXACT inhibitors
	The linker domain impacts the antidote-mediated reversibility of EXACT inhibitors
	EXACT Inhibitor HD22-7A-DAB impedes multiple functions of thrombin
	HD22-7A-DAB achieves potent, clinically relevant levels of anticoagulation

	Discussion
	Methods
	Materials
	Synthesis and purification of EXACT inhibitors with poly (A)�linker
	Fluorogenic activity�assay
	Bio-layer interferometry
	Size exclusion chromatography
	X-ray crystallography
	Fibrinogen turbidity�assay
	Thrombin cleavage of�FVIII
	Plasma coagulation�assays
	Active clotting time�(ACT)
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics
	Additional information




