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Development of supramolecular
anticoagulants with on-demand reversibility
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Drugs are administered at a dosing schedule set by their therapeuticindex,
and termination of actionis achieved by clearance and metabolism of the
drug. In some cases, such as anticoagulant drugs orimmunotherapeutics,
itisimportant to be able to quickly reverse the drug’s action. Here, we
report ageneral strategy to achieve on-demand reversibility by designing
asupramolecular drug (a noncovalent assembly of two cooperatively
interacting drug fragments held together by transient hybridization of
peptide nucleic acid (PNA)) that can be reversed with a PNA antidote that
outcompetes the hybridization between the fragments. We demonstrate
the approach with thrombin-inhibiting anticoagulants, creating very
potent and reversible bivalent direct thrombin inhibitors (K, =74 pM). The
supramolecular inhibitor effectively inhibited thrombus formation in mice
inaneedleinjury thrombosis model, and this activity could be reversed by
administration of the PNA antidote. This design is applicable to therapeutic

targets where two binding sites can be identified.

Anticoagulants are critically important therapies for the prevention
or reversal of thrombotic events and function by reducing fibrin dep-
osition by inhibiting fibrinogen proteolysis and/or platelet activa-
tion'. A key target of anticoagulant therapy is the protease thrombin
(coagulation factor Ila (FIla)). The use of anticoagulants is based on
arisk-benefit analysis, according to which prevention or reduction
of progression of thromboembolic disease outweighs the increased
risk of bleedingin adverse events or trauma. Indeed, many anticoagu-
lants, particularly heparin and warfarin?, require close clinical moni-
toring to prevent life-threatening bleeding side effects. Nevertheless,
anticoagulant-related bleeding and adverse effects are responsible
for an estimated 15% of all emergency hospital visits for adverse drug
effects®and, as such, strategies for the reversal of anticoagulation are
therefore essential*. Acommon strategy to reverse the effects of anti-
coagulantsis the administration of nonspecific reversal agents, which

involves the infusion of coagulation factors designed to overwhelm the
effects of circulating anticoagulants’. In clinical settings, unfraction-
ated heparin is a useful anticoagulant because protamine sulfate can
be used for rapid reversal, but unfractionated heparin requires close
monitoring®’. More recently, monoclonal antibodies and recombi-
nant FXahave been developed, which bind to specific small-molecule
anticoagulants with high affinity (idarucizumab for dabigatran and
andexanet-a for apixaban, edoxaban and rivaroxaban), thus revers-
ing the inhibition of FXa or thrombin®’. Although these approaches
are effective, there are limitations for their use, and they are costly.
Here, we present ameans to generate potent thrombin-inhibiting
anticoagulants with on-demand reversibility through programmed
supramolecular assembly’®. Supramolecular entities rely on labile
noncovalent interactions and by their very nature are dynamic and
reversible in response to specific environmental cues or stimuli by
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Fig.1|Supramolecular drug with on-demand reversibility. a, Assembly of
the supramolecular drug is catalyzed by the binding to thrombin, which creates
ahighly potent and highly selective inhibitor from two compounds with low
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potency and selectivity. The inhibition of thrombin can be rapidly reversed by the
addition of an antidote. AG, Gibbs free energy change. b, Legend of components
representedina.

shifting equilibria in the system™. These features of supramolecu-
lar systems have been elegantly applied to molecular recognition,
catalysis, molecular motors, stimuli-responsive polymers and drug
discovery and delivery but, to our knowledge, have not been realized
for applications in medicinal chemistry and pharmacology™ . Our
strategy is based on the ability to link two fragments by a reversible
supramolecular interaction, and these two fragments can interact
cooperatively with the target at two distinct sites (Fig. 1), with the
formation of the active inhibitor instructed by the target. Disruption
of the supramolecular interaction linking the two fragments results
inaloss of cooperativity and thus of inhibitory activity. Our design of
supramolecular thrombin inhibitors made use of binary interactions
directed to the active site of thrombin and to exosite Il (the so-called
heparin binding site), joined together by hybridized peptide nucleic
acid (PNA) molecules.

Results

The designed supramolecular assembly was inspired by thrombin
inhibitors produced naturally by blood-feeding (hematophagous)
organisms, such asleeches, ticks, mosquitoes and flies, which secrete
small protein thrombin inhibitors from their salivary glands to facili-
tateacquisition and digestion of abloodmeal. These salivary proteins
exhibit potent thrombin inhibition by interacting with two distinct
binding sites on thrombin, but this activity cannot be easily reversed
due to their extremely high affinity for thrombin. At the outset, we
focused onhyalomin1,a59-residue sulfated protein secreted by the tick
Hyalomma marginatum rufipes that shares sequence similarity to other
tick anticoagulant proteins but is the most potent thrombin inhibi-
tor in the family (K; = 5.4 pM). Analysis of the X-ray crystal structures
of several of these proteins complexed with thrombin (for example,
tick-derived madanin-1 (Protein Data Bank (PDB) 5L6N)" and tsetse
thrombin inhibitor (TTI) from the tsetse fly (PDB 6 TKG))'® together

with the thrombininhibitory data suggested that the potentinhibition
exhibited by these molecules was derived from interactions at two
loci of thrombin, the active site and exosite II, separated by 20-30 A
(Extended DataFig.1a-c). Wereasoned that we could leverage an estab-
lished ketobenzothiazole-containing mechanism-based pan-serine
protease inhibitor for active site targeting that forms reversible cova-
lent (hemiketal) intermediates with serine proteases but is not selective
for thrombin®. For the peptide targeting exosite II, we investigated
sequences from several salivary proteins from hematophagous organ-
isms that possess sulfotyrosine residues asacommon post-translational
modification that has been shown to enhance activity (Extended Data
Fig.1¢)""'%2°?!, Considering the reported lability of the tyrosine sulfate
post-translational modification, we opted for asynthetic analog of the
natural modification, namely sulfono(difluoro)methyl-phenylalanine
(F,Smp)*. For thelink between the two binding motifs in our supramo-
lecular anticoagulant, we chose to use the synthetic DNA mimetic PNA*
based onthe tunability of the hybridization dynamics of this molecular
classto provide anticoagulant reversibility, its metabolic stability and
the compatibility of its chemistry with peptide synthesis®.

Synthesis and characterization of supramolecular inhibitors

We first used solid-phase synthesis to prepare the mechanism-based
active site targeting peptide fragment A (Al, derived from hyalomin 1
fused toaketobenzothiazole warhead) linked to an 8-mer PNA sequence
and fragment E (E1, derived from the exosite Il binding region of TTI)
linked to the complementary 8-mer PNA (Fig. 2a and Extended Data
Fig.2). Given the knownimportance of two native negatively charged
sulfotyrosine residues for interaction with the heparin binding exosite Il
inTTI, weincorporated two F,Smpresidues as stable mimicsin fragment
El. Fragment Al showed moderate inhibitory activity against throm-
bin (K;=58.7 nM) in a fluorogenic thrombin activity assay, whereas E1
alone possessed noinhibitory activity (Fig. 2b). However, an 800-fold
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Fig. 2 |Inhibitor development. a, Schematic representation of cooperative
dynamic drug assembly. The inhibitors disclosed in this study are composed
oftwo fragments: the active site-directed fragments, which are numbered
Alto A8, and the exosite II-directed fragments, which are numbered E1 to

E23. Combination of the two fragments yields a potent inhibitor named as

the combination of the two assembled fragments (for example, A1-Elis the
combination of active site fragment Al and exosite Il fragment E1). b, Thrombin

inhibition data for the combined inhibitor versus the two fragments alone.

¢, Selectivity data for A1-E1 against a panel of common proteases. d, Effect of
PNA length oninhibition. e, Structure-activity relationship data of the exosite Il
binder by different charge. f, Structure-activity relationship data of the exosite
I binder by different hydrophobic amino acids instead of isoleucine. For all data,
n=3replicates, with individual data points presented as mean values + s.d., with
the exception of the dataincwheren=2.

enhancement of activity was observed when both components were
mixed together using the 8-mer PNA supramolecular connection, with
Al-Elexhibiting a K; of 74 pM (Fig. 2b). This supramolecular inhibitor

also gained selectivity for thrombin when tested against a panel of
proteases present in the coagulation pathway, including FXa, FXla, FXIla
and plasmaKkallikrein (PK) (>1,000-fold; Fig. 2c). It is noteworthy that,
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Fig.3|Invivoinhibition of thrombin. a, Time course of fibrin fluorescence
intensity and total thrombus volume (left) and bar chart quantification of average
fibrinintensity and average thrombus volume (right) for control animals (n=7),
argatroban-treated animals (n = 4; 2 mg per kg (body weight) bolus followed by
aninfusion of 12 mg per kg (body weight)) and Al-El-treated animals (n=5; 5 mg
per kg (body weight) bolus). Statistical significance between multiple treatment
groups was analyzed using an ordinary one-way analysis of variance (ANOVA)
with Tukey’s multiple comparisons testing with a single pooled variance. For

multiple comparisons testing, the mean of each column was compared to the
mean of every other column. Data are presented as mean + s.e.m., where ‘n’
equals the number of independent experiments performed; NS, not significant
(P=0.6660 for average fibrin intensity and P = 0.5128 for average thrombus
volume); *P=0.0025; ***P < 0.0001; AU, arbitrary units. b, Exemplarimage of a
thrombus 15 min after needle injury without inhibitor (left), with A1-E1(center)
and with argatroban (right). Platelets are shownin red, fibrinis shown ingreen,
and collagen in the background is shown in white; scale bars, 10 pm.

like thrombin, the substrate specificities for FXaand FXIa also strongly
favor arginine at P1 (refs. 25,26), but only thrombin benefits from the
bivalent interaction of the supramolecular drug, resulting in greater
than1,000-fold selectivity. To further investigate the supramolecular
connectivity betweenthe two fragments, we reduced the length of the
PNA from 8-mer to 6-mer or 4-mer while keeping the overall distance
equal. This led to a progressive loss of activity (Fig. 2d). However, the
assembly composed of the shortest supramolecular linker (4-mer:
A3-E3) wasstill tenfold more potent than the active site inhibitor alone
(Al). Together, these datasupporta cooperative interplay between the

supramolecular interaction of the PNA and the inhibition of throm-
bin through engagement with both the active site and exosite Il. The
hybridization K, of the 4-mer PNA was measured by surface plasmon
resonance (SPR) to be 4.14 uM at 25 °C (Extended Data Fig. 3), yet the
supramolecular tether still yielded a benefit at concentrations well
below the K;,. Cooperativity ininhibition was observed ifthe equilibrium
rebinding of the active site ligand was faster in the supramolecular
assembly-enzyme complex thanthe dissociation of the supramolecular
tether. It stands to reason that the longer PNA with slower k. yields
better cooperativity.
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The use of PNA as asupramolecular tether also provides the oppor-
tunity to quickly assemble analogs and perform structure-activity
studies because new combinations can be generated by simply mixing
thebinaryligands. Wefirst explored other stable sulfotyrosine mimics
in the exosite Il binding fragment by incorporating disulfonic benzo-
ate (DSB)inlieu of F,Smp (referred to assY herein) into the E fragment
to generate E4 (sY12 > DSB), E5 (sY9 > DSB) and E6 (sY9,sY12 > DSB)
that could be used to form supramolecular assemblies with active site
binding fragment Al by simple mixing (Fig. 2e)'®. Inclusion of DSB in
place of F,Smp at position 12 led to a twofold gain of activity (A1-E4;
Fig.2e), but replacement of both F,Smp residues with DSB moieties led
to a decrease in inhibition (A1-E6; Fig. 2e). The position and number
of sulfotyrosine mimics also had astrongimpact (A1-El1 versus A1-E7/
A1-E8; Fig. 2e). We next performed an alanine scan of the peptide
sequence of E1 that targeted exosite Il. This revealed an isoleucine
residue at position 7 asa hot spot (Extended Data Fig. 4a), an observa-
tion consistent with the structure of the TTI-thrombin complex (PDB
6TKG; Extended Data Fig. 4b)'¢, which shows this isoleucine filling
a hydrophobic pocket. A moderate (approximately twofold) gain in
activity could be achieved with substitution for hydrophobic non-
proteinogenic amino acids (for example, tert-leucine or norleucinein
Al-E15or A1-E16, respectively; Fig. 2f).

Invitro evaluation of the supramolecular inhibitor

Having established the feasibility of the supramolecular inhibitor con-
cept, weselected A1-El asalead to profilein subsequent biochemical
assays and for anticoagulant activity in vitro. To this end, we firstinvesti-
gated theinhibition of fibrinogen proteolysis, whereby A1-El exhibited
completeinhibitionat100 nM (Extended DataFig. 5a), whereas Alor E1
alone was comparable to noinhibitor. Having demonstrated that A1-E1
could prevent fibrinogen proteolysis in vitro, we next turned our atten-
tion to an activated partial thromboplastin time (aPTT) assay in both
human and mouse plasma. aPTT assays are routine tests performed by
physicians and are used as an indicator of the function of coagulation
factors in the intrinsic and common pathways. Effective inhibition of
thrombin is expected to lengthen the time plasma takes to clot, and
aclinically significant increase in clotting is said to be twofold. A1-E1
exhibited a therapeutically significant prolongation of clotting time
inboth humanand mouse plasmaata concentration aslowas250 nM
(Extended Data Fig. 5b). We next investigated the effects of A1-E1 on
thrombin generationina calibrated automated thrombogram (CAT).
The CAT uses afluorogenic thrombin substrate, thus allowing measure-
mentof thrombin formationin plasmainreal time. This is of particular
importance because thrombin generation is a dynamic process; the
coagulation cascade has many feedback loops and inhibitory pathways
thatareall directly orindirectly influenced by the developing thrombin
concentration, and thrombin plays a central and pivotal role through-
outthewhole process. Additionally, and in contrast to aPTT assays, the
CAT allows for alarge variation in the concentration and character of

the trigger used and can therefore be implemented to detect subtle
differences between thrombin inhibitors. A1-E1 potently inhibited
thrombin activity in both the initiation phase and propagation phase
of coagulationand was able to completely inhibit thrombin activity at
2.5 uM (Extended Data Fig. 6).

Invivo evaluation of the supramolecular inhibitor

Having determined that our supramolecular anticoagulant potently
inhibited thrombin activity and possessed anticoagulant activity
invitro, we next investigated whether A1-E1 would be effective at
inhibiting thrombus formationin vivo. To determine a suitable dose
for our in vivo efficacy study, we used an ex vivo aPTT assay. Briefly,
Al-E1was administered intravenously to mice at 2.5 or 5 mg per kg
(body weight), and blood samples were collected at 5,15 and 45 min.
Clotting times were then measured using a standard aPTT proto-
col and showed that a single bolus (5 mg per kg (body weight)) was
effective at prolonging the aPTT greater than twofold for 30 min
(Extended Data Fig. 5¢c). We next assessed the in vivo efficacy of the
supramolecular anticoagulant A1-El compared to the standard of care
argatroban in a localized needle injury model”. This injury leads to
both fibrin formation and platelet aggregation in thrombus forma-
tion, which were visualized by Alexa 546-conjugated anti-fibrin and
DyLight 649-conjugated anti-GP1bB?%. Owing to its short half-life
invivo, argatrobanwas dosed withan intravenous bolus (3.9 pmol kg™
(2 mg per kg (body weight))) followed by an infusion at 24 pmol kg™
over 60 min (12 mg per kg (body weight), total dose of 27.9 umol kg™).
Al-Flwas dosed twice via intravenous bolus at 0.63 pmol kg™ (5 mg
per kg (body weight)) 30 min apart (total dose of 1.3 pmol kg ™). Both
Al-Elandargatroban showed significant decreasesin fibrin formation
and thrombus size (Fig. 3). After treatment with the supramolecu-
lar anticoagulant A1-E1 followed by injury, we observed near com-
plete inhibition of fibrin deposition at the site of injury compared to
control-treated injuries (Fig. 3). We also observed that A1-El achieved
asimilar level of anticoagulation as abolus infusion of argatroban at
the 5 mg per kg (body weight) dosing regimen (Fig. 3). On a molar-
ity basis, A1-E1 yielded comparable results to the standard of care
(argatroban) at 24-fold lower drug loading, indicating that the potent
inhibitory activity observed in vitro translates in vivo.

On-demand on/off activity switchinginvitro andinvivo

Having established promisingin vivo efficacy for our supramolecular
inhibitor, we turned our attention to investigate the ability to reverse
the anticoagulant activity with an antidote. Given the non-covalent
nature of the supramolecular linker between the active site and exosite
IIbinding entities, we rationalized that the inhibition could be disrupted
by competing for the hybridization. To favor the equilibrium toward
the dissociation of the binary fragments, the competitor PNA was
designed to incorporate diaminopurines instead of adenine because
oligomers containing diaminopurines form more stable duplexes with

Fig. 4 | Reversal of thrombininhibition. a, Schematic representation of
antidote addition and reversal of inhibition. b, Chemical structures of adenine
and diaminopurine forming hydrogen bonds with thymine. ¢, Fluorogenic assay
datashowing the reversal of thrombin inhibition by the addition of different
concentrations of antidote after 30 min of inhibition. Data are presented as
mean +s.d., withn=3replicates. d, Fibrinogen assay data showing the reversal
of thrombin inhibition by the addition of antidote (1 equiv.) after 30 min of
inhibition. Data are presented as mean * s.d., withn = 3 replicates. e, CAT of
A8-Elwithand without antidote. Data are presented as mean values, withn =3
replicates. f, Average fibrin intensity and average thrombus volume for control-
treated animals (n =7), argatroban-treated animals (n = 4; 2 mg per kg (body
weight) bolus followed by an infusion of 12 mg per kg (body weight)), A8-E1-
treated animals (n = 3; 5 mg per kg (body weight) bolus) and A8-E1 + AD2-treated
animals (n = 3; 5 mg per kg (body weight) + 5 molar equiv. antidote). Statistical
significance between multiple treatment groups was analyzed using an ordinary

one-way ANOVA with Tukey’s multiple comparisons testing and a single pooled
variance. For multiple comparisons, the mean of each column was compared

to the mean of every other column. Data are presented as mean + s.e.m., where
‘n’ equals the number of independent experiments performed. The Pvalues

for the average thrombus volume data are *P= 0.0412 (control versus A8-E1),
P=0.7759 (NS; control versus A8-E1 + AD2), ***P = 0.0001 (control versus
argatroban), **P=0.0021(A8-E1versus A8-E1+ AD2), P=0.1208 (NS; A8-E1
versus argatroban) and ***P < 0.0001 (A8-E1 + AD2 versus argatroban). The
Pvalues for the average fibrin intensity data are P = 0.4545 (NS; control versus
A8-E1+AD2),P=0.7333 (NS; A8-El versus argatroban) and ****P < 0.0001

(all other comparisons). g, Exemplar image of athrombus 15 min after needle
injury without inhibitor (left), with A8-E1 (center) and with A8-E1+ AD2 (right).
Platelets are showninred, fibrinis shownin green, and collagen is shown in white;
scalebars, 10 pm.
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their complementary strand than oligomers containing adenine”.  observed cooperativity between target interaction and hybridization,
Although this competitor (AD1) functioned as an effective antidoteby ~ weintroduced atoehold sequence®® on the supramolecular connector
reversinginhibition, the kinetics of the antidote were deemedtooslow  (A8-El) to achieve a larger equilibrium shift in the hybridization with
atlow concentrations (1-10 uM; Extended Data Fig. 7). Mindful of the ~ AD2, a12-mer PNA (Fig. 4a,b). Following the kinetic progress of the
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reaction in real time with a fluorogenic substrate, we observed the
ability to switch from complete inhibition (15 nM binary inhibitor)
to ~40% of uninhibited thrombin activity within 30 min using 10 pM
antidote (Fig. 4c). Using lower concentrations of antidote resulted in
more progressive restoration of thrombin activity. Using just 1 equiv.
of antidote was sufficient to restore -20% of thrombin catalytic activity
within 90 min. These observations were also validated in the fibrino-
gen clotting and CAT assays described earlier, with clotting restored
using 1 equiv. and 5 equiv. of antidote relative to the supramolecular
inhibitor, respectively (Fig. 4d,e; A8-E1+ AD2). Based on these prom-
ising in vitro data, we assessed the ability of our designed antidote
toreverse anticoagulation in the in vivo thrombosis model. In this
experiment, we first treated animals with our supramolecular construct
(5 mgper kg (body weight), the concentration that provided effective
anticoagulation in the needle injury thrombosis model), followed by
administration of 5 molar equiv. of the 12-mer PNA antidote (9.4 mg
per kg (body weight)). Following addition of the antidote, anticoagu-
lation was effectively reversed, as determined by the amount of fibrin
deposition and thrombus volume compared to controlinjuries lacking
treatmentwith the antidote (Fig. 4f,g). These data support the potential
of supramolecular inhibitors as bona fide therapeutic leads and lay
the foundation for targeting a range of therapeutic targets with this
approachinthe future.

Discussion

We have designed highly potent direct bivalent thrombin inhibitors
that display an 800-fold gain in activity relative to individual frag-
ments by applying the constitutional dynamic properties of supramo-
lecular binary fragments. The supramolecular pairing was achieved
with PNA, allowing simple tuning of the dissociation kinetics of the
supramolecular complex. Animportant point of difference between
these molecules and classical inhibitors is that the dynamic equilib-
rium can be modulated by external factors, yielding asimple strategy
for reversing inhibition. This feature is highly pertinent for direct
thrombin inhibition due to the risk of adverse bleeding side effects
inanticoagulationtherapy. These known side effects have stimulated
the development of several antidotes to clinically approved anticoagu-
lant drugs® that center on the use of expensive monoclonal antibod-
ies and cocktails of competitive coagulation proteins. Our designed
supramolecular anticoagulants showed potent thrombin inhibition
and anticoagulation activities in vitro that could be rapidly reversed
using small PNA-based antidotes. This potent anticoagulant activ-
ity with on-demand reversibility was also demonstrated in an in vivo
thrombosis model, providing a starting point for future use of this
therapeutic modality for anticoagulant drug candidates. PNAs are
known to be metabolically stable and, unless purposefully modified,
cellimpermeant®. These features make PNA a good choice to focus
the activity of supramolecular drugs on extracellular targets, limiting
off-target effects® and any intrinsic pharmacological activity for the
antidote. Future improvements could make use of y-modified PNA**
with D-stereochemistry to preclude interaction with endogenous
extracellular oligonucleotides®°.

The strategy adopted here offers a general mechanism to turn
therapeutic activity on or off rapidly and is therefore not limited to
applicationsinthrombosis. For example, the supramolecular concept
could bebeneficialinimmunotherapy when an antidote to a chimeric
antigen receptor T cell response is desired or to reverse the action of
immunomodulatorsin case of severe infection. The fact that assembly
canbe encoded by different sequences of low-cost PNA should make it
possible to multiplex programmable supramolecular drug candidates.
This strategy requires the identification of two fragments that bind
synergistically to a protein of interest. DNA-encoded libraries mak-
ing use of dual display are poised to deliver such fragments for new
targets lacking prior information®”**, The same approach can also be
considered with Fab antibody fragments®.
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Methods

General methods

Unless otherwise specified, all reagents and solvents for all organic
synthesis procedures were purchased from commercial sources and
were used without further purification. High-performance liquid
chromatography (HPLC) purification was performed with an Agilent
Technologies 1260 Infinity HPLC using a ZORBAX 300SB-C18 col-
umn (9.4 x 250 mm). LC-mass spectrometry (LC-MS) spectra were
recorded ona DIONEX Ultimate 3000 UHPLC withaThermo LCQ Fleet
Mass Spectrometer System using a PINNACLE DB C18 column (1.9 pm,
50 x 2.1 mm) operated in positive mode. All the LC-MS spectra were
measured by electrospray ionization. Matrix-assisted laser desorption/
ionization-time of flight (MALDI-TOF) mass spectra were measured
using a Bruker Daltonics Autoflex spectrometer operated in positive
mode. High-resolution mass spectra were obtained on a Xevo G2 TOF
spectrometer (ionizationmode, electrospray ionization positive polar-
ity; mobile phase, methanol at 100 pl min™). Automated solid-phase
synthesis was performed on an Intavis AG Multipep RS instrument.

Synthesis of PNA-peptide conjugates

Resin (5.0 mg) was swollen in dichloromethane (DCM) for 10 min and
washed twice with dimethylformamide (DMF). Iterative cycles of
amide coupling (procedure 1), capping of the resin (procedure 4) and
deprotection of the protecting group (procedure 2 or procedure 3)
were performed to synthesize the PNA probes. The compounds were
deprotected and cleaved from the resin using procedure 5 and finally
purified by HPLC. Characterization of the PNA-peptide conjugates
was performed using MALDI (Bruker Daltonics Autoflex spectrometer
with Flex control 3.4 software and analysis with FlexAnalysis 3.4) and/
or LC-MS (DIONEX Ultimate 3000 UHPLC with a Thermo LCQ Fleet
Mass Spectrometer System using a PINNACLE DB C18 column (1.9 pm,
50 x 2.1 mm) with Thermo Xcalibur 2.2.SP1.48 software and analysis
with Thermo Xcalibur Qual Browser 2.2.Sp1.48). For MALDI analysis,
1.0 pl of the sample (in either water or water/acetonitrile (1:1)) was
mixed with 1.0 pl of 2,5-dihydroxybenzoic acid (DHB) matrix solution
(30 mgof DHBin1.0 ml of70:30:0.01 water/acetonitrile/trifluoroacetic
acid (TFA)), and the mixture was spotted on a MALDI plate. The meas-
urements were acquired in positive linear mode. For LC-MS analysis,
20 pl of samplein water or water/acetonitrile (1:1) was injected on the
LCand further analyzed by MS in positive mode. Compounds contain-
ing the benzene disulfonic acid motif could only be analyzed by LC-MS
dueto fragmentation when analyzed by MALDI.

2-Chlorotrityl chloride resin loading. 2-Chlorotrityl chloride resin
(1.46 mmol g ' loading) was swollen in dry DCM for 30 min, followed
by washing with DCM + 1% N,N-diisopropylethylamine (DIPEA; 3 ml,
one time) and DCM (3 ml, ten times). A solution of Fmoc-Xaa-OH
(0.7 mmol g resin) and DIPEA (4 equiv. relative to resin functionali-
zation) in DCM (final concentration of 0.125 M amino acid) was added
totheresin, which was shakenat room temperature for16 h. Theresin
was thenwashed with DCM (3 ml, five times), DMF (3 ml, five times) and
DCM (3 ml, five times). The resin was then capped via treatment with
17:2:1(vol/vol/vol) DCM/methanol/DIPEA (5 ml) for 40 minatroom tem-
perature. Theresin was then washed again with DCM (3 ml, five times),
DMF (3 ml, five times) and DCM (3 ml, five times) before further use.

Rink amide resin loading. Nova PEG Rink amide resin (0.44 mmol g %;
Novabiochem) was swollen in DCM for 10 min and washed twice with
DMF. Standard amide coupling (procedure 1) was performed, followed
by capping of the resin (procedure 4). The resin was then washed again
with DCM (3 mli, five times), DMF (3 ml, five times) and DCM (3 ml, five
times) before further use.

Amide coupling (procedure 1). The corresponding Fmoc-protected
PNA monomer*° oraminoacid (4 equiv., 0.2 Min N-methylpyrrolidone

(NMP)) wasincubated for 5 min with HATU (3.5 equiv., 0.5 MinNMP) and
base solution (1.2 M (4 equiv.) DIPEA and 1.8 M (6.0 equiv.) 2,6-lutidine
inNMP). The mixture was then added to the corresponding resin. After
20 min, the mixture was filtered, the resin was washed with DMF, and a
new premixed reaction solution was added to the resinand allowed to
react for another 20 min. Theresin was then washed sequentially with
DMF, DCM and DMF two times each.

Fmoc deprotection (procedure 2). A solution of 20% (vol/vol) piperi-
dinein DMF was added to the resinand allowed toreact for 5 min. The
mixture was then filtered, the resin was washed with DMF, and the
sequence was repeated for another 5 min. The resin was then washed
sequentially with DMF, DCM and DMF two times each.

4-Methyltrityl deprotection (procedure 3). A solution (made from
244 mg of hydroxybenzotriazole in 10 ml of hexafluoroisopropanol and
10 mlof1,2-dichloroethane) wasadded to the prewashed resintoreach
avolume of 10 ml g ' of resin and allowed to react for 5 min. The solution
was flushed, the resin was washed with DCM, and the sequence was
repeated for another 5 min. Finally, the resin was washed sequentially
with DCM and DMF two times each.

Capping (procedure 4). The resin was treated with a capping mix-
ture (0.92 ml of acetic anhydride and 1.3 ml of 2,6-lutidine in 18 ml
of DMF; 10 ml of solution per g of resin) for 5 min. After flushing the
solution, the resin was washed sequentially with DMF, DCM and DMF
two times each.

Cleavage from the resin and final deprotection (procedure 5).
Resin (5.0 mg, 1.0 pmol) was treated with 125 pl of a mixture of TFA and
scavengers (440 pl of TFA + 25 mg of phenol + 25 pl of water +10 pl of
triisopropylsilane) for 2 h. The resin was filtered and washed with TFA
(50 ul), and the collected fractions of cleavage product were precipi-
tatedin cold ether (1.5 ml). After centrifugation, the pellet was vortexed
again with cold diethyl ether (1.5 ml) and centrifuged (18,000g). The
pellet was dissolved in water/acetonitrile (3:1; 1.5 ml) and lyophilized
to obtain awhite powder.

Microcleavage for quality control (procedure 6). The minimum
number of beads was picked with a pipette plastic tip and transferred
to 50 pl of TFA. The solution was left for 1 h and transferred to 1.0 ml
of ether. The ether solution was maintained at —20 °C for 5 min and
centrifuged for 5 minat18,000g. The ether supernatant wasremoved,
andthe pelletwas dissolved in 20 pl of 1:1acetonitrile/water, which was
then used for analysis by MALDI-TOF and/or LC-MS.

On-resin copper(l)-catalyzed azide-alkyne cycloaddition
(CuAAC; procedure 7). A solution of CuSO, (15 pl, 64 mg ml™in
water) was added to tris(benzyltriazolylmethyl)amine (2 mg) in
20 pl of DMF, followed by the addition of 50 pl of sodium ascorbate
(396 mg ml ™ in water). Azide-containing peptide (2 equiv. in 60 pl
of DMF) was added to the mixture, which was mixed before the addi-
tion of 5 mg of alkyne-derivatized Rink amide resin (0.0022 mmol).
After 16 h of shaking, the mixture was filtered, and the resin was
washed six times with 250 pl of sodium diethyl dithiocarbamate
(0.02 M) in DMEF, six times in 250 pl of DMF, six times in methanol
and six timesin DCM.

Coupling of Fmoc-L-F,Smp(nP)-OH (procedure 8). Fmoc-L-F,Smp(nP)-
OH was prepared as previously described®. A mixture of Fmoc-
L-F,Smp(nP)-OH (0.003 mmol, 1.5 equiv.), hydroxybenzotria-
zole (0.003 mmol, 1.5 equiv.) and N,N’-diisopropylcarbodiimide
(0.003 mmol, 1.5 equiv.) was added to the corresponding resin and
shaken overnight. The mixture was filtered, and the resin was washed
sequentially with DMF, DCM and DMF two times each.
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Coupling of Arg(Pbf)-benzothiazole (procedure 9). Arg(Pbf)-
benzothiazole (0.0044 mmol, 2 equiv.) and HATU (0.0034 mmol,
1.5 equiv.) in NMP (100 pl) were added to 5 mg of resin (0.0022 mmol),
followed by the addition of DIPEA (0.012 mmol, 6 equiv.). Thereaction
was shaken for 2 h, the mixture was filtered, and the resin was washed
sequentially with DMF, DCM and DMF two times each.

Neopentyl deprotection and characterization of PNA-peptide con-
jugates (procedure 10). The precipitate collected after cleavage and
ether precipitation waslyophilized. The remaining solid was dissolved
inasolution of 1 Mammonium acetate and 6 M guanidinium chloride
and shaken at 37 °C for 2 h. The solution was then diluted with water/
acetonitrile (50:50) and purified by HPLC.

Thrombininhibition assay

Inhibition of the activity of human a-thrombin (Haematologic Tech-
nologies, HCT0020) was followed spectrophotometrically using
Phe-Pro-Arg-Coumarin (synthesis described in Supplementary Infor-
mation) as the chromogenic substrate.

Inhibition assays were performed using 0.2 nM enzyme, 20 uM
substrate and increasing concentrations of inhibitor. The concentra-
tion of eachinhibitor variant was determined using the absorbance of
the PNA at 260 nm, as measured by NanoDrop. All reactions were per-
formedat 37 °Cin 50 mM Tris-HCI (pH 8.0), 50 mM NaCland 1 mg ml™
bovine serum albumin in black 96-well microtiter plates (Thermo
Fisher Scientific, 267342). Reaction progress was monitored by exci-
tation at 339 nm and emission at 439 nm using a SpectraMax or Tecan
Spark Plate Reader. Dose-response curves were used to determine
the half-maximal inhibitory concentrations (ICs,) using Prism 8.0
(GraphPad Software). For eachinhibitor, the reactions were performed
intriplicate, together with control reactions in the absence of enzyme.
The initial velocity was calculated from the slope of the first 10 min of
the assay. The curves were normalized to the well without inhibitor,
where the initial velocity was set to 100% activity.

For the antidote assay, the plate wasremoved from the plate reader
at the desired time of addition (usually 30 min). One microliter of
antidote (100x) was added, and reading was resumed.

Fibrinogen assay
Human a-thrombin (Haematologic Technologies, HCT0020; final
concentration of 2.5 nM) was incubated with compound (final concen-
tration of 15 nM) at 37 °C for 30 min. Fibrinogen (final concentration of
1mg ml™) was added, and absorbance at 288 nm was measured using
a SpectraMax Plate Reader. All reactions were performed at 37 °Cin
50 mM Tris-HCI (pH 8.0), 50 mM NaCl and 1 mg ml™ bovine serum
albuminin clear 96-well microtiter plates (Greiner Bio-One, 650201).
Forthe antidote assay, the plate was removed fromthe plate reader
at the desired time of addition (usually 30 min). One microliter of
antidote (100x) was added, and reading was resumed.

Selectivity assays

Inhibitory activity of A1-E1 was tested against a-human thrombin,
FXla and FXa (Haematologic Technologies) and a-FXlla and PK
(Enzyme Research Laboratories). Chromogenic assays were followed
spectrophotometrically using the following specific substrates:
100 puM Tos-Gly-Pro-Arg-PNA (Chromozym TH, Roche) for throm-
bin, 500 uM Pyr-Pro-Arg-PNA (L-2145, Bachem) for FXla, 500 pM
Moc-D-norleucine-Gly-Arg-PNA (L-1565, Bachem) for FXaand 200 uM
or 400 pM D-Pro-Phe-Arg-PNA (Cayman Chemical) for a-FXIla or PK,
respectively. The assay buffersincluded 50 mM Tris-HCI (pH 8.0) and
50 mM NacCl for thrombin (0.2 nM); PBS (pH 7.4) for FXIa (0.5 nM);
25 mM Tris-HCI (pH 7.5),100 mM NaCl and 5 mM CaCl, for FXa (0.5 nM);
20 mMHEPES (pH7.6),150 mM Nacl, 0.1% (wt/vol) PEG 8000 and 0.01%
(vol/vol) Triton X-100 for a-FXIla (4 nM); and 50 mM Tris-HCI (pH 8.0)
and 150 mM NaClfor PK (0.25 nM). Bovine serum albumin (Sigma) was

addedtoallbuffersat1g1™. Allreactions were initiated by the addition
of the protease and were performed at 37 °C in 96-well, flat-bottom
microtiter plates. Reaction progress was monitored at 405 nm for
30 min (60 min for FXaand a-FXIla) on amultimode microplate reader
(Synergy2, BioTek) with measurements taken every 5 min. Allmeasure-
ments were performed induplicate. IC,, values were determined from
the log dose-response curves with Prism 9 (GraphPad Software).

SPR experiments

SPR experiments were performed on a Biacore T200 instrument (GE
Healthcare) at 25 °C in PBS-P+ buffer (10x stock; Cytiva Life Sciences,
28995084). Biotin-PNA (8-mer) was immobilized on a Streptavidin
Series S sensor chip (Cytiva Life Sciences, 29104992). Before immo-
bilization, the two channels were conditioned with1 M NaClin 50 mM
NaOH. After stabilization, the compound (solution in PBS-P+) was
flowed over one of the flow cells of the sensor chip at a concentration
of 50 nM at a flow rate of 10 pl min™with a response unit target of 500.
Biotin-PNA (8-mer) reached aresponse unit value of 513.7. The system
(notincluding the flow cells) was washed with 50% isopropanol in1M
NaCl and 50 mM NaOH after each ligand injection. Kinetic measure-
ments consisted of injections (association, 400 s; dissociation, 450 s;
flow rate, 30 pl min™) of decreasing concentrations of PNA (4-, 6- and
8-mer; twofold cascade dilutions fromthe starting concentration). The
chipwasregenerated between cycles by oneinjection of regeneration
solution (50 mM NaOH) for 10 s at a flow rate of 20 pl min™, followed by
a10-s stabilization period. Binding was measured as resonance units
over time after blank subtraction, and the datawere interpreted using
Biacore T200 software (version 3.2). All measurements were performed
induplicate. The K, values were calculated based on steady-state affin-
ity (1:1binding).

aPTTinvitro
aPTT measurements were performed onaBFTIlbenchtop analyzer as
per the manufacturer’sinstructions. Dade Actin FSL Activated PTT Rea-
gent (23-044-647) and calcium chloride solution (10446232 ORHO37)
werebothsourced from Siemens Healthcare Diagnostics Products, and
lyophilized pooled human reference plasma (Pooled Norm., 00539)
was purchased from Diagnostica Stago. Pooled human plasma was
reconstituted as per the manufacturer’s instructions (Milli-Q water,
30 min, room temperature). Pooled mouse plasma was prepared by
collection of whole blood from three to four C57BL/6 mice (Austral-
ian BioResources) into sodium citrate (3.8%), with plasma isolated by
centrifugation at 5,000g for 15 min and stored onice until required.
Human or mouse plasma was incubated with inhibitors at the
indicated concentrations and prewarmed to 37 °C. Fifty microliters of
each plasma/inhibitor mixture was incubated with Actin FSL (50 ml) in
astirred reaction vessel for 3 min before addition of 50 ml of calcium
chloride solution to initiate coagulation. The time taken for fibrin
clot formation was recorded in a semiautomated fashion using a BFT
Il Analyzer, which uses a turbodensitometric detection technique.

ExvivoaPTT

All procedures involving the use of animals were performed as
approved by the University of Sydney Animal Ethics Committee (pro-
tocol 2021/1912). C57BL/6 mice (25-30 g) were anesthetized using
a mixture of ketamine (125 mg per kg (body weight)) and xylazine
(12.5 mg per kg (body weight); intraperitoneal delivery) and adminis-
tered A1-E1 as a single bolus delivered intravenously via the femoral
veinateither2.5or 5.0 mg per kg (body weight). Blood was drawn from
theinferior vena cavaattheindicated timesinto citrate anticoagulant
(3.8%), plasma was isolated as described above for in vitro aPTT stud-
ies, and aPTT was assessed via changes in plasma opacity at 405 nm
using a CLARIOstar plate reader fitted with dual injectors heated to
37 °Cusing amodified version of the aPTT protocol described above.
Briefly, injectors were primed for Dade Actin FSL Activated PTT Reagent
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(line A) and calcium chloride solution (line B), and mouse plasma was
aliquoted in duplicate (25 pl) into wells of aNunc 368-well polystyrene
plate (Z723010, Sigma-Aldrich). Following injection of 25 ml of Dade
Actin FSL, the plate was mixed using the orbital shaking function for
25(500 rpm) andincubated for 182 s at 37 °C. At this time (designated
t=0s),25mlof calcium chloride solution was injected, the plate was
mixed as described above, and absorbance measurements were taken
at 405 nm for 360 intervals (22 flashes per well, interval time of 0.5 s).
Clotting time was denoted by the timing of initial inflection point,
denoting transition of plasma from transparent to opaque.

CAT

Normal lyophilized human pooled plasma (Pool Norm., 00539, Diag-
nostica Stago) was reconstituted and incubated for 30 min at 37 °C.
Vehicle and various inhibitors at different concentrations were then
incubated in plasma for 30 min. Thrombin assays were performed
using aHemker Calibrated Automated Thrombinoscope (Diagnostica
Stago) and aFluoroskan Ascent plate reader (Thermo Fisher Scientific).
Allexperiments were conducted in triplicate in 96-well microplates for
fluorescence-based assays (M33089, Thermo Fisher Scientific) and
calibrated using untreated plasma and a thrombin calibrator (86192,
Diagnostica Stago). Thrombinoscope experiments were conducted
following patented commercial protocols. In brief, each sample well
was filled with 20 pl of PPP reagent containing a mixture of phospho-
lipids and tissue factor (86193, Diagnostica Stago). Eighty microliters
of plasma (untreated/ treated) was then added to each of these wells
and mixed using reverse pipetting, and the well plate was incubated
in the plate reader at 37 °C for 10 min. Meanwhile, a FluCa kit (86197,
Diagnostica Stago) containing Fluo-Buffer and Fluo-Substrate was
warmed to 37 °C. Followingincubation, the thrombinoscope dispenser
was flushed, emptied and filled with a FluCa mixture consisting of the
Fluo-Buffer and Fluo-Substrate. Twenty microliters of the FluCa mix-
ture was dispensed into each well containing plasma samples, initiating
the coagulationreaction. Thrombin activity (nM) was measured over
1h, with thrombogram parameters including lag time (min), velocity
index (nM min™), time to peak (min), peak height (nM), endogenous
thrombin potential (nM x min) and time to tail (min).

Needle injury thrombosis model

C57BL/6) mice were purchased from Australian BioResources and housed
at the Laboratory Animal Services facility (University of Sydney). All
animals were maintained on a 12-h light/12-h dark cycle with access
to food and water ad libitum. For intravital mouse studies, male mice
aged between 5 and 8 weeks old (15-20 g) were used. All studies were
approved by the University of Sydney Animal Ethics Committee (protocol
2021/1912) inaccordance with the requirements of the Australian Code
of Practice for the Care and Use of Animals for Scientific Purposes*..

A clinical preparation of argatroban (Argatra/Exembol) was pur-
chased from Mitsubishi Tanabe Pharma (Germany) and prepared inster-
ilesaline with25% (vol/vol) propylene glycol. Synthesized PNA inhibitors
and PNAinhibitors + antidote solutions were prepared in sterile saline
at a concentration of 2 mg ml™.. C57BL/6) male mice (15-25 g) were
anesthetized with ketamine (150 mg per kg (body weight)) and xylazine
(15 mg per kg (body weight)), supplemented with oxygen and subjected
tointravital needleinjury, as previously described*. Systemicinjection
of DyLight 649-conjugated anti-GP1bp (X649, Emfret; 100 pg kg™) and
Alexa 546-conjugated anti-fibrin (0.31 mg per kg (body weight)) was per-
formed before vesselinjury to monitor thrombus formation and fibrin
generation, respectively. Argatroban (80 pg kg™ bolus, 40 pg kg™ min™,
60-min infusion) was delivered via a jugular catheter using a Harvard
apparatus pump (704504, Pump 11 Elite I/W Single Syringe Pump).
Injections of PNA inhibitors or PNA inhibitors + antidote (5 mg per kg
(body weight) bolus every 30 min) were delivered intravenously. Two to
four successive injuries were created inmultiple vesselsineach mouse
from each treatment group. Following each injury, platelet thrombus

formation and fibrin generation were monitored over a15-min period
using a confocal intravital microscopy platform (Nikon AIR-Siwith an
ApoLWD, x40/1.15-NA water immersion objective; sequential excitation:
488-,561-and 638-nm lasers; emission: 525/50-,595/50-and 700/75-nm
filters) and NIS Elements Advanced Research acquisition software. The
microscope stage and objective were maintained at 37 °C throughout
the experiment via a Peltier heater (OkoLab). Surface renders of confo-
cal stacks representing thrombifrom separate groups were generated
using Imaris (version 9.8, Bitplane).

Quantitative analysis of thrombus volume over time. NIS Elements
software (version. 5.02; Nikon) was used to apply athreshold to DyLight
649-conjugated anti-GP1b signal for each xyzstackinatime seriesand
was used to calculate the volume for each time point.

Quantitation of change in fibrin amount over time. The signal
obtained from DyLight 649-conjugated anti-GP1bf for each xyzstack
in a time series was thresholded to create a mask. The total signal
(arbitrary units) from Alexa Fluor 546-conjugated anti-fibrin within
this mask (that s, the fibrin signal within the thrombus) for each time
point was then quantified using NIS Elements software (Nikon).

Statistical analysis

Statistical significance between multiple treatment groups was ana-
lyzed using a one-way ANOVA with Tukey’s post hoc testing with asingle
pooled variance (Prism software version 10.2; GraphPad Software for
Science). Data are presented as mean + s.e.m., where ‘n’ equals the
number of independent experiments performed.

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

Data availability

The data supporting the findings of this study are available within
this paper and its Supplementary Information. All raw data have been
deposited on Zenodo (https://doi.org/10.5281/zenodo.10473739)*,
Previously published PDB ID numbers that are mentioned and shownin
the main text can be found online with the following codes: tick-derived
madanin-1(PDB5L6N) and TTIfrom the tsetse fly (PDB 6 TKG). Source
dataare provided with this paper.

References

40. Pothukanuri, S., Pianowski, Z. & Winssinger, N. Expanding the
scope and orthogonality of PNA synthesis. Eur. J. Org. Chem.
2008, 3141-3148 (2008).

41. National Health and Mecial Research Council. Australian Code
for the Care and Use of Animals for Scientific Purposes 8th edn
(NHMRC, 2013).

42. Agten, S. M. et al. Potent trivalent inhibitors of thrombin through
hybridization of salivary sulfopeptides from hematophagous
arthropods. Angew. Chem. Int. Ed. 60, 5348-5356 (2021).

43. Dockerill, M. et al. Development of supramolecular anticoagulants
with on-demand reversibility. Zenodo https://doi.org/10.5281/
zenodo.10473739 (2024).

Acknowledgements

This work was supported, in part, by the Swiss National Science
Foundation (219316; to N.W.), NCCR Chemical Biology (185898;

to N.W.), the National Health and Medical Research Council of Australia
(APP1174941; to R.J.P.) and the Portuguese national funds via Fundagéo
para a Ciéncia e a Tecnologia through project PTDC/BIA-BQM/2494/
2020 (to J.R.-R. and P.J.B.P.). J.R.-R. also acknowledges the support of
RYC2021-033063-| funded by MCIN/AEI/10.13039/501100011033 and
the European Union NextGenerationEU/PRTR.

Nature Biotechnology


http://www.nature.com/naturebiotechnology
https://doi.org/10.5281/zenodo.10473739
https://doi.org/10.2210/pdb5L6N/pdb
https://doi.org/10.2210/pdb6TKG/pdb
https://doi.org/10.5281/zenodo.10473739
https://doi.org/10.5281/zenodo.10473739

Article

https://doi.org/10.1038/s41587-024-02209-z

Author contributions

M.D. conceived and performed the synthesis of all compounds reported
and biochemical experiments. D.J.F., l.A., J.ST.L. and R.E.S. designed
and performed in vitro clotting assays, thrombinoscope assays and

all animal experiments. S.P.J. supervised the animal experiments.

S.A. conceived and synthesized the preliminary compounds. L.J.D.
synthesized F,Smp. J.R.-R. and P.J.B.P. performed and analyzed enzyme
selectivity experiments. R.J.P. and N.W. conceived and supervised the
work. The manuscript was written by M.D., D.J.F., R.J.P.and N.W.

Funding

Open access funding provided by University of Geneva.

Competinginterests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41587-024-02209-z.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41587-024-02209-z.

Correspondence and requests for materials should be addressed to
Nicolas Winssinger.

Peer review information Nature Biotechnology thanks the anonymous
reviewers for their contribution to the peer review of this work.

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

Nature Biotechnology


http://www.nature.com/naturebiotechnology
https://doi.org/10.1038/s41587-024-02209-z
https://doi.org/10.1038/s41587-024-02209-z
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41587-024-02209-z

ra 31 35 53 55

Madl HZN*COOH

16 20 40 42
Hyal HZN#COOH

8 12 30 32
TTI HZNHCOOH
E1-Al1 HZNMBT
C
Madl YPERDSAKEGNQEQERALHVKVQ EEDGTTPTPD--PT| LRGNKP
Hyal KPNLQSRS PDDNNDDSGERNGG LPVPGSGRDSERIPVPVD
TTI GDSSEEVGGT--PL L
E1-Al GDS-CGTCAACA

GCAGTTAT-- -BT

Extended Data Fig.1| Amino acid sequence alignment of inhibitors froma
range of blood-feeding arthropods alongside the supramolecular drug.
a.Schematic representation of sequences of Madaninl (Mad1), Hyalominl
(Hyal) and tsetse fly thrombin inhibitors (TTI) alongside A1-E1. b. Crystal
structure of the tsetse thrombin inhibitor:thrombin complex (PDB 6 TKG)
showing the distance between the active site and exosite Il binding components.

c.Full sequences aligned. The exosite Il sequence alignment is shown on ablue
background with the sulfated tyrosine residues highlighted in purple. The
active site sequence alignment is shown on ared background with the scissile
bondindicated by anarrow. The PNAis writteninitalics and the benzothiazole
reversible covalent warhead is shortened to ‘BT".
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Extended Data Fig. 2 | Chemical Structures of main compounds of the study. a. Active site-directed inhibitor A1, b. Exosite II-directed inhibitor E1, c. Active
site-directed inhibitor with 4-mer toehold PNA A8, d. 8-mer antidote AD1and e. 12-mer antidote AD2.
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Extended Data Fig. 3| K, of binding between PNAs of different lengths.
a.Inhibition data for inhibitors with different length of PNA. b. SPR data for the
binding between 4-, 6-, and 8-mer PNA strands with ACAACTGC immobilised via
abiotinon astreptavidin coated SPR chip. The PNA sequences are written N to

mean values +/-SD.

C, with serine-modified monomers underlined. c. SPR kinetic curves. For data
presentedina. andb., n=3replicates with individual data points presented as
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Extended Data Fig. 4 | See next page for caption.
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Extended DataFig. 4 | Additional SAR. a. Exosite Il Alascan - fluorogenic
inhibition assay data for A1 combined with E17 to E22. b. Crystal structure

(PDB 6TKG) of the tsetse thrombin inhibitor (TTI) complexed with thrombin. The
zoom shows the hydrophobic pocket in which isoleucine is situated. c. ICs, values
for active site binders with modificationsin the P3 positions. d. Comparison

between inhibitorsinspired from the exosite Il sequence of the tsetse thrombin
inhibitor (TTI) and Madaninl (Madl, from the Haemaphysalis longicornis species)
at15nM.For datapresentedina., c.andd., n=3replicates with individual data
points presented as mean values +/- SD.
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by addition of different concentrations of antidote (AD1) after 30 minutes of
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Data analysis LCMS was analysed using Thermo Xcalibur Qual Browser 2.2.5P1.48, NMR using MestReNova v 12.0.1-20560 and MALDI using Flex analysis 3.4
The thrombin fluorogenic assay and fibrinogen assay data analysed using GraphPad 8.4.3.
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The selectivity assays were analysed using GraphPad 10.2.0.
The ex-vivo aPTT assay were analysed using GraphPad 10.2.0.
CAT experiments were analysed using GraphPad 10.2.0.
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Sample size For intravital animal studies, we have estimated the group size based on power calculations (These cohort sizes were calculated using
GraphPad StatMate 2.00 and online calculator; with 80% power and significance level of 0.05), as well as experience from previous studies.
Each animal received a minimum of 2 and maximum of 4 injuries per animal over multiple vessels.
It should be clear from the graph but if required, below is the breakdown of our cohorts where n is our sample size and N is representative of
the total number of injuries over the cohort:
a. Control injury n=7, N=12
b. A8-E1 n=3, N=11
c. A8-E1+AD2 n=3, N=15
d. Argatroban n=4, N=9

Data exclusions  No data was excluded unless technical failure was encountered.

Replication For the thrombin fluorogenic assay and fibrinogen assay each concentration was measured in triplicate - all replicates were used for analysis.
In almost all cases the assay was only performed once unless technical failure was encountered.
For the SPR experiments, each concentration was measured in triplicate - all replicates were used for analysis. The experiment was performed
once.
For the protease selectivity panel, each concentration was measured in duplicate. No data was excluded or repeated.
CAT experiments were performed in triplicate. No data was excluded or repeated.
The in-vivo mice experiments were replicated on a minimum of 3 mice. Statistical significance between multiple treatment groups was
analyzed using a one-way analysis of variance (ANOVA) with Tukey’s post-testing with a single pooled variance. (Prism software ver. 10.2;
GraphPAD Software for Science, San Diego, CA). Data are presented as means + SEM where ‘n” equals the number of independent
experiments performed.

Randomization  Covariates were not applicable as control injuries were routinely performed in each mouse prior to administration of drug, and therefore
served as an individual internal controls for each experimental animal.

Blinding In Argatroban cohorts, drug was administered via a bolus followed by and infusion using a jugular catheter and infusion pump while A1-E1
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Blinding was administered via the delivery of multiple intravenous boluses. The distinct delivery mechanisms of these drugs made true blinding of
these cohorts impractical.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

>
Q
Y
(e
)
1®)
o
=
o
S
_
(D
©
o
=
>
(@}
w
[
3
3
Q
<

Animals and other organisms

Materials & experimental systems Methods
n/a | Involved in the study n/a | Involved in the study
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Antibodies

Antibodies used Antibodies used:
a. Anti-fibrin (59D8) mouse monoclonal antibody (0.35mg/ml); Merck; MABS2155
b. DyLight 649-labeled Anti-Mouse GPIba (CD42b) rat monoclonal antibody; Emfret Analytics; X649 (0.1mg/ml) #Lot 649-D

Validation 5. DyLight 649-labeled Anti-Mouse GPlba (CD42b) rat monoclonal antibody was purchased from commercial sources and the
hybridoma secreting the fibrin-specific mAb 59D8 was generated as described previously (Kwan Y. Hui et al., Monoclonal Antibodies
to a Synthetic Fibrin-Like Peptide Bind to Human Fibrin But Not Fibrinogen. Science, 222,1129-1132 (1983)). Antibodies were used
and stored as recommended by the manufacturer. We performed further validation of antibodies by cross-checking and evaluating
the literature and other users. We also performed appropriate controls to validate the antibodies.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals All experiments and procedures performed on mice were approved by the University of Sydney Animal Ethics Committee (USYD AEC,
Protocol 2021/1912, title: “Investigate potent and safe anti-clotting therapies for ischaemia reperfusion diseases”). All procedures
were performed in accordance with the guidelines of the National Health and Medical Research Council Code of Practice for the Care
and the Use of Animals for Experimental Purpose in Australia. C57BL/6 male mice were purchased from Australian BioResources Ltd
(ABR), NSW, maintained at the Charles Perkins Centre/Laboratory Animal Services under specific pathogen-free (SPF) conditions at
21°C, 45-55% relative humidity, and a 12-hour light-dark cycle with ad libitum access to food and water, and used at the age of 6-8

weeks old.
Wild animals No wild animals were used in this study.
Reporting on sex Male

Field-collected samples  No field-collected sample are used in the study.

Ethics oversight All studies were approved by the University of Sydney Animal Ethics Committee (Protocol 2021/1912) in accordance with the
requirements of the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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