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Design of Oral FXIIIa Blockers as Safer Anticoagulants – Mission Impossible?

by Martin Stieler, Zedira (September 2020)

Thromboembolic events such as heart attack, stroke and 

pulmonary embolism are among the leading causes of death in 

industrialized countries. The common strategy to reduce the risk of 

blood vessel obstruction (thrombosis) is to administer substances 

reducing the coagulation process (anticoagulants). However, all 

current anticoagulants like heparins, cumarins (Phenprocoumon/ 

Marcumar®, Warfarin) as well as the latest direct-acting oral 

anticoagulants (Dabigatran/Pradaxa®, Rivaroxaban/Xarelto®, 

Apixaban/Eliquis®, Edoxaban/Lixiana®) interfere substantially 

with the blood coagulation system resulting in a considerably 

elevated life-threatening bleeding risk.1 Consequently, there is 

still an unmet medical need for safer anticoagulants with a broad 

therapeutic window.

For decades, blood coagulation factor XIII (FXIII) is discussed as a 

promising target for the development of safer drugs with reduced 

bleeding risk compared to current anticoagulants.2,3 However, no 

compound blocking FXIIIa entered clinical trials yet. In the last 

years, knowledge especially in structural biology and medicinal 

chemistry in the scope of FXIII and other human transglutaminases 

increased substantially. Thus, achieving the goal to develop oral-

available FXIII inhibitors for safer antithrombotic therapy appears 

feasible for the first time.

Unique feature of FXIIIa blocker: No impairment of 
thrombin level

FXIII is the last enzyme of the blood coagulation cascade and 

cross-links fibrin fibers of the so called “soft” clot (Figure 1). In 

addition, FXIII decorates the blood clot with α2-antiplasmin 

preventing premature degradation by plasmin. Both cross-linking 

and α2-antiplasmin incorporation increase the biochemical and 

physicochemical stability of the mature clot. Consequently, FXIIIa 

inhibition reduces the clot stiffness rendering FXIII as a target for 

antithrombotic treatment.

The outstanding role of FXIII in the coagulation cascade is that it 

acts downstream of thrombin. Thus, inhibition of FXIIIa would not 

affect the level of thrombin and all the other coagulation factors. 

In consequence, neither platelet activation nor fibrin aggregation 

resulting in the formation of a “soft” clot are disturbed. As a result, 

the bleeding risk supposed to be potentially lower compared to 

current anticoagulants.

In 2019, the Zedira team has published the first drug-like direct-

acting FXIIIa blocker.4 “Rotational thromboelastometry indicated 

that the inhibitor ZED3197 (Figure 2), in a dose-dependent 

manner, slightly prolonged clot formation, reduced clot firmness 

and facilitated clot lysis without affecting the clotting time, 

indicating minimal impact on hemostasis. Furthermore, in a 

mechanistic animal model (rabbit), the novel FXIIIa inhibitor 

effectively decreased the weight of clots and facilitated flow 

restoration without prolongation of the bleeding time. In 

conclusion, both thromboelastometry and the in vivo data suggest 

an anticoagulative effect without increased bleeding tendency.”
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Figure 2. The inhibitor ZED3197 consists of six artificial amino acids. The 
reactive glutamine is substituted by an α,β-unsaturated carbonic acid ester 
(Michael-acceptor) that binds covalently to Cys314 of the catalytic triad. 

These promising features of ZED3197 qualify the compound as 

drug candidate for short term anticoagulation especially in the 

acute care setting. Zedira is looking for partnering the project to 

promote this compound into clinical development. 

A more detailed blog article considering the potential of FXIIIa 

as molecular target for safer anticoagulants was posted by Alisa 

Wolberg in 2015: https://zedira.com/Blog/Factor-XIIIa-novel-

target-for-anticoagulation_83 

Figure 1. Thrombin is the central enzyme of the blood coagulation process and initiates the formation of a “soft” clot. All current anticoagulants directly or 
indirectly reduce the thrombin level and thus are associated with an elevated bleeding risk. In contrast, inhibition of FXIIIa allows the formation of a “soft” clot.

The crystal structures of FXIII in the active state brings 
light into darkness

In 2013, we have published the crystal structure of FXIII in the 

active state (FXIIIa) revealing a remarkable conformational change 

during substrate binding (Figure 3).5 Both β-barrel domains flip 

aside (red arrow) exposing the active site. Remarkably, in the 

active state three calcium ions are coordinated affecting the 

shape of the active site of FXIIIa. The crystal structure provides a 

detailed map at atomic level deciphering the interaction of our 

lead compound ZED1301 with the target.

The inhibitor ZED1301 bears (analogous to ZED3197) an  

α,β-unsaturated carbonic acid ester forming a covalent bond to 

the nucleophilic Cys314 of the catalytic triad. Such irreversible 

acting inhibitors are characterized by high potency and are 

widely used in drugs like Aspirin® or Penicillin®.7 Nevertheless, 

our armamentarium in FXIIIa-targeting should include reversible-

acting compounds especially for the long-term treatment of certain 

risk patients. For this purpose, the inhibitors need to be reduced in 

their size, must become more rigid, less peptidic and less polar – 

but potency and selectivity must be preserved.
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Due to the extensive conformational change, it can be hypothesized 

that the active state has higher energy compared to the inactive 

state. Consequently, the inhibitor needs to be more potent than 

an inhibitor that binds to a conventional target adopting the same 

conformation in the bound and unbound state. The first available 

crystal structure of FXIIIa in complex with ZED1301 (Figure 3) 

shows that the binding site is exposed to the surface and does 

not bear deep pockets enabling the development of reversible 

inhibitors with high affinity.

In conclusion, the challenging “mission” in terms of reversible FXIII 

inhibition is that the extensive conformational change requires 

over-average potent inhibitors. However, the development of high-

affinity inhibitors is hampered by the fact that the binding site is 

located at the surface and has a shallow shape.

Within a lead design project a deep hydrophobic pocket was 

revealed additional to the already established hydrophobic pocket 

(Figure 4) enabling the synthesis of more potent inhibitors.8 Herein, 

it was shown that starting from a methyl thiazole (ZED1630) the 

transient hydrophobic pocket can be occupied by the introduction 

of an ethyl ester (ZED2360) resulting in a significant increase in 

affinity. This study shows that the active site of FXIIIa is less shallow 

than originally expected and the synthesis of more potent inhibitors 

is viable by occupation of the novel deep hydrophobic pocket.

Figure 3. FXIII undergoes a tremendous conformational change from the inactive to the active state assisted by calcium coordination (purple spheres) whereas 
the inhibitor ZED1301 (cyan) binds tightly to the surface-exposed and shallow active site.5,6

Figure 4. In the crystal structure of FXIIIa in complex with ZED1630 (purple) a novel deep hydrophobic pocket has been revealed (red arrow). The methyl 
thiazole binds in contrast to the structural aligned ZED1301 (cyan) closer to the protein surface (grey). Addressing the hydrophobic pocket by the ethyl ester 
of ZED2360 (pink) leads to a fivefold increase in binding affinity.
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Drugs addressing TG2 pave the way for oral FXIIIa 
blockers

With ZED1227 (Figure 5), a TG2 blocker for celiac disease 

treatment, the first compound targeting an enzyme of the 

transglutaminase family is investigated in clinical trials (EudraCT 

Number: 2017-004807-31). Depending on the clinical data, 

transglutaminases might be validated as druggable targets for 

the first time (see press release: https://zedira.com/News/

Press-release-Dr-Falk-Pharma-and-Zedira-announce-start-of-the-

phase-2a-proof-of-concept-study-of-ZED1227-for-the-treatment-of-

celiac-disease_107)

In addition, Zedira recently completed a project dealing with 

the development of reversibly acting TG2 inhibitors for the 

treatment of fibrotic disorders. Within this project, the company 

developed novel molecules with an extraordinary binding 

affinity bearing an α-ketoamide instead of the Michael-acceptor 

warhead (see press release: https://zedira.com/News/

Reversibly-acting-transglutaminase-2-inhibitors-drug-candidates-

for-the-treatment-of-fibrosis_127).

Figure 5. The peptide-mimetic inhibitor ZED1227, clinical drug candi-
date for celiac disease, bears an α,β-unsaturated carbonic acid ester 
(Michael-acceptor) analogous to ZED1301. The compound targets active 
tissue transglutaminase (TG2a) in the inflamed digestive system to treat the 
gluten-induced autoimmune disease.

ZED3197 is the first drug-like compound for potential antithrombotic 

therapy addressing FXIIIa. The physicochemical features of the 

inhibitor predispose for i.v. application in the acute care setting.  

Moreover, the promising in vivo results motivate the Zedira team, 

despite of the challenging aspects as discussed in this article, to 

work on a FXIII blocker for oral administration.

Under consideration of the rising knowledge concerning the 

structural biology of FXIII along with further insights gained by 

drug discovery projects targeting tissue transglutaminase, we 

are convinced that the design of “oral FXIII inhibitors” for safer 

antithrombotic therapy is a possible mission. We “just” must 

combine the already existing knowledge of our successfully 

completed projects.
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