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Abstract

The coagulation process relies on an intricate network of three-dimensional structural

interactions and subtle biological regulations. In the present review, we illustrate the

state of the art of the structural biology of the coagulation cascade by surveying the

Protein Data Bank and the EBI AlphaFold databases. Investigations performed in the last

decade have provided structural information on essentially all players involved in the

process. Indeed, the initial characterization of specific and rather canonical domains has

been progressively extended to complicated multidomain proteins. Recently, the appli-

cation of cryogenic electronmicroscopy techniques has unraveled the structural features

of highly complex coagulation factors, which has led to enhanced understanding. This

review initially focuses on the structure of the individual factors as a function of their

involvement in intrinsic, extrinsic, and common pathways. A specific emphasis is given to

what is known or unknown on the structural basis of each step of the cascade. Available

data providing clues on the structural recognition of the factors involved in the functional

partnerships of the pathways are illustrated. Recent structures of important complexes

formed by these proteins with regulators are described, focusing on the drugs used as

anticoagulants and on their reversal agents. Finally, we highlight the different roles that

innovative biomolecules such as aptamers may have in the regulation of the cascade.

K E YWORD S

anticoagulants, blood coagulation factors, drug interactions, protein conformation, thrombin
have led to an atomic-level understanding of coagulation.

ts of many hemostatic interactions has been elucidated.

hanism of action of drugs and reversal agents.

drug optimization.
behalf of International Society on Thrombosis and Haemostasis. This is an open access article under the CC BY-

es/by-nc-nd/4.0/).

www.rpthjournal.org - 1 of 14

https://doi.org/10.1016/j.rpth.2023.102160
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:filomena.sica@unina.it
mailto:luigi.vitagliano@cnr.it
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.rpthjournal.org
https://doi.org/10.1016/j.rpth.2023.102160


2 of 14 - TROISI ET AL.



TROISI ET AL. - 3 of 14



4 of 14 - TROISI ET AL.



TROISI ET AL. - 5 of 14



6 of 14 - TROISI ET AL.



TROISI ET AL. - 7 of 14



8 of 14 - TROISI ET AL.



TROISI ET AL. - 9 of 14



10 of 14 - TROISI ET AL.



TROISI ET AL. - 11 of 14



12 of 14 - TROISI ET AL.



TROISI ET AL. - 13 of 14
ACKNOWLEDGMENTS

Parts of the figure were drawn using pictures from Servier Medical Art

by Servier, licensed under a Creative Commons Attribution 3.0

unported license. Molecular graphic images were rendered with Pro-

tein Imager.

FUNDING

The authors received no funding for this study.

AUTHOR CONTRIBUTIONS

R.T., N.B., I.A., F.S., and L.V. conceived the idea and the images, wrote

the manuscript, and read and approved the final paper.

RELATIONSHIP DISCLOSURE

There are no competing interests to disclose.

REFERENCES

[1] MacFarlane RG. An enzyme cascade in the blood clotting mecha-

nism, and its function as a biochemical amplifier. Nature.

1964;202:498–9.

[2] Davie EW, Ratnoff OD. Waterfall sequence for intrinsic blood clot-

ting. Science. 1964;145:1310–2.

[3] Dahlbäck B. Blood coagulation. Lancet. 2000;355:1627–32.

[4] Spronk HM, Govers-Riemslag JW, ten Cate H. The blood coagulation

system as a molecular machine. BioEssays. 2003;25:1220–8.

[5] Adams RLC, Bird RJ. Review article: coagulation cascade and ther-

apeutics update: relevance to nephrology. Part 1: overview of

coagulation, thrombophilias and history of anticoagulants.

Nephrology. 2009;14:462–70.

[6] Palta S, Saroa R, Palta A. Overview of the coagulation system. Indian

J Anaesth. 2014;58:515–23.

[7] Li X, Sim MMS, Wood JP. Recent insights into the regulation of

coagulation and thrombosis. Arterioscler Thromb Vasc Biol.

2020;40:e119–25.

[8] Gabarin N, Trinkaus M, Selby R, Goldberg N, Hanif H, Sholzberg M.

Coagulation test understanding and ordering by medical trainees:

novel teaching approach. Res Pract Thromb Haemost. 2022;6:e12746.

[9] Wlodawer A, Minor W, Dauter Z, Jaskolski M. Protein crystallog-

raphy for non-crystallographers, or how to get the best (but not

more) from published macromolecular structures. FEBS J.

2008;275:1–21.

[10] Markwick PR, Malliavin T, Nilges M. Structural biology by NMR:

structure, dynamics, and interactions. PLOS Comput Biol. 2008;4:

e1000168.

[11] Bai XC, McMullan G, Scheres SH. How cryo-EM is revolutionizing

structural biology. Trends Biochem Sci. 2015;40:49–57.

[12] Callaway E. The revolution will not be crystallized: a new method

sweeps through structural biology. Nature. 2015;525:172–4.

[13] Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O,

et al. Highly accurate protein structure prediction with AlphaFold.

Nature. 2021;596:583–9.

[14] Senior AW, Evans R, Jumper J, Kirkpatrick J, Sifre L, Green T, et al.

Improved protein structure prediction using potentials from deep

learning. Nature. 2020;577:706–10.

[15] Callaway E. “It will change everything”: DeepMind’s AI makes

gigantic leap in solving protein structures. Nature. 2020;588:203–4.

[16] Service RF. “The game has changed.” AI triumphs at protein folding.

Science. 2020;370:1144–5.

[17] Tomasello G, Armenia I, Molla G. The Protein Imager: a full-featured

online molecular viewer interface with server-side HQ-rendering

capabilities. Bioinformatics. 2020;36:2909–11.
[18] Grover SP, Mackman N. Tissue factor: an essential mediator of he-

mostasis and trigger of thrombosis. Arterioscler Thromb Vasc Biol.

2018;38:709–25.

[19] Muller YA, Ultsch MH, de Vos AM. The crystal structure of the

extracellular domain of human tissue factor refined to 1.7 A reso-

lution. J Mol Biol. 1996;256:144–59.

[20] Banner DW, D’Arcy A, Chène C, Winkler FK, Guha A,

Konigsberg WH, et al. The crystal structure of the complex of blood

coagulation factor VIIa with soluble tissue factor. Nature.

1996;380:41–6.

[21] Dennis MS, Eigenbrot C, Skelton NJ, Ultsch MH, Santell L,

Dwyer MA, et al. Peptide exosite inhibitors of factor VIIa as anti-

coagulants. Nature. 2000;404:465–70.

[22] McCallum CD, Hapak RC, Neuenschwander PF, Morrissey JH,

Johnson AE. The location of the active site of blood coagulation

factor VIIa above the membrane surface and its reorientation upon

association with tissue factor. A fluorescence energy transfer study.

J Biol Chem. 1996;271:28168–75.

[23] Gajsiewicz JM, Morrissey JH. Structure-function relationship of the

interaction between tissue factor and factor VIIa. Semin Thromb

Hemost. 2015;41:682–90.

[24] van der Meijden PE, Munnix IC, Auger JM, Govers-Riemslag JW,

Cosemans JM, Kuijpers MJ, et al. Dual role of collagen in factor XII-

dependent thrombus formation. Blood. 2009;114:881–90.

[25] Grover SP, Mackman N. Intrinsic pathway of coagulation and

thrombosis. Arterioscler Thromb Vasc Biol. 2019;39:331–8.

[26] Li C, Voos KM, Pathak M, Hall G, McCrae KR, Dreveny I, et al.

Plasma kallikrein structure reveals apple domain disc rotated

conformation compared to factor XI. J Thromb Haemost.

2019;17:759–70.

[27] Winter WE, Greene DN, Beal SG, Isom JA, Manning H, Wilkerson G,

et al. Clotting factors: clinical biochemistry and their roles as plasma

enzymes. Adv Clin Chem. 2020;94:31–84.

[28] Li C, Barroeta AB, Wong SS, Kim HJ, Pathak M, Dreveny I, et al.

Structures of factor XI and prekallikrein bound to domain 6 of high-

molecular weight kininogen reveal alternate domain 6 conforma-

tions and exosites. J Thromb Haemost. 2023.

[29] Ruben EA, Rau MJ, Fitzpatrick JAJ, Di Cera E. Cryo-EM structures of

human coagulation factors V and Va. Blood. 2021;137:3137–44.

[30] Di Cera E, Mohammed BM, Pelc LA, Stojanovski BM. Cryo-EM

structures of coagulation factors. Res Pract Thromb Haemost. 2022;6:

e12830.

[31] Mohammed BM, Pelc LA, Rau MJ, Di Cera E. Cryo-EM structure of

coagulation factor V short. Blood. 2023;141:3215–25.

[32] Ruben EA, Summers B, Rau MJ, Fitzpatrick JAJ, Di Cera E. Cryo-EM

structure of the prothrombin-prothrombinase complex. Blood.

2022;139:3463–73.

[33] Krishnaswamy S. The transition of prothrombin to thrombin.

J Thromb Haemost. 2013;11:265–76.

[34] Adams TE, Huntington JA. Structural transitions during prothrombin

activation: on the importance of fragment 2. Biochimie.

2016;122:235–42.

[35] Chinnaraj M, Planer W, Pozzi N. Structure of coagulation factor

II: molecular mechanism of thrombin generation and development

of next-generation anticoagulants. Front Med (Lausanne).

2018;5:281.

[36] Haynes LM, Bouchard BA, Tracy PB, Mann KG. Prothrombin acti-

vation by platelet-associated prothrombinase proceeds through the

prethrombin-2 pathway via a concerted mechanism. J Biol Chem.

2012;287:38647–55.

[37] Whelihan MF, Zachary V, Orfeo T, Mann KG. Prothrombin activation

in blood coagulation: the erythrocyte contribution to thrombin

generation. Blood. 2012;120:3837–45.

[38] Tans G, Janssen-Claessen T, Hemker HC, Zwaal RF, Rosing J. Mei-

zothrombin formation during factor Xa-catalyzed prothrombin

http://refhub.elsevier.com/S2475-0379(23)00210-8/sref1
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref1
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref1
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref2
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref2
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref3
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref4
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref4
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref5
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref5
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref5
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref5
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref6
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref6
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref7
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref7
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref7
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref8
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref8
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref8
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref9
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref9
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref9
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref9
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref10
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref10
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref10
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref11
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref11
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref12
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref12
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref13
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref13
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref13
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref14
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref14
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref14
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref15
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref15
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref16
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref16
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref17
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref17
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref17
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref18
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref18
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref18
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref19
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref19
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref19
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref20
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref20
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref20
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref20
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref20
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref21
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref21
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref21
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref22
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref22
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref22
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref22
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref22
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref23
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref23
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref23
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref24
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref24
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref24
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref25
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref25
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref26
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref26
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref26
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref26
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref27
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref27
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref27
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref28
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref28
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref28
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref28
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref29
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref29
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref30
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref30
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref30
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref31
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref31
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref32
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref32
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref32
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref33
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref33
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref34
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref34
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref34
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref35
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref35
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref35
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref35
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref36
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref36
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref36
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref36
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref37
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref37
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref37
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref38
http://refhub.elsevier.com/S2475-0379(23)00210-8/sref38


14 of 14 - TROISI ET AL.
activation. Formation in a purified system and in plasma. J Biol Chem.

1991;266:21864–73.

[39] Harter K, Levine M, Henderson SO. Anticoagulation drug therapy: a

review. West J Emerg Med. 2015;16:11–7.

[40] Troisi R, Balasco N, Autiero I, Vitagliano L, Sica F. Exosite binding in

thrombin: a global structural/dynamic overview of complexes with

aptamers and other ligands. Int J Mol Sci. 2021;22:10803.

[41] Pozzi N, Chen Z, Zapata F, Niu W, Barranco-Medina S, Pelc LA, Di

Cera E. Autoactivation of thrombin precursors. J Biol Chem.

2013;288:11601–10.

[42] Fuentes-Prior P, Iwanaga Y, Huber R, Pagila R, Rumennik G, Seto M,

et al. Structural basis for the anticoagulant activity of the thrombin-

thrombomodulin complex. Nature. 2000;404:518–25.

[43] Ito T, Maruyama I, Shimazaki S, Yamamoto Y, Aikawa N, Hirayama A,

et al. Effects of thrombomodulin alfa on hemostatic parameters in

disseminated intravascular coagulation: post hoc analysis of a phase 3

randomized controlled trial.Res Pract ThrombHaemost. 2020;4:1141–9.

[44] Yamada T, Kurihara K, Ohnishi Y, Tamada T, Tomoyori K, Masumi K,

et al. Neutron and X-ray crystallographic analysis of the human

α-thrombin-bivalirudin complex at pD 5.0: protonation states and

hydration structure of the enzyme-product complex. Biochim Biophys

Acta. 2013;1834:1532–8.

[45] Desai NR, Cornutt D. Reversal agents for direct oral anticoagulants:

considerations for hospital physicians and intensivists. Hosp Pract.

2019;47:113–22.

[46] van Ryn J, Goss A, Hauel N, Wienen W, Priepke H, Nar H, et al. The

discovery of dabigatran etexilate. Front Pharmacol. 2013;4:12.

[47] Schiele F, van Ryn J, Canada K, Newsome C, Sepulveda E, Park J,

et al. A specific antidote for dabigatran: functional and structural

characterization. Blood. 2013;121:3554–62.

[48] Schiele F, van Ryn J, Litzenburger T, Ritter M, Seeliger D, Nar H.

Structure-guided residence time optimization of a dabigatran

reversal agent. mAbs. 2015;7:871–80.

[49] Keefe AD, Pai S, Ellington A. Aptamers as therapeutics. Nat Rev Drug

Discov. 2010;9:537–50.
[50] Troisi R, Sica F. Aptamers: functional-structural studies and

biomedical applications. Int J Mol Sci. 2022;23:4796.

[51] Woodruff RS, Sullenger BA. Modulation of the coagulation cascade

using aptamers. Arterioscler Thromb Vasc Biol. 2015;35:2083–91.

[52] Liu M, Zaman K, Fortenberry YM. Overview of the therapeutic po-

tential of aptamers targeting coagulation factors. Int J Mol Sci.

2021;22:3897.

[53] Troisi R, Balasco N, Santamaria A, Vitagliano L, Sica F. Structural and

functional analysis of the simultaneous binding of two duplex/

quadruplex aptamers to human α-thrombin. Int J Biol Macromol.

2021;181:858–67.

[54] Troisi R, Balasco N, Vitagliano L, Sica F. Molecular dynamics simu-

lations of human α-thrombin in different structural contexts: evi-

dence for an aptamer-guided cooperation between the two exosites.

J Biomol Struct Dyn. 2021;39:2199–209.
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