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Coagulation factor Il, or prothrombin, is a multi-domain glycoprotein that is essential for
life and a key target of anticoagulant therapy. In plasma, prothrombin circulates in two
forms at equilibrium, “closed” (~80%) and “open” (~20%), brokered by the flexibility of
the linker regions. Its structure remained elusive until recently when our laboratory solved
the first X-ray crystal structure of the zymogen locked in the predominant closed form.
Because of this technical breakthrough, fascinating aspects of the biology of prothrombin
have started to become apparent, and with this, novel and important questions arise.
Here, we examine the significance of the “closed”/“open” equilibrium in the context of
the mechanism of thrombin generation. Further, we discuss the potential translational
opportunities for the development of next-generation anticoagulants that arise from
this discovery. By providing a structural overview of each alternative conformation, this
minireview also offers a relevant example of modern structural biology and establishes
a practical workflow to elucidate the structural features of analogous clotting and
complement factors.

Keywords: coagulation cascade, prothrombin, thrombin, anticoagulants, X-ray crystallography, single-molecule
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INTRODUCTION

In response to vascular injury, coagulation factor II (FII), or prothrombin, is converted to its
active form thrombin by prothrombinase, a macromolecular complex composed of factor Xa (fXa),
factor Va (fVa), calcium ions, and phospholipids (1). Once in the circulation, thrombin converts
fibrinogen into fibrin, activates platelets and increases endothelial permeability thereby halting the
loss of blood at the site of injury (2-4) and facilitating vascular remodeling. Because of this critical
role in biology, the prothrombin/thrombin axis remains an attractive target for anticoagulant
therapy (5, 6).

PROTHROMBIN GENE AND DOMAIN ORGANIZATION

In humans, prothrombin is encoded by the F2 gene, which is located on the short arm of
chromosome 11, at position 11.2 (6). The gene contains 14 exons spanning 21 kb, and its structural
integrity is critical for life. Mice lacking prothrombin die prematurely at the embryonic stage due
to bleeding complications (7). Single-nucleotide polymorphisms (SNPs) found in patients are often
associated with moderate to severe bleeding phenotypes and the mutation G20210A in the 3’
untranslated region of the F2 gene is a well-established risk factor for thrombophilia (8).
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Prothrombin’s Conforamtional Equilibrium

Prothrombin is synthesized by the hepatocytes in the liver
as a single pre/pro-polypeptide composed of 622 amino acids
(5), although elevated mRNA levels have also been detected
in neurons and glia cells suggesting important yet unexplored
roles of this protein in the central nervous system (9). Before
secretion into the plasma, prothrombin undergoes extensive
post-translational modifications including removal of the pre/pro
peptide at the N-terminus (43 amino acids), addition of three N-
glycosylations at positions 78, 100, and 373 and conversion of the
first 10 residues of glutamic acid (Glu) to y -carboxy glutamic acid
(Gla) (5, 10). The presence of glycans at position 373 increases the
thermodynamic stability of the protein and confers protection
to proteolysis without affecting the catalytic activity of thrombin
(11). The role of the other two N-glycosylations at positions
78 and 100 remains unclear. The 10 Gla residues provide
a calcium-dependent anchoring point to negatively charged
phospholipid. Since prothrombin conversion to thrombin occurs
on the membranes, pharmacological inhibition of the y -carboxyl
transfer reaction in the liver by vitamin K analogs, such
as warfarin, represents an effective and widespread strategy
to achieve profound anticoagulation in clinical practice (12).
Likewise, mutations Glu7— Lys in prothrombin Nijmegen and
Glu29— Gly in prothrombin Shanghai are associated with a
severe bleeding diathesis (8).

The mature form of prothrombin circulates in the plasma
at a concentration of 0.1 mg/ml and has a half-life of about
60h (13, 14). It contains four domains connected by three
intervening linkers, Lnkl1 (residues 47-64), Lnk2 (residues 144
169), and Lnk3 (residues 249-284) totaling 579 amino acids
(Figure 1A) (15). The N-terminal Gla-domain (residues 1-46),
named after the posttranslational modifications, is followed by
two kringles, kringle-1 (residues 65-143) and kringle-2 (residues
170-248), and a canonical protease domain (residues 285-579).
The protease domain contains the A chain (residues 285-320)
and the B chain (residues 321-579) which are connected by a
conserved disulfide bond (Cys293-Cys439). The catalytic triad
(His363, Asp419, and Ser525) is hosted in the B-chain and
strategically located in a deep pocket surrounded by flexible loops
that control access to and steer substrates toward the active site
(17).

Kringles are small structural elements (i.e., 60 amino acids)
found in hundreds of proteins in the genome and usually
mediate protein-protein interactions (18). In agreement with
this knowledge, previous studies have proposed interactions
between kringle-1 and kringle-2 with fVa and fXa during the
assembly of the prothrombinase complex (19, 20). Targeting
kringles could, therefore, provide a rational strategy to develop
anticoagulants. Interestingly, kringle-2 was found to be the locale
of autoantibodies in the antiphospholipid syndrome in patients
with Systemic Lupus Erythematosus (21) and was also found
to act as a potential neuroinflammatory factor that stimulates
microglial toll-like receptor 4 (TLR4) (22). Since kringle-2 is part
of prothrombin fragment 1.2 which is released from prothrombin
upon activation (23), neutralization or enhanced clearance of this
fragment from the circulation may be beneficial to patients with
chronic inflammation.

STRUCTURES OF THE CLOSED AND
OPEN FORMS OF PROTHROMBIN

Crystallization of zymogens is problematic compared to the
analogous proteases because of the complex modular assembly,
higher molecular flexibility, and autoactivation (24-27). To
overcome this limitation and obtain structural insights into the
mechanisms of zymogen to protease conversion, single-molecule
Forster Resonance Energy Transfer (smFRET) has recently
emerged as a reliable and affordable tool for structural biologists.
By recording the energy that is transferred from an excited
molecule (Donor) to a second molecule with spectral overlap
(Acceptor) at the single molecule level, snFRET measures intra-
molecular distances on nanometer scale with high precision (28-
30), detects subpopulation of molecules and monitors kinetics
of interconversions (31, 32) (Figure 1B). This information can
be used to generate low-resolution structural models of the
protein of interest by triangulation and molecular modeling
(15, 16, 33), thus providing the necessary structural foundations
to design new optimized reagents suitable for crystallization.
Measurements are typically carried out on a confocal microscope
equipped with Pulsed Interleaved Excitation (PIE) and single-
photon avalanche detectors (SPAD) to sort populations of single
molecules according to stoichiometry (S) and FRET efficiency (E)
(Figure 1C) (34, 35).

A successful example of the above-mentioned workflow is
provided by the structural studies of the clotting factor II.
A total of 8 prothrombin FRET pairs were engineered by
substituting serine residues with cysteine to introduce fluorescent
dyes via maleimide chemistry (15, 16). Analysis of the FRET
histograms revealed that prothrombin exists in two forms at
equilibrium, closed (~80%) and open (~20%) (Figure 1C)
[32], and enabled the generation of structural models for each
alternative conformation (Figure 1D). This led to “educated”
protein engineering experiments. Mutation of Tyr93 to Ala,
Trp547 to Ala, or deletion of >15 amino acids from Lnk2
shifted the equilibrium toward the open form by disrupting
the intramolecular interaction between kringle-1 and the serine
protease domain. In contrast, engineering of an artificial disulfide
bond between residue 101 in kringle-1 and residue 470 in the
serine protease domain resulted in stabilization of the closed
form. Importantly, locking the conformational ensemble in the
closed or open forms produced crystallization under several
conditions. The X-ray crystal structure of the double mutant
proTS101C/A470C (proTCC, closed, PDB ID: 6C2W) was solved
at 4.1A resolution (Figure 2A) (15). The X-ray crystal structure
of the deletion mutant 154-167 (proT A154-167, open, PDB ID:
5EDM) was solved at 2.2A (Figure 2B) (33).

The difference between “closed” and “open” conformations of
prothrombin is striking and best captured by the video uploaded
in the Supplementary Material. Prothrombin transitions from
an “L-closed” to and “I-open” shape due to the relocation of
fragment-1 away from the protease domain. In the closed form,
kringle-1 sits on top of the catalytic pocket, therefore, blocking
access of substrates to the active site, as well as hiding portions
of the flexible autolysis loop. Given that prothrombin undergoes
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FIGURE 1 | (A) Color-coded domain architecture of prothrombin displaying the location of proteolytic sites R271 and R320 that are cleaved by the prothrombinase
complex. (B) Scheme of a confocal microscope equipped for sm-PIE-FRET experiments. Briefly, the donor and acceptor dyes are excited with a ps pulsed diode laser
at 532 and 633 nm, respectively. To achieve PIE, the 532 nm laser is electronically delayed (25-50 ns) relative to the 633 nm laser. Signals from single molecules are
observed as bursts of fluorescence and detected with two SPAD detectors. Data are stored in the Time-tagged Time-resolved Mode (15, 16). (C) smFRET histogram
for the prothrombin mutant S120C/S478C (proT120/478) in which fluorescent dyes were attached at position 120 in kringle 1 and 478 in the B-chain (16). The bottom
section of the graph depicts the stoichiometry, S, vs. FRET efficiency for each diffusing molecule. The upper section shows the one-dimensional efficiency histogram
of the molecules in the bottom section. ProT120/478 shows two distributions of molecules with distinct FRET efficiencies (low and high), supportive of the existence of
closed and open conformations in solution. (D) Schematic models of closed and open conformations built from smFRET measurements.

autoactivation when histones are dumped in the circulation
upon cellular damage (24, 36), and that the autolysis loop is
targeted by bacterial proteases that generate thrombin bypassing
the canonical activation pathway (37), the closed conformation
of prothrombin may represent an autoinhibited, proteolytically
resistant form of the zymogen in the circulation with improved
plasma half-life. This protection mechanism may be shared with
other plasma proteins such as factor XII, which has been recently
shown to have single-chain catalytic activity (26). In contrast, the
open form is elongated, the active site unshielded by kringle-1
and overall, it exposes an additional surface area of ~1253 A ),
mostly hydrophobic. This form might, therefore, interact with
specific membrane receptors via kringle-1, dimerize and have
different proteolytic susceptibly compared to the closed form.

THROMBIN GENERATION

Activation of prothrombin by the prothrombinase complex
entails cleavage at two distinct sites, Arg271 and Arg320, along
two alternative pathways that generate the inactive intermediate
prethrombin-2 or the enzyme meizothrombin, respectively

(1). It remains unclear how prothrombin interacts with the
prothrombinase complex at the molecular level and what are
the structural determinants enabling the selection of the pathway
of activation. Krishnaswamy’s group was the first to propose a
model of prothrombin activation whereby the zymogen binds
to a single pre-existing conformation of the prothrombinase
complex favoring interaction of Arg320 with the active site of
factor Xa (38). They also proposed that the ordered cleavage
at Arg320 followed by Arg271 is driven by ratcheting of
prothrombin due to a structural reorganization of the active
site (39). In another study, Nesheim’s group challenged this
model proposing the existence of two interconverting forms
of prothrombinase at equilibrium responsible for cleaving at
Arg271 and Arg320 (40, 41). The partition between these two
conformations would then dictate the selection of the pathway.
In our view, these models are not mutually exclusive. They
suggest that conformational changes occur in both enzyme and
substrate at the same time. We have recently discovered that
closed and open conformations of prothrombin are substrates
of the prothrombinase complex, yet their activation follows
distinct pathways (15). The closed form is cleaved first at Arg320
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FIGURE 2 | X-ray crystal structures of closed and open conformations of prothrombin. (A) Structure of the prothrombin mutant S101C/A470C (proTCC) solved at
4.0A resolution (PDB ID: 6C2W) (15). (B) Structure of the prothrombin mutant A154—-167 (proTA154-167) solved at 2.2A resolution (PDB ID: 5EDM) (33). Key
residues Trp547 in the protease domain and Tyr93 in the kringle-1 are shown in magenta.
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to form the active intermediate meizothrombin whereas the
open form is cleaved first at Arg271 to generate the inactive
intermediate prethrombin-2. These results resonate with the
structural flexibility of the substrate inferred by Krishnaswamy’s
group and propose a new mechanistic framework envisioning
a long-range communication between the conformations of the
zymogen and the presentation of the cleavage sites. Additionally,
given that proTCC is covalently stabilized in the closed form
and only minor adjustments would be possible for proTCC
upon binding to the prothrombinase complex, our results also
vouch for the existence of multiple conformations of fXa to
accommodate the structural diversity of prothrombin. Data from
Brufatto and Nesheim (40), Kim and Nesheim (41), Srivasatava
et al. (42), and Qureshi et al. (43) reporting flexibility of fXa
upon binding to the lipids and fVa support our hypothesis.
And so do recent structural studies from Pomowski et al. (44),
Lechtenberg et al. (45) and Lee et al. (46). Rigid-body docking
of the closed form of prothrombin to the available structure
of the prothrombinase complex returns unreasonable models of
the tertiary complex, thus suggesting that the orientation of fXa
bound to fVa may be different compared to what depicted in the
crystal structure.

In light of these new developments, we propose that binding
of prothrombin to prothrombinase occurs primarily in the closed
form, which is the most abundant conformation in solution
(i.e., 80%). Cleavage of prothrombin at Arg320 switches to the
intermediate meizothrombin in the open form that is then
cleaved at Arg271 to produce the mature enzyme thrombin.
In solution, without constraints, cleavage of Arg320 promotes
the complete opening of the prothrombin structure through
a jack-knife mechanism, as observed in meizothrombin (15).
However, in the context of the prothrombinase complex, the
structure likely remains compressed because of fVa. Twisting of

the protease domain and kringle-2 on top of fragment-1 that
remains anchored to the membranes (47-49) and elongation of
fXa may explain how Arg271 is relocated to the active site of
fXa. Future studies are needed to test this hypothesis and provide
a clearer mechanistic understanding of such an essential and
paradigmatic reaction of blood coagulation.

DEVELOPMENT OF NEXT-GENERATION
ANTICOAGULANTS

The recent advent of direct oral anticoagulants (DOACs)
has marked the most significant change for the long-term
management of patients at high risk of thrombosis. DOACs offer
a rapid onset and offset of action with more predictable dose
response and pharmacodynamics, display a wider therapeutic
window and have less food-drug and drug-drug interactions
compared to traditional vitamin K antagonists, thereby allowing
physicians to reduce monitoring and improve compliance
(50-52). Yet, these drugs are far from ideal and their widespread
adoption is still limited by high costs, lack of antidotes, and
in particular by gastrointestinal and intracranial bleeding side
effects. While the price of these medications is a matter of ethical
debates, the pharmacological side effects are tightly linked to
their mechanism of action which relies on the blockade of the
catalytic activity of key procoagulant enzymes, i.e., factor Xa and
thrombin.

The emerging new structural framework of prothrombin
could lead to the development of next-generation anticoagulants
with a novel mechanism of action and a safer pharmacological
profile. Guided by the structures of closed and open
conformations of prothrombin, it is now possible to design
compounds that would fit into the active site pocket of the
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zymogen with the goal of competing with Tyr93 and select
ligands from phage display or antibody libraries that would
electively recognize the open conformation of the prothrombin.
These (bio)molecules are expected to stabilize the open
form, force the activation pathway through prethrombin-2
(39, 53) and work as anticoagulants by limiting rather than
blocking thrombin activity. And while this pharmacological
strategy awaits validation, it is interesting to note that the
naturally occurring mutations Ala362Thr, Glu466Ala, and
Gly548Ala which are associated with a mild bleeding phenotype
cluster in the proximity of the interface between kringle-
1 and the serine protease domain and may perturb the
closed-open conformational equilibrium (8). Likewise, the
mutation Glul57Lys in prothrombin Canberra occurs in
Lnk2, which is a key structural element of the conformational
equilibrium.

CONCLUSIONS

Mounting evidence indicates that clotting factor II, or
prothrombin, is a flexible protein and such flexibility may
be the key to accomplishing its physiological function. This
observation echoes recent structural findings on other plasma
proteins such as plasminogen (54), ADAMTS-13 (55), factor
XII (26), and By-glycoprotein I (56), which have been shown
to adopt alternative conformational states that correlate with
their pathophysiological function. Such a discovery may also
explain as to why crystallization of prothrombin, and zymogens
in general, has been remarkably challenging for years and
warn investigators from interpreting functional aspects of
multi-domain flexible proteins from a single structural snapshot.

REFERENCES

1. Krishnaswamy S. The transition of prothrombin to thrombin. J Thromb
Haemost. (2013) 11 (Suppl. 1):265-76. doi: 10.1111/jth.12217

2. Di Cera E. Thrombin. Mol Aspects Med. (2008)
doi: 10.1016/j.mam.2008.01.001

3. Coughlin SR. Thrombin signalling and protease-activated receptors. Nature
(2000) 407:258-64. doi: 10.1038/35025229

4. Ariens RA. Fibrin(ogen) and thrombotic disease. ] Thromb Haemost. (2013)
11 (Suppl 1):294-305. doi: 10.1111/jth,12229

5. Mann KG, Elion J, Butkowski R], Downing M, Nesheim ME. Prothrombin.
Methods Enzymol. (1981) 80 (Pt C):286-302.

6. Degen SJ, Davie EW. Nucleotide sequence of the gene for human
prothrombin. Biochemistry (1987) 26:6165-77.

7. Sun WY, Witte DP, Degen JL, Colbert MC, Burkart MC, Holmback K, et al.
Prothrombin deficiency results in embryonic and neonatal lethality in mice.
Proc Natl Acad Sci U A. (1998) 95:7597-602.

8. Lancellotti S, Basso M, De Cristofaro R. Congenital prothrombin
deficiency: an update. Semin Thromb Hemost. (2013) 39:596-606.
doi: 10.1055/5-0033-1348948

9. Arai T, Miklossy J, Klegeris A, Guo JP, McGeer PL. Thrombin and
prothrombin are expressed by neurons and glial cells and accumulate in
neurofibrillary tangles in Alzheimer disease brain. ] Neuropathol Exp Neurol.
(2006) 65:19-25.

10. Huang M, Rigby AC, Morelli X, Grant MA, Huang G, Furie B, et al
Structural basis of membrane binding by Gla domains of vitamin K-
dependent proteins. Nat Struct Biol. (2003) 10:751-6. doi: 10.1038/
nsb971

29:203-54.

Integrating single-molecule spectroscopy with protein
engineering and X-ray crystallography is an emerging universal
workflow that enables identification of subpopulations of
molecules, characterization of their structural features and
investigation of their functional role. This approach is therefore
poised for successes as it provides mechanistic insights into
fundamental processes of biology and offers rational strategies
for the development of novel therapeutics aimed at locking
“active” or “inactive” protein conformational states.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was supported in part by the American Heart
Association 15SDG25550094 (NP), President’s Research Fund
(NP) and Startup Funds granted by the Department of
Biochemistry and Molecular Biology, Saint Louis University
(NP).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmed.
2018.00281/full#supplementary-material

Supplementary Video 1 | Pymol video generated after superposition of the
serine protease domain and kringle-2 of the closed (PDB ID: 6C2W) (15) and open
(PDB ID: 5EDM) (33) conformations of prothrombin.

11. Frasson R, Pozzi N, Johnson DJD, Huntington JA, De Fillips V. Effect
of glycosylation on thrombin structure, stability and function. J Thromb
Haemost. (2009) 7:230.

12. Shen G, Cui W, Zhang H, Zhou E, Huang W, Liu Q, et al. Warfarin traps
human vitamin K epoxide reductase in an intermediate state during electron
transfer. Nat Struct Mol Biol. (2017) 24:69-76. doi: 10.1038/nsmb.3333

13. Kaushansky K, Lichtman MA, Prchal JT, Levi MM, Press OW, Burns
L], et al. Williams Hematology. 9th ed. McGraw-Hill Education (2016).
Available online at: https://accessmedicine.mhmedical.com/content.aspx?
bookid=1581&sectionid=94301148

14. Vostal JG, McCauley RB. Prothrombin plasma clearance is not mediated by
hepatic asialoglycoprotein receptors. Thromb Res. (1991) 63:299-309.

15. Chinnaraj M, Chen Z, Pelc LA, Grese Z, Bystranowska D, Di Cera
E, et al. Structure of prothrombin in the closed form reveals new
details on the mechanism of activation. Sci Rep. (2018) 8:2945.
doi: 10.1038/s41598-018-21304-1

16. Pozzi N, Bystranowska D, Zuo X, Di Cera E. Structural architecture of
prothrombin in solution revealed by single molecule spectroscopy. J Biol
Chem. (2016) 291:18107-16. doi: 10.1074/jbc.M116.738310

17. Pozzi N, Zerbetto M, Acquasaliente L, Tescari S, Frezzato D, Polimeno
A, et al. Loop electrostatics asymmetry modulates the preexisting
conformational equilibrium in thrombin. Biochemistry (2016) 55:3984-94.
doi: 10.1021/acs.biochem.6b00385

18. Padmanabhan K, Wu TP, Ravichandran KG, Tulinsky A. Kringle-kringle
interactions in multimer kringle structures. Protein Sci. (1994) 3:898-910.

19. Kotkow KJ, Deitcher SR, Furie B, Furie BC. The second kringle domain
of prothrombin promotes factor Va-mediated prothrombin activation by
prothrombinase. J Biol Chem. (1995) 270:4551-57.

Frontiers in Medicine | www.frontiersin.org

October 2018 | Volume 5 | Article 281


https://www.frontiersin.org/articles/10.3389/fmed.2018.00281/full#supplementary-material
https://doi.org/10.1111/jth.12217
https://doi.org/10.1016/j.mam.2008.01.001
https://doi.org/10.1038/35025229
https://doi.org/10.1111/jth.12229
https://doi.org/10.1055/s-0033-1348948
https://doi.org/10.1038/nsb971
https://doi.org/10.1038/nsmb.3333
https://accessmedicine.mhmedical.com/content.aspx?bookid=1581&sectionid=94301148
https://accessmedicine.mhmedical.com/content.aspx?bookid=1581&sectionid=94301148
https://doi.org/10.1038/s41598-018-21304-1
https://doi.org/10.1074/jbc.M116.738310
https://doi.org/10.1021/acs.biochem.6b00385
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Chinnaraj et al.

Prothrombin’s Conforamtional Equilibrium

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Deguchi H, Takeya H, Gabazza EC, Nishioka J, Suzuki K. Prothrombin kringle
1 domain interacts with factor Va during the assembly of prothrombinase
complex. Biochem J. 321 ( Pt 3):729-35.

Le A, Dasgupta S, Planque S, Paul S, Thiagarajan P. Lupus-derived
antiprothrombin autoantibodies from a V gene phage display library are
specific for the kringle 2 domain of prothrombin. Biochemistry 43:4047-54.
Shin WH, Jeon MT, Leem E, Won SY, Jeong KH, Park SJ, et al. Induction
of microglial toll-like receptor 4 by prothrombin kringle-2: a potential
pathogenic mechanism in Parkinson’s disease. Sci Rep. (2015) 5:14764.
doi: 10.1038/srep14764

Ota S, Wada H, Abe Y, Yamada E, Sakaguchi A, Nishioka J, et al. Elevated
levels of prothrombin fragment 1 + 2 indicate high risk of thrombosis. Clin
Appl Thromb Hemost. (2008) 14:279-85. doi: 10.1177/1076029607309176
Pozzi N, Chen Z, Zapata E Niu W, Barranco-Medina S, Pelc LA, et al.
Autoactivation of thrombin precursors. J Biol Chem. (2013) 288:11601-10.
doi: 10.1074/jbc.M113.451542

Geng Y, Verhamme IM, Smith SB, Sun MF, Matafonov A, Cheng Q, et al.
The dimeric structure of factor XI and zymogen activation. Blood 121:3962-9.
doi: 10.1182/blood-2012-12-473629

Ivanov I, Matafonov A, Sun MEF, Cheng Q, Dickeson SK, Verhamme
IM, et al. Proteolytic properties of single-chain factor XIL a
mechanism for triggering contact activation. Blood (2017) 129:1527-37.
doi: 10.1182/blood-2016-10-744110

Yamamichi S, Nishitani M, Nishimura N, Matsushita Y, Hasumi K.
Polyamine-promoted autoactivation of plasma hyaluronan-binding protein.
] Thromb Haemost. (2010) 8:559-66. doi: 10.1111/j.1538-7836.2009.03641.x
Kalinin S, Peulen T, Sindbert S, Rothwell PJ, Berger S, Restle T, et al. A
toolkit and benchmark study for FRET-restrained high-precision structural
modeling. Nat Methods (2012) 9:1218-25. doi: 10.1038/nmeth.2222

Nagy J, Eilert T, Michaelis J. Precision and accuracy in smFRET based
structural studies-a benchmark study of the Fast-Nano-Positioning System.
J Chem Phys. (2018) 148:123308. doi: 10.1063/1.5006477

Roy R, Hohng S, Ha T. A practical guide to single-molecule FRET. Nat
Methods (2008) 5:507-16. doi: 10.1038/nmeth.1208

Gopich IV, Szabo A. Single-molecule FRET with diffusion and conformational
dynamics. ] Phys Chem B (2007) 111:12925-32. doi: 10.1021/jp075255e
Santoso Y, Torella JP, Kapanidis AN. Characterizing single-molecule FRET
dynamics with probability distribution analysis. Chemphyschem (2010)
11:2209-19. doi: 10.1002/cphc.201000129

Pozzi N, Chen Z, Di Cera E. How the linker connecting the two kringles
influences activation and conformational plasticity of prothrombin. J Biol
Chem. (2016) 291:6071-82. doi: 10.1074/jbc.M115.700401

Kudryavtsev V, Sikor M, Kalinin S, Mokranjac D, Seidel CA, Lamb DC.
Combining MFD and PIE for accurate single-pair Forster resonance
energy transfer measurements. Chemphyschem (2012) 13:1060-78.
doi: 10.1002/cphc.201100822

Lee NK, Kapanidis AN, Wang Y, Michalet X, Mukhopadhyay J,
Ebright RH, et al. Accurate FRET measurements within single diffusing
biomolecules using alternating-laser excitation. Biophys J. (2005) 88:2939-53.
doi: 10.1529/biophysj.104.054114

Barranco-Medina S, Pozzi N, Vogt AD, Di Cera E. Histone H4
promotes prothrombin autoactivation. J Biol Chem. (2013) 288:35749-57.
doi: 10.1074/jbc.M113.509786

Pontarollo G, Acquasaliente L, Peterle D, Frasson R, Artusi I, De Filippis
V. Non-canonical proteolytic activation of human prothrombin by
subtilisin from Bacillus subtilis may shift the procoagulant-anticoagulant
equilibrium toward thrombosis. J Biol Chem. (2017) 292:15161-79.
doi: 10.1074/jbc.M117.795245

Krishnaswamy  S. Exosite-driven ~ substrate
function in coagulation. ] Thromb Haemost.
doi: 10.1111/j.1538-7836.2004.01021.x

Bianchini EP, Orcutt SJ, Panizzi P, Bock PE, Krishnaswamy S. Ratcheting
of the substrate from the zymogen to proteinase conformations directs the
sequential cleavage of prothrombin by prothrombinase. Proc Natl Acad Sci
USA. (2005) 102:10099-104. doi: 10.1073/pnas.0504704102

Brufatto N, Nesheim ME. Analysis of the kinetics of prothrombin activation
and evidence that two equilibrating forms of prothrombinase are involved in
the process. ] Biol Chem. (2003) 278:6755-64. doi: 10.1074/jbc.M206413200

specificity  and
(2005)  3:54-67.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Kim PY, Nesheim ME. Further evidence for two functional forms
of prothrombinase each specific for either of the two prothrombin
activation cleavages. | Biol Chem. 282:32568-81. doi: 10.1074/jbc.M7017
81200

Srivasatava KR, Majumder R, Kane WH, Quinn-Allen MA, Lentz BR.
Phosphatidylserine and FVa regulate FXa structure. Biochem J]. (2014)
459:229-39. doi: 10.1042/BJ20131099

Qureshi SH, Yang L, Yegneswaran S, Rezaie AR. FRET studies with
factor X mutants provide insight into the topography of the membrane-
bound factor X/Xa. Biochem J]. (2007) 407:427-33. doi: 10.1042/BJ200
70735

Pomowski A, Ustok FI, Huntington JA. Homology model of human
prothrombinase based on the crystal structure of Pseutarin C. Biol Chem.
395:1233-41. doi: 10.1515/hsz-2014-0165

Lechtenberg BC, Murray-Rust TA, Johnson DJ, Adams TE, Krishnaswamy
S, Camire RM, et al. Crystal structure of the prothrombinase complex
from the venom of Pseudonaja textilis. Blood (2013) 122:2777-83.
doi: 10.1182/blood-2013-06-511733

Lee CJ, Wu S, Pedersen LG. A proposed ternary complex model
of prothrombinase with prothrombin: protein-protein docking and
molecular dynamics simulations. J Thromb Haemost. (2011) 9:2123-26.
doi: 10.1111/j.1538-7836.2011.04463.x

Adams TE, Huntington JA. Structural transitions during prothrombin
activation: On the importance of fragment 2, Biochimie (2016) 122:235-42.
doi: 10.1016/j.biochi.2015.09.013

Bradford HN, Krishnaswamy S. The fragment 1 region of prothrombin
facilitates the favored binding of fragment 12 to zymogen and enforces
zymogen-like character in the proteinase. J Biol Chem. (2016) 291:11114-23.
doi: 10.1074/jbc.M116.723072

Kamath P, Krishnaswamy S. Fate of membrane-bound reactants and products
during the activation of human prothrombin by prothrombinase. J Biol Chem.
(2008) 283:30164-73. doi: 10.1074/jbc.M806158200

van Gorp RH, Schurgers L]. New insights into the pros and cons of the clinical
use of Vitamin K Antagonists (VKAs) Versus Direct Oral Anticoagulants
(DOACsS). Nutrients (2015) 7:9538-57. doi: 10.3390/nu7115479

Verso M, Agnelli G, Prandoni P. Pros and cons of new oral anticoagulants
in the treatment of venous thromboembolism in patients with cancer. Intern
Emerg Med. (2015) 10:651-6. doi: 10.1007/s11739-015-1233-5

Bauer KA. Pros and cons of mnew oral anticoagulants.
Hematology Am  Soc Hematol Educ Program (2013) 2013:464-70.
doi: 10.1182/asheducation-2013.1.464

Kroh HK, Panizzi P, Tchaikovski S, Baird TR, Wei N, Krishnaswamy S, Tans
G, Rosing J, Furie B, Furie BC, and Bock PE. (2011) Active site-labeled
prothrombin inhibits prothrombinase in vitro and thrombosis in vivo, J Biol
Chem 286:23345-23356.

Law RH, Caradoc-Davies T, Cowieson N, Horvath AJ], Quek AJ,
Encarnacao JA, et al. The X-ray crystal structure of full-length human
plasminogen. Cell Rep. (2012) 1:185-90. doi: 10.1016/j.celrep.2012.
02.012

Muia J, Zhu J, Gupta G, Haberichter SL, Friedman KD, Feys HB,
et al. Allosteric activation of ADAMTS13 by von Willebrand factor.

Proc Natl Acad Sci USA. (2014) 111:18584-9. doi: 10.1073/pnas.
1413282112

de Groot PG, Meijers JC. beta(2) -Glycoprotein I: evolution,
structure and function. ] Thromb Haemost. (2011) 9:1275-84.

doi: 10.1111/j.1538-7836.2011.04327.x

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Chinnaraj, Planer and Pozzi. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Medicine | www.frontiersin.org

October 2018 | Volume 5 | Article 281


https://doi.org/10.1038/srep14764
https://doi.org/10.1177/1076029607309176
https://doi.org/10.1074/jbc.M113.451542
https://doi.org/10.1182/blood-2012-12-473629
https://doi.org/10.1182/blood-2016-10-744110
https://doi.org/10.1111/j.1538-7836.2009.03641.x
https://doi.org/10.1038/nmeth.2222
https://doi.org/10.1063/1.5006477
https://doi.org/10.1038/nmeth.1208
https://doi.org/10.1021/jp075255e
https://doi.org/10.1002/cphc.201000129
https://doi.org/10.1074/jbc.M115.700401
https://doi.org/10.1002/cphc.201100822
https://doi.org/10.1529/biophysj.104.054114
https://doi.org/10.1074/jbc.M113.509786
https://doi.org/10.1074/jbc.M117.795245
https://doi.org/10.1111/j.1538-7836.2004.01021.x
https://doi.org/10.1073/pnas.0504704102
https://doi.org/10.1074/jbc.M206413200
https://doi.org/10.1074/jbc.M701781200
https://doi.org/10.1042/BJ20131099
https://doi.org/10.1042/BJ20070735
https://doi.org/10.1515/hsz-2014-0165
https://doi.org/10.1182/blood-2013-06-511733
https://doi.org/10.1111/j.1538-7836.2011.04463.x
https://doi.org/10.1016/j.biochi.2015.09.013
https://doi.org/10.1074/jbc.M116.723072
https://doi.org/10.1074/jbc.M806158200
https://doi.org/10.3390/nu7115479
https://doi.org/10.1007/s11739-015-1233-5
https://doi.org/10.1182/asheducation-2013.1.464
https://doi.org/10.1016/j.celrep.2012.02.012
https://doi.org/10.1073/pnas.1413282112
https://doi.org/10.1111/j.1538-7836.2011.04327.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Structure of Coagulation Factor II: Molecular Mechanism of Thrombin Generation and Development of Next-Generation Anticoagulants
	Introduction
	Prothrombin Gene and Domain Organization
	Structures of the Closed and Open Forms of Prothrombin
	Thrombin Generation
	Development of Next-Generation Anticoagulants
	Conclusions
	Author Contributions
	Funding
	Supplementary Material
	References


