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Abstract

Background: Prothrombin, protein C, and factors VII, IX, and X are vitamin K (VK)-
dependent coagulation proteins that play an important role in the initiation, amplifi-
cation, and subsequent attenuation of the coagulation response. Blood coagulation
evolved in the common vertebrate ancestor as a specialization of the complement
system and immune response, which in turn bear close evolutionary ties with de-
velopmental enzyme cascades. There is currently no comprehensive analysis of the
evolutionary changes experienced by these coagulation proteins during the radiation
of vertebrates and little is known about conservation of residues that are important
for zymogen activation and catalysis.

Objectives: To characterize the conservation level of functionally important residues
among VK-dependent coagulation proteins from different vertebrate lineages.
Methods: The conservation level of residues important for zymogen activation and
catalysis was analyzed in >1600 primary sequences of VK-dependent proteins.
Results: Functionally important residues are most conserved in prothrombin and least
conserved in protein C. Some of the most profound functional modifications in pro-
tein C occurred in the ancestor of bony fish when the basic residue in the activation
site was replaced by an aromatic residue. Furthermore, during the radiation of pla-
cental mammals from marsupials, protein C acquired a cysteine-rich insert that intro-
duced an additional disulfide in the EGF1 domain and evolved a proprotein convertase
cleavage site in the activation peptide linker that also became significantly elongated.
Conclusions: Sequence variabilities at functionally important residues may lead to in-
terspecies differences in the zymogen activation and catalytic properties of ortholo-

gous VK-dependent proteins.

KEYWORDS
blood coagulation, evolution, protein C, prothrombin, vitamin K-dependent clotting factors

Manuscript handled by: Alan Mast Final decision: Alan Mast, 22 September 2022

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Journal of Thrombosis and Haemostasis published by Wiley Periodicals LLC on behalf of International Society on Thrombosis and

Haemostasis.

J Thromb Haemost. 2022;20:2837-2849.

wileyonlinelibrary.com/journal/jth 2837


www.wileyonlinelibrary.com/journal/jth
https://orcid.org/0000-0002-2016-5369
mailto:﻿￼
https://orcid.org/0000-0003-2300-4891
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:enrico@slu.edu

STOJANOVSKI ano DI CERA

2838 | jﬂ]

1 | INTRODUCTION

Blood coagulation is initiated either extrinsically through exposure
of tissue factor at the site of injury and complex formation with
factor (F) Vlla® or intrinsically through contact activation where a
cascade of proteolytic reactions (involving the proteases FXlla, kal-
likrein and FXla) results in FIX activation.? Both pathways lead to FX
activation and subsequent thrombin formation, which amplifies its
own generation through activation of FV and FVIII. Once activated,
FVllla associates with FIXa to increase formation of FXa, which in
turn assembles with FVa on membrane surfaces to form the pro-
thrombinase complex responsible for an explosive conversion of
prothrombin into thrombin.! Besides its procoagulant function that
promotes fibrin clot formation, thrombin also performs an important
anticoagulant function through activation of protein C (PC) in a re-
action enhanced by thrombomodulin.®# Activated PC (APC) down-
regulates the coagulation response through inactivation of FVa and
FViila.*

Protein C, FVII, FIX, and FX are vitamin K (VK)-dependent co-
agulation factors whose multidomain architecture comprises an
N-terminal y-carboxyglutamic acid (Gla) domain that promotes mem-
brane binding, two epidermal growth factor (EGF1 and EGF2) do-
mains that serve as spacers and a serine protease domain that hosts
the active site (Figure 51).5722 Prothrombin also belongs to the family
of VK-dependent coagulation proteins, but its structure comprises a
Gla, kringle 1, kringle 2, and serine protease domains (Figure 51).1%4
All VK-dependent coagulation proteins circulate in plasma as inac-
tive zymogens. Activation proceeds through proteolytic cleavage
at a conserved site, creating a new N-terminus at position 16 (chy-
motrypsin numbering) that ion pairs to the conserved D194 and
organizes the active site architecture.”>™ Activation of PC, FVII,
FIX, and FX proceeds with retention of the Gla and EGF domains,
which remain connected to the protease domain through a disulfide
Iinkage.s’12 In contrast, the conversion of prothrombin to throm-
bin proceeds with shedding of the Gla and kringle domains.}*81?
The physiological importance of releasing these auxiliary domains
is documented by the compromised procoagulant activity of meizo-
thrombin, a thrombin precursor that retains the Gla and kringle
domains.?%2!

Blood coagulation evolved as a specialization of the complement
system and immune response, which in turn bear close evolutionary
ties with developmental enzyme cascades.???® The coagulation cas-
cade evolved in the common vertebrate ancestor through a series
of gene duplication and exon shuffling events during a short evo-
lutionary time that separates the divergence of vertebrates from
urochordates.?*~%° Primitive vertebrates apparently had an abridged
version of the coagulation cascade, lacking some important coagu-
lation factors (i.e., FIX, FVIII, and contact pathway proteins), as doc-
umented by the absence of such genes in jawless fish which are the
earliest diverging extant vertebrates.?*2% As vertebrates radiated
into more classes, the coagulation cascade increased in complexity,
resulting in the introduction of novel factors whose role was to pre-
serve efficient thrombin formation.?*"261:32 previous studies on the
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e Vitamin K-dependent factors play an important role in
the coagulation cascade.

e A comprehensive sequence analysis of vitamin K-
dependent coagulation factors is presented.

e Prothrombin is the most and protein C the least con-
served protein across vertebrate lineages.

e Sequence variabilities modulate the functional proper-

ties of orthologous proteins.

evolution of the coagulation cascade have focused on when specific
coagulation factors first emerged during vertebrate expansion.z“'32
Consequently, there are no comprehensive comparative reports that
measure the conservation level of functionally important residues
among VK-dependent coagulation factors from different verte-
brate lineages. Here, we address these questions through analysis
of >1600 primary sequences of VK-dependent coagulation proteins
obtained from all classes of vertebrates that diversified during spe-

cific evolutionary periods.

2 | METHODS

The number of predicted primary sequences downloaded from the
National Center for Biotechnology Information and UniProt data-
bases were: fish ([FVII = 71], [FIX = 100], [FX = 105], [PC = 122],
[prothrombin = 76]), amphibians ([FVII = 9], [FIX = 12], [FX =], [PC
=], [prothrombin = 11]), reptiles ([FVII = 28], [FIX = 29], [FX = 30],
[PC = 30], [prothrombin = 27]), birds ([FVII = 95], [FIX = 100],
[FX=69], [PC =93], [prothrombin = 98]), and mammals ([FVIl = 112],
[FIX =98], [FX = 100], [PC = 76], [prothrombin = 99]). All accession
IDs are provided as supporting information. Multiple sequence align-
ments were performed using Constraint-based Multiple Alignment
Tool (COBALT).*®

3 | RESULTS

3.1 | Conservation of the zymogen activation site

The VK-dependent coagulation proteins of the EGF type are synthe-
sized as inactive zymogens that are activated through proteolytic
cleavage at position 15 (the scissile site occupies the P1 position;
Table S1 presents chymotrypsin and Human Genome Variation
Society [HGVS]** numbering).8*2 The position of the activation site
is highly conserved among >1300 primary sequences of PC, FVII,
FIX, and FX, with the scissile residue being always spaced by ex-
actly 12 amino acids from the N-terminus of the perfectly conserved
P28 in the protease domain (Figures S2-S5). G19 can be used as an-
other marker in locating the position of the scissile site, although
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this residue is less conserved than P28. Our analysis reveals that the
zymogen activation site is predominantly occupied by a basic residue
(e.g., Arg and Lys in snake and lizard PC; Figure 1). A notable excep-
tion is the presence of Trp at the scissile site in PC from ray-finned
fish and the presence of Tyr in PC from lobe-finned fish (Figures 1
and S2). Strikingly, the predicted PC sequences of all 116 species
of ray-fins express Trp at the zymogen activation site. Because co-
agulation proteases have trypsin-like specificity and preferentially
cleave at basic rather than aromatic residues, it is unclear what en-
zyme activates PC in bony fish. Unlike bony fish, the earlier diverging
cartilaginous fish express PC with P1-Arg at the zymogen activation
site (Figure S2).

Activation of prothrombin into thrombin requires cleavage at
two scissile sites and proceeds along two alternative pathways, de-
pending on whether the cleavage is initiated at the R271 or R320
site (Figure 51).181 |nitial cleavage at R320 results in formation of
the active intermediate meizothrombin, whereas initial cleavage at
R271 leads to shedding of the auxiliary Gla and kringle domains and
formation of the zymogen prethrombin-2. Subsequent cleavage at
the alternative bond generates thrombin as final product in either
pathway. The activation of prothrombin along the prethrombin-2
and meizothrombin pathways appears to be shared by all verte-
brates as R271 and R320 are absolutely conserved in >300 primary
sequences (Figure 2). Once thrombin is generated, the newly created
amino terminus is attacked by autoproteolytic cleavage at R284 to
remove 13 amino acids from the A chain.®®> With some minor ex-
ceptions, position 284 is occupied by a basic residue (Figure 2),
implicating evolutionary conservation of the autoproteolytic site.
However, the propensity for auto-proteolysis at position 284 likely
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varies across vertebrates, because amphibians, birds, and many
mammals contain an acidic residue at position P2 (Figure 2), which
should compromise cleavage by thrombin.3¢%7 Interestingly, regard-
less of whether thrombin is generated after cleavage at R271 or
R284, there appears to be strong selective pressure for a Thr (or less
commonly Ser) as the first residue in the newly created N-terminus
(Figure 2), although the functional significance for such requirement
is yet to be elucidated.

The rate of zymogen activation is strongly influenced by the
physicochemical properties of the residues that precede the scissile
site. Among the immediate residues preceding the activation site, it
is only the P2 position that is partly conserved across vertebrates,
whereas the P3 and P4 residues are highly variable (Figures 1 and 2).
The P2 positions preceding the R271 and R320 cleavage sites of pro-
thrombin and the activation site of FVII are almost always occupied
by Gly (exceptions are fish; Figures 1 and 2). Because FXa shows a
preference for substrates with P2-Gly®® and activates prothrombin
and FVII with highest specificity in mammals,*®? it is likely that FXa
also activates these zymogens in most vertebrates. The P2 position
in the activation sites of FIX and FX is predominantly occupied by
residues with branched side chains (Thr, lle, and Val), known to re-
strict the flexibility of the main chain torsion angles (Figure 1). This
imposed rigidity around the scissile site probably influences the zy-
mogen activation rate, considering the evolutionary conservation of
such residues at the P2 position in FIX and FX. An interesting excep-
tion is FIX from ray-finned fish, on which we noted P2-Lys in nearly
half of sequences (Figure 1). The presence of basic residues at the P2
position is often seen among substrates of proprotein convertases
which are involved in intracellular processing of pro-peptides.*® This
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FIGURE 1 The residues surrounding the zymogen activation sites of FVII, FIX, FX, and PC are shown in a web logo format. All VK-
dependent coagulation proteins of the EGF type are synthesized as inactive zymogens and are activated through proteolytic cleavage at
position 15 (chymotrypsin numbering; see Table S1 for HGVS numbering). Based on the nomenclature of Schechter and Berger, the scissile
residue occupies the P1 position. Following activation, the newly created N-terminus becomes inserted into the active site where residues
16 (P1') ion-pairs with D194. The number of analyzed sequences from each vertebrate class are indicated on the Y-axis.
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FIGURE 2 The residues surrounding the 271 (left), 284 (middle), and 320 (right) cleavage sites of prothrombin are shown in a web logo
format. Activation of human prothrombin requires alternative cleavage at positions R320 and R271 to generate the protease thrombin. Once
thrombin is generated, the newly created amino terminus is susceptible to autoproteolytic cleavage at the residue that corresponds to R284
of human prothrombin. The numbering of residues corresponds to the positions of human mature prothrombin. Based on the nomenclature
of Schechter and Berger, the scissile residue occupies the P1 position. Residue 320 occupies the analogous position as residue 15 in other
serine proteases and cleavage at this site results in insertion of residue 16 (i.e., 321) into the active site and organization of the active site
architecture. The number of analyzed sequences from each vertebrate class are indicated on the Y-axis.

raises the possibility that FIX might be activated prior to secretion in
the circulatory system of fish due to intracellular processing. Finally,
an interesting example of sequence convergence can be noted at
the P2 position in the zymogen activation site of PC, where the Pro
that is present in all species of fish was substituted by a hydrophobic
amino acid during the emergence of tetrapods only to converge once
again into Pro when placentals radiated from marsupials (Figures 1
and S2). The physiological importance of the sequence convergence
process is evident from the appearance of thrombotic complications
in carriers of the PC P168L mutation.***2

3.2 | Conservation of the activation peptide linker

All VK-dependent zymogens contain an activation peptide (AP)
linker between the EGF2 and protease domains (Figure 51).8:912:43-45
The N-terminal border of the AP linker is defined by the perfectly
conserved cysteine that covalently cross-links the EGF2 and serine
protease domains, whereas the C-terminal border is delineated by
the zymogen activation site (i.e., residue 15). Among vertebrates, the
AP linkers of FIX and FX are significantly longer than those of FVII
and PC, with average lengths that can be nearly four times greater
(Figure 3A). Throughout most of their evolutionary history, FVII and

PC had AP linkers of nearly identical lengths, but the similarity in
length changed with the emergence of placental mammals when the
AP linker of PC became elongated (Figure 3A). The AP linker of PC
among placental mammals comprises about 30 amino acids on aver-
age, but some extreme exceptions can be noted among Camelidae
and Xenarthra, with the southern two-toed sloth (Choloepus di-
dactylus; XP_037706319.1) and nine-banded armadillo (Dasypus
novemcinctus; XP_012380873.1) having the longest AP linkers iden-
tified thus far comprised of 245 and 388 amino acids, respectively
(Figure 3B,C). Notably, all placentals have a dipeptide repeat in the
AP linker of PC comprised of residues XQ (where X is usually Asp)
that appears at precisely spaced intervals. In most placentals, the
XQ dipeptide is repeated about two to three times after one residue
interval, whereas in the Xenarthra the XQ dipeptide is repeated >30
times at an interval of five residues (Figure 3C).

Before secretion into circulation, the AP linkers of FX and PC
are processed intracellularly at a proprotein convertase cleavage
site, producing two-chain zymogens whose light and heavy chains
remain connected through a disulfide bond (Figure $1).**% An AP
is then released when the zymogens are activated through cleav-
age at position 15.4%7 |n the case of PC, a proprotein convertase
cleavage site with consensus sequence K-K-R-3X-K-R| is only found
in the AP linker of placental mammals, with bats being an exception
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FIGURE 3 Length variabilities in the AP linkers of the VK-dependent coagulation proteins across vertebrate classes. (A) Shown are the
average number of amino acids comprising the AP linkers of the VK-dependent coagulation proteins. The N-terminal border of the AP linker
is defined by the perfectly conserved Cys that forms the disulfide bridge between the EGF2 and serine protease domains, whereas the C-
terminal border is delineated by the zymogen activation site (e.g., residue 15). The number of analyzed sequences from each vertebrate class
are listed under methods. (B) The AP linker length of PC from members of Camelidae and Xenarthra are significantly longer than the average
length observed in most placental mammals. (C) Multiple sequence alignments of PC from humans, southern two-toed sloth, and nine-
banded armadillo. The AP linker is shown in orange; the proprotein convertase cleavage and zymogen activation sites are in blue and red,
respectively. Note how a dipeptide comprised of XQ (where X is usually Asp) is repeated at exactly spaced intervals. The accession IDs for
the primary sequences of PC that were analyzed are: human (Homo sapiens; UniProtID: PO4070), alpaca (Vicugna pacos; XP_031534569.1),
wild Bactrian camel (Camelus ferus; XP_032335106.1), dromedary camel (Camelus dromedarius; XP_031307064.1), Bactrian camel (Camelus
bactrianus; XP_010953100.1), southern two-toed sloth (Choloepus didactylus; XP_037706319.1), and nine-banded armadillo (Dasypus

novemcinctus; XP_012380873.1).

because of a cysteine substitution that replaces the scissile arginine
(Figure 4A,B). All other vertebrates, including monotremes and mar-
supials, lack the K-K-R-3X-K-R| consensus sequence in the AP linker
(Figure 4A,B). This implicates that the proprotein convertase pro-
cessing site is a recent evolutionary innovation that first appeared in
PC during the radiation of placentals from marsupials. Interestingly,
the evolutionary emergence of the K-K-R-3X-K-R| cleavage site co-
incided with elongation of the AP linker in placentals, but it is unclear
if these sequence modifications were interrelated or coincidental
(Figures 3 and 4). The physiological relevance of cleavage at the K-K-
R-3X-K-R| site is not known, with conflicting reports existing about
the importance of processing at this site for subsequent activation
of PC.#648

The type | proprotein convertase consensus sequence*® of R-
X-K/R-R| that is located in the AP linker of fX is conserved in all
vertebrates, implicating evolutionary emergence in the common
vertebrate ancestor (Figure 4A,C). An exception are the ray-finned
fish that have either completely lost (66% of species) the consensus
sequence in FX or have acquired (44% of species) a modified type

11l R-X-X-R| sequence?® that lacks a basic residue at the putative
P2 position and is positioned at a distance of 17 as opposed to 11
amino acids (as in other vertebrates) from the conserved cysteine
that holds the two chains together (Figure 4A,C). We further note
that crocodilians and some lizards have acquired a single residue in-
sertion in the proprotein convertase processing site of FX (data not
shown).

We have also identified a putative type Il proprotein convertase
processing site*® with a consensus sequence KR| or KK| in the AP
linker of FVII (Figure 4A,D). This putative cleavage site is present in
all vertebrates except for ray-finned fish and some reptiles (50% of
species). However, there is no evidence that the KR| site is cleaved
intracellularly, with human FVII being the only protein of its class
that does not release an AP upon zymogen activation.*? It is un-
clear if the lack of cleavage at the proprotein convertase site in FVII
is caused by the short length of the AP linker or results from the
absence of additional basic residues at the P4 (as present in FX) or
P6-P8 (as present in PC) positions in the nonprimed region of the
KR| cleavage site. Cleavage of the consensus sequence of PC can be
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g) ECF2----- CGRPWKRMEKKRSHLKRDTEDQEDQVDPRLIDGKMTRRGDSPWQ-30 Human PC
(B) kera————- CGRPGKOMEKKRKHLKRDTNQTDQIDPRLVNGKVTRRGESPWQ-30 Dog PC
EGF2---CGRLGKRMEKKRKTLKRDTNQVDOKDOLDPRIVDGOEAGWGESPWO-30 Bovine PC
(A) EGF2--——— CGRPWNPKEKKSKTLKCCTGQRDQVDPRLINGKLTLQGESPWQ-30 Bat PC
EGF2-—mmmmmmmmm e e CGKPKVKYPTPNFEELRIRISGGKPANKGDSPWQ-30 Koala PC
Protein C | Factor VII | Factor X EGF2 CGRSVVNSPSPFDLRLIDGKKGLKGMSPWQ-30 Platypus PC
_ EGF2-—mmmmmmmmmm e CGRVKTDYMEAEAGFNIRLIEGKAGRRGDSPWQ-30 Mallard PC
Jawless Fish No RXK/RR EGF2 CGRVVESKLKVAKIIGGNPGKRGDSPWQ-30 Corn snake PC
Cartilaginous Fish | No RXK/RR>% EGF2 CGKMKIFNSNYSARLTGAKKGKKGDSPWQ-30 Toad PC
RXXRZS% ol S —— CGVLQVGEPLFQFVNMKPYVMGGTTGTRGHSPWQ-30 Coelacanth PC
Ray-finned Fish | No No RYXRR ole) o J— CGRILIHKSSFNTGPIQGLLPWLIGGEVGMKGESPWQ-30 Ray-fin PC
Nost EGF2-CGMLKGIRMLRNTKPHIGKGAALDDFEFLLDPRITKGRVMPKGGSPWQ-30 Shark PC
Amphibians No KR22% RXK/RR&7%
KKSS% RXXRE% (C) EGF2-CGKQTLERRKRSVAQATSSS...AP  Human £X
- o EGF2-CGKYTVERRKRSVTEPATQS. ..AP  Koala £X
Reptiles No KR RXK/RR EGF2-CGKLTVGRRKRSRELPEEQD. ..AP  Platypus fX
KK?8* EGF2-CGKVLVKRKKRSVILPTDSS...AP  Egret fX
Birds No KK RXK/RR EGF2-CGKVYVRRKKRSVISFGNSS. . .AP Turtle £X
EGF2-CGRRAGFRFKRSVSEEVDNS...AP  Toad fX
Monotremes | No KR RXK/RR EGF2-CGAIITGDTRTVFRYERQNT...AP  Ray-fin f£X
- EGF2-CGIAAEHRARRAVVELDPVS...AP  Shark f£X
Marsupials No KR RXK/RR EGF2-CGRIQVOVKKPRSKREASSV...AP  Lamprey fX
Placentals KKR3XKR | KR RXK/RR

(D) EGF2----CGKIPILEKRNASKPQGRIVGGKVCPKGECPWQ-30 Human fVII
EGF2----CGRIPVLEKRNGSIPEGRIVGGYACPKGECPWQ-30 Koala fVII
EGF2----CGKIPVLRKRNESKPEGKIVGGYVCPKGECPWQ-30 Platypus fVII

CGKIPVLAKKNATARGRIVGGFICPPGECPWQ-30 Finch fVII
CGKIPVLAKRNKTEEGRIVGGKECPPGVCPWQ-30 Alligator fVII
CGKIPVLEKKDKALDGRIVGGDECLKGECPWQ-30 Caecilian fVII

EGF2-CGSVPVLQEQNKSQQLDPRGRIVGGTECPKGECPWQ-30 Ray-fin fVII

FIGURE 4 The proprotein convertase cleavage sites of the VK-dependent coagulation zymogens. (A) Distribution of the proprotein
convertase cleavage sites of PC (K-K-R-3X-K-R|), fVII (KR] or KK]) and fX (R-X-K/R-R| or R-X-X-R|) in vertebrates. Representative vertebrate
sequences containing the consensus sequences of the proprotein convertase cleavage sites (shown in blue) in (B) PC, (C) FX, and (D) FVII.
Note how the K-K-R-3X-K-R| consensus sequence is missing in PC sequences from nonplacentals and how the scissile Arg is mutated in bats.
The proprotein convertase cleavage site is located in the AP linker region that is delineated at the N-terminus by the interdomain bridging
Cys (orange) and at the C-terminus by the zymogen activation site (red). Shown are also the conserved markers G19 and P28 (green) in the
serine protease domain. Complete alignment of sequences and their respective accession IDs are provided as supporting information.

enhanced by introducing Arg at the P4 position?” or diminished by
mutating the basic residues at the P6-P8 positions.*

3.3 | Conserved residues in the protease domain

A new N-terminus at position 16 is generated during zymogen acti-
vation that ion pairs with D194 in the active site and organizes the
oxyanion hole and primary specificity pocket (Table S1 presents
chymotrypsin and HGVS®* humbering).}”->° Position 16 (P1’ residue)
is predominantly occupied by hydrophobic -branched amino acids
such as 116 and V16 (Figures 1 and 2). The evolutionary selection
of Leu, Thr, and Met at position 16 in PC (Figure 1) are interesting
exceptions considering that such residues are rarely seen among
serine proteases.””! It is unclear how the activity of APC is affected
by the polar T16 or M16 residues, but the analogous |16 T mutation
in thrombin destroys the structural integrity of the oxyanion hole
and drastically compromises catalysis.50 The residues at positions 17
(P2') and 19 (P4') also have an important role in promoting effective
organization of the active site. Residue 17 stabilizes the orientation
of D189 in the primary specificity pocket through a set of H-bonds,
whereas G19 serves as a hinge that promotes insertion of the newly
created N-terminus into the active site.’” Nearly all coagulation pro-
teases contain a hydrophobic -branched amino acids at position 17
(V17 and 117) and G19 except for PC from non-caecilian amphibians

in which the selection of T17 and A19 probably adversely affects
catalysis (Figures 1 and S2).

The accessibility of substrates to the active site is regulated by
the flexible 215-217 segment which exists in equilibrium between
open (E) and closed (E*) conformations.??™>* Among the residues
that comprise the 215-217 segment, W215 and G216 are perfectly
conserved in all VK-dependent proteases (data not shown). E217 is
also highly conserved in all proteases except in FVII, where this po-
sition is predominantly occupied by K217 or L217 in nonmammalian
vertebrates (Table 1). Most mammals express FVII with E217, but in
primates and bats the analogous position is occupied by Q217 or V/
L217, respectively (Table 1). Considering the importance of residue
217 in affecting the E*-E equilibrium,> the variability at this position
likely contributes to interspecies differences in how ligands bind to
the active site of FVlla.

The catalytic activity of all coagulation proteases is enhanced by
Na* binding to a site that is defined by the 186 and 220 loops and
is located >15A from the active site residues.>*11255-60 Whether
a protease can effectively bind Na* depends on the residue that
occupies position 225.412 Serine proteases with F/Y225 bind Na™,
whereas those with P225 do not.6%%? Across vertebrates, Y225 is
nearly exclusively present in all sequences of prothrombin, FIX, and
FX (Table 1). Y225 is also present in FVII from most vertebrates
(Table 1), except for placental mammals that typically have F225
or hydrophobic amino acids (Val, lle, or Leu are present in rodents,
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TABLE 1 Residues at positions 70, 217, and 225 in the serine protease domain of VK-dependent coagulation proteins

Prothrombin Protein C Factor VII Factor IX Factor X
70 217 225 70 217 225 70 217 225 70 217 225 70 217 225
Jawless fish K E \% - - - E K F - - - E E Yo%
FSO%
Cartilaginous K E y84%  E E F - - - E D% Y E E \%
fish Flé% F34%
Ray-finned K E Y97% D99% E‘?S% L99% E98% K‘)O% Y E99% E97% Y94% E E Y98%
fiSh F3% DS% RiO% Fé%
Amphibians K E \% E E8* F E (52 \% E8%* g%y E77* E YRS
Dlé% D45% K33% D16% D33% FSO%
Reptiles K E Yo7% o KS%*E F E77% K% \% E E Y ES* E \%
FS% E35% K14% R7% K7%
Birds K E Y K E F E K Y E E Y E E \%
M3%
Monotremes K E Yy30% E E F E E Y E E Y E E F
FSO%
Marsupials K E Yo% g84%  E F E8%  E \% E E Y E E Y
F60% Klé% KZO%
Placental K E Y E E \% E78% g% F75% E* E Y D%% E y90%
mammals D% Q% V/L/125% KA% EL7% FLo%

V/L16%

Note: Percent values denote number of sequences in which variability at the specified position exists. The total number of analyzed sequences from

each vertebrate class is listed under Methods.

afrotheria, Xenarthra, and some bats). PC is an exception insofar
as F225 is the most commonly found residue in vertebrates, but in
placentals and ray-finned fish the analogous position is occupied by
Y225 and L225, respectively (Table 1). Saturation mutagenesis of
position 225 in thrombin has shown profound decrease in activity
on introduction of hydrophobic residues,®? which could implicate in-
terspecies differences in catalytic efficiencies between orthologues
that carry V/L225 and F/Y225.

Binding of Ca®* to the protease domain is also known to alloster-
ically enhance the activity of all coagulation proteases other than
thrombin.>8>%¢3¢4 The locale for Ca?* binding is the 70-loop in the
protease domain where two of the six ligands that coordinate the
divalent metal are provided by the carboxylates of E70 and E80.
Thrombin does not bind Ca?* because of the presence of K70 in its
70-loop that forms a salt bridge with E80.°Thelack of a Ca2*-binding
site in thrombin appears to be a common feature in all vertebrates
because of perfect conservation of K70 (Table 1). On the other hand,
the Ca®* binding site is largely conserved in all other VK-dependent
enzymes as supported by the presence of an acidic residue at posi-
tion 70 (Table 1). A notable exception is the presence of K70 among
avian and reptilian PC, with the exception of turtles (Table 1 and
Figure S2). Because K70 is expected to form a salt bridge with E80,
it is likely that the protease domain of avian and reptilian PC cannot
bind Ca?*. Such lack of Ca?* binding is seen with PC mutants that
have engineered ionic bridges between residues 70 and 80.%°

Various insertions in the serine protease domain contribute
toward the functional specialization of coagulation proteases.
Thrombin contains three long insertions that are present in the 60

loop that delineates the S2-subsite, the 186 loop that defines the
Na*-binding site and the flexible autolysis loop that delimits the
lower bound of the active site (Figure S6). The lengths of insertions
in the 60 and 186 loop are perfectly conserved in all vertebrates,
whereas minor variability in the length of the autolysis loop persists
(+2 residues; Figure Sé). Importantly, these inserts are absent in
recently identified serine proteases from nonvertebrate deuteros-
tomes that have high homology with thrombin and likely evolved
from a common thrombin-like protease ancestor.%° Considering
their absence in thrombin-like homologues from primitive deuteros-
tomes, it appears that thrombin acquired its unique insertions in the
common ancestor of vertebrates, most likely to improve specificity
toward fibrinogen which also evolved around the same time period.
PC also has an insert in the autolysis loop, but the length of the in-
sert shows high variability among vertebrates (Figure S2). Last, the
170-loop of FVII contains a 5 residue insertion that is found only
in mammals (Figure S3). These results corroborate earlier observa-
tion about lack of insertion in the 170-loop of zebrafish fVII¢ and
demonstrate that the loop became elongated in the common mam-

malian ancestor.

3.4 | Conserved residues in the light chain

The light chain of the VK-coagulation proteins is composed of the
auxiliary Gla and two EGF or kringle domains (Figure S1). EGF do-
mains comprise 40-50 amino acids and the fold is stabilized by three
disulfides that pair with 1-3, 2-4, and 5-6 connectivity.®”¢® The six
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cysteines that participate in disulfide formation are highly conserved
in the EGF1 domains of FVII, FIX, and FX (Table 2). In contrast, when
placentals diverged from marsupials, the EGF1 domain of PC ac-
quired a cysteine rich insert after P54 (human mature PC numbering)
that introduces two additional cysteines (Figure 5A). Consequently,
all placentals have eight as opposed to the six cysteines that are
found in the EGF1 domains of PC from other vertebrates (Figure 5A
and Table 2). Although its functional significance is not known, the
structure of APC reveals that the cysteine-rich insert causes a lateral
bulge and creates two-lobed appearance not seen in other EGF1 do-
mains.” When it comes to the EGF2 domain, the only deviation in the
potential pairing of disulfides is the presence of seven cysteines that
we identified in PC sequences from crocodilia, monotremes, and
many birds (67% of sequences; Table 3). Whether the extra cysteine
modulates the classical pairing of the EGF2 domain in these animals
is something that requires experimental validation.

On a structural level, EGF domains are classified into human-
like and Cilr-like types depending on whether the last cysteine
is located on the turn of the B-hairpin (human) or on the minor
sheet itself (C1r).¢” On a functional level, EGF domains are differ-
entiated according to their ability to bind Ca?* and on the pres-
ence of an erythro-p-hydroxyaspartic acid (Hya) posttranslational
modification.®® All human VK-dependent coagulation proteases
express EGF1 domains that are classified into the human-like
and Ca®* binding types, whereas the EGF2 domains belong to
the Cir-like type and cannot bind Ca%*.¢”%® To examine whether

these functionalities have been conserved during vertebrate evo-
lution, the primary sequences were analyzed for the presence of
(1) consensus sequence for Ca%* binding comprising D-X-X-Q-C
(located before the first cysteine®®), (2) consensus sequence for
B-hydroxylation comprising C-X-D/N-X-X-X-X-Y/F-X-C (located
between the third and fourth cysteines with the p-hydroxylation
occurring at position D/N%®) and (3) whether the EGF domain
belongs to the human or Cir-like type. Identification of the EGF
domain type can be deduced from the number of residues that
are present between the last two cysteine in the sequence be-
cause human-like and C1lr-like domains nearly always have eight
and twelve residues that are interspersed between the last two
cysteines, respectively.®” Using these criteria, we have identified
that vertebrates express EGF1 domains that belong to the human-
like type and have largely conserved consensus sequences for
Ca?* binding and B-hydroxylation (Table 2 and Figures S2-S5). An
exception are fish that express FVII whose consensus sequences
for Ca%* binding and p-hydroxylation have been largely mutated
(Table 2 and Figure 5B). Binding of Ca?* to the EGF1 domain of
human FVII is partly coordinated by the side chains of D46, Q49
(from the D-X-X-Q-C sequence), and Hyaé3.69 Because all these
residues are mutated in fish (Figure 5B), we predict that Ca®* does
not interact with the EGF1 domain of FVII. These three residues
are also important in binding of tissue factor to FVIla,* impli-
cating perturbed interactions with the cofactor. Ray-finned fish

also express FX whose consensus sequence for Ca®* binding in

TABLE 2 Total number of Cys, domain type, and presence of Ca?" and Hya consensus sequences in the EGF1 domains of VK-dependent

coagulation proteins

Protein C Factor VII Factor IX Factor X
EGF EGF EGF EGF
Ca2+ C32+ Ca2+ CaZ+

#Cys Hya Type #Cys Hya Type #Cys Hya Type #Cys Hya Type

Jawless fish - - - 6 NoCa2+ hEGF - - - 6 Yest22+ hEGF
NoMv2 YesHv2

Cartilaginous 6 YesCa2+ hEGF - - = 6 Yes2+ hEGF 6 Yes®2t hEGF
fish YesHy2 YesHva Yes'v2

Ray-finned 6 Yes©aZ+ hEGF 6 No®a2+ hEGF 6 Yes©2+ hEGF 6 DXXAC hEGF
fish YesHva No"v2 YesHva YesHya

Amphibians 6 Yes©a2+ hEGF 6 Yes©22+ hEGF 6 Yes©2+ hEGF 6 Yes¢22+ hEGF
YesHv2 YesHy2 YesHr2 YesH»a

Reptiles 6 DXXQ/MC  hEGF 6 YesC2* hEGF 6 YesCa2+ hEGF 6 Yest22+ hEGF
YesHv2 YesHv2 Yes™v2 YesHv2

Birds 6 YesCa2+ hEGF 6 Yes®32* hEGF 6 D/NXXQC hEGF 6 Yes®2t hEGF
YesHv2 Yes'v2 YesHv? Yes'v2

Monotremes 6 Yes©Z+ hEGF 6 Yes¢a2+ hEGF 6 Yes©2+ hEGF 6 Yes¢a2+ hEGF
YesHva Yes'ya YesHva Yes'y2

Marsupials 6 Yes©a2+ hEGF 6 Yes¢22+ hEGF 6 Yes©2+ hEGF 6 Yes¢22+ hEGF
Yes™y? Yes2 Yes™2 Yes™2

Placental 8 Yes©aZ+ hEGF 6 Yes®22+ hEGF 6 Yes©a2+ hEGF 6 Yes®22+ hEGF
mammals YesHv2 YesHv2 Yes™v2 Yes™v2

Note: The total number of analyzed sequences from each vertebrate class are listed under Methods. Ca?* binding consensus sequence = DXXQC;

Hya consensus sequence = CXD/NXXXXY/FXC.

Abbreviations: hEGF, human-like EGF domain type; Hya, erythro-p-hydroxyaspartic acid.
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(A)

Human ANSFLEELRHSSLERECIEEICDFEEAKEIFQNVDDTLAFWSKHVDGDQCLVLPLEHPCA
Dog ANSFLEEIRAGSLERECMEEICDFEEAKEIFQNVDDTLAYWSKYVDGDOCAALPPEHACD
Bovine ANSFLEELRPGNVERECSEEVCEFEEAREIFQNTEDTMAFWSFYSDGDQCEDRPSGSPCD
Koala ANSFLEEIKPGNLERECNEEMCDLEEVQEIFSTREETLAYWSKYVDGDQCDPHP——————

Platypus DNSFLEELKPGNLERECQEELCDLEEAMEIFKTREATLSFWSKYYDGDQCNPHP = ———~~
Mallard ANSFLEEVKPGSLERECKEEQCDLEEASEIFETREATLNFWSKYVDGDQCEPQP——————
Corn snake ANSFLEELKAGSVERECVEEQCDFEEASEIFETMEKTLSFWSKYIDGDMCVSSP————-—
Toad ANNLMEELRPGNLERECFEEKCDLEEANEVFETREETLNFWAVYFDGDQCLSNP————~~

Coelacanth ANTFLEEFKPGSLERECHEEQCSFEEALEIFQTKEATLDFWTKYYDGDQCDPMP——————
Herring ANSVFEELRPPSKERECVEEVCDFEEAREIFQTREATLEFWTVYTDGNQCDPNP————~~
Shark ANYLFEELRPGNLERECYEEKCDFEEVKEVHNSLDEALIFWNLHVDGDQCAPDP ===~~~
ko akk 3, Kkkk Kk Kk akk, kg, 3 g3 3k 3 kky K *
Human SLCCGHGTCIDGIGSFSCDCRSGWEGRFCQREV--SFLNCSLDNGGCTHYCLEEV----G
Dog SPCCGHGSCIDGIGAFHCDCGRGWEGRFCQHEV--SYINCSLDNGGCSHYCLEEE----G
Bovine LPCCGRGKCIDGLGGFRCDCAEGWEGRFCLHEV-~-RFSNCSAENGGCAHYCMEEE----G
Koala ———CHNGTCIDGIGSFQCICTKGWEGRLCGHEV--NYTNCSVNNGGCVHYCTEDL--ENQ
Platypus —=~CHNGTCKDSFGAFECSCNEGWEGRLCQYEV--SYTNCSTNNGGCEQFCSQDP~-~-DLN
Mallard ——-CSNGTCKDNIGKFSCICNKGWEGKLCNYEV--KYTNCSVNNGGCEHFCKDDP--ANQ
Corn snake ---CFNGLCODGIGRFDCICNKGWEGRLCONEV--IYTNCSFANGGCEHFCHEREKNNDQ
Toad —--CAHGTCKDGIGKFDCTCPRGWEGKLCSDEV--KHFNCSINNGGCIHFCKETD--NST
Coelacanth ---CVNGTCMDQIGGFNCICNLGWEGNNCEYEI--IDANCSINNGGCEHFCYHPD--EEQ
Herring —==CVNGTCMDKFQSFECFCSPGYEGKYCNQPS-~-TASNCSVQNGDCDHECNLRS--DGL
Shark —=CTNNATCQDLIGGYRCHCAEGFDGRRCQYGKVLVATNCSDNYGYCAHFCQEIP--EIN
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FIGURE 5 Sequence modifications in the EGF1 domains of VK-dependent coagulation factors from different vertebrates. (A) The
evolutionary appearance of the cysteine rich insert in the EGF1 domain of PC. Multiple sequence alighments of representative PC sequences
demonstrate the presence of a cysteine rich insert in placental mammals that introduces an extra disulfide bond in the EGF1 domain. Such
an insert is present in all PC sequences of placental mammals and absent from all other vertebrates (data not shown). The sequence of the
EGF1 domain is shown in orange and the cysteine rich insert is highlighted. Complete sequences of PC with their respective accession IDs
are provided as supporting information. (B) Web logos of the FVII consensus sequences for Ca?* binding (D-X-X-Q-C) and B-hydroxylation
(C-X-D/N-X-X-X-X-Y/F-X-C) that are located in the EGF1 domain. Binding of Ca?* to the EGF1 domain of human FVII is partly coordinated by
the side chains of D46, Q49 (from the D-X-X-Q-C sequence), and D63, with the latter also being the site of B-hydroxylation . Note how the

residues in fish that occupy positions 46, 49, and 63 are mutated, indicating lack of Ca%*

binding to the EGF1 domain. Numbering of residues

corresponds to human mature FVII. The total number of sequences used to create the web logos are shown on the Y-axis for each vertebrate

class.

the EGF1 domain is modified into D-X-X-A-C, probably resulting
in compromised binding affinity (Table 2 and Figure S5). In con-
trast to the modifications seen in the EGF1 domain, we observed
strong conservation in all primary sequences that correspond to
the EGF2 domain, indicating that the absence of Ca?* binding and
B-hydroxylation sites and folding into the Clr-like type are com-
mon features that are shared by the EGF2 domains of all verte-
brate VK-dependent coagulation proteases (Table 3).

Each kringle domain of prothrombin is stabilized by three di-
sulfides with 1-6, 2-4, and 3-5 connectivity.!*”® The number of
cysteines in each kringle is perfectly conserved across vertebrates
(Table S2 and Figure S6). The light chain of human prothrombin also
contains three linkers—referred to as Lnk1, Lnk2, and Lnk3—that con-
nect kringle-1 to the Gla domain (residues 47-64), the two kringles
(residues 144-169), and kringle-2 to the protease domain (residues
249-284), respectively (Figure $1).2>%* These three linkers are pres-
ent in all prothrombin sequences, albeit their sequence and length
are poorly conserved (Table S2 and Figure Sé). The average length of
Lnk1 is longest among ray-fins and shortest in placentals, whereas
the opposite is mostly true for the average length of Lnk2 (Table S2).
Placentals also have longer than average Lnk3, whereas this linker is
shortest in reptiles and amphibians (Table S2). Interestingly, all three
linkers of prothrombin have evolved proteolytic sites (Figure S1)
that are largely conserved. For instance, the proteolytic sites cor-
responding to R271 and R284 of human prothrombin are located in
Lnk3. Basic residues are typically found at the analogous positions in
the respective Lnk3 regions of prothrombin in nearly all vertebrates,

implicating functional conservation (Figure 2). A high level of con-
servation is also seen for the arginine located in Lnk1 (e.g., R54 of
human prothrombin) that is susceptible to autoproteolytic cleavage
under Ca?*-depleted conditions’* (Figure S6). Another scissile site
that is susceptible to autoproteolytic cleavage is located in Lnk2
(e.g., R155 of human prothrombin) and cleavage at this position re-
sults in shedding of the Gla and kringle 1 domains and formation of
prethrombin-1.4%> Arg is usually present at the analogous position
in the Lnk2 region in most vertebrates (Figure Sé). Fish and amphib-
ians typically have multiple Lys in the Lnk2 region and is unclear
which (if any) of these residues are susceptible to auto-proteolytic
cleavage by thrombin.

When it comes to the Gla domain, the total number of gluta-
mates that could be y-carboxylated varies across vertebrates, with
prothrombin, FVII and PC having anywhere between nine and 12
glutamates, whereas this number ranges from 11 to 13 in the Gla do-
mains of FIX and FX. Variability in the number of Gla residues could
lead to interspecies differences in binding affinity for membrane
surfaces among orthologous proteins. We also noted variability in
the w-loop's length (which is important for promoting interactions
with membranes’®”2), with fIX and prothrombin from most amniotes
containing a single residue insertion (Figure S7). Apart from several
invariable glutamates, the most conserved positions in the Gla do-
main are the two cysteines that form a disulfide bond and the ar-
omatic F/YW dipeptide that is part of the so-called helical stretch
(Figures S2-56), which likely have an important role in stabilizing the
domain fold.”®
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TABLE 3 Total number of Cys, domain type, and presence of Ca?" and Hya consensus sequences in the EGF2 domains of VK-dependent

coagulation proteins

Protein C Factor VII Factor IX Factor X
caz+ Caz" Ca2+ Ca2+
#Cys Hya Type #Cys Hya Type #Cys Hya Type #Cys Hya Type
Jawless fish - - - 6 No®a2+ cEGF - - - 6 No®a2+ cEGF
No'v2 NoHva
Cartilaginous 6 Noa2* cEGF - - - 6 Noa2+ cEGF 6 No®a2+ cEGF
fish No"a No'? No'?
Ray-finned 6 No®%+ cEGF 6 No®¥2+ cEGF 6 No®2* cEGF 6 No®2* cEGF
fish NoHva No'va NoMv2 No"va
Lobe-finned 6 N/ cEGF 6 Noa2+ cEGF 6 Noa2+ cEGF 6 NCEa cEGF
fish No"va No'va No'va No'va
Amphibians 6 No®a2+ cEGF 6 No®a2+ cEGF 6 No®az+ cEGF 6 No®a2+ cEGF
NoHya NoHya NoHya NoHya
Reptiles 687% No&a2+ cEGF 6 Noa2+ cEGF 6 Noa2+ cEGF 6 No®a2+ cEGF
713% NoHya NOHya NOHya NOHya
Birds 63%% No®a2+ cEGF 6 No®a2+ cEGF 6 No®a2+ cEGF 6 No?2+ cEGF
767% NoHya NoHya NOHya NOHya
Monotremes  6°0% No®%+ cEGF 6 No®%+ cEGF 6 No®%+ cEGF 6 No&2* cEGF
750% NoHya NoHya NOHya NOHya
Marsupials 6 No®a2+ cEGF 6 No®az+ cEGF 6 No®a2+ cEGF 6 No®a2+ cEGF
NOHya NoHya NoHya NOHya
Placental 6 Noa2* cEGF 6 Noa2+ cEGF 6 Noa2+ cEGF 6 No®a2+ cEGF
mammals NoHva No'v2 No"v2 No"v2

Note: The total number of analyzed sequences from each vertebrate class are listed under methods. Ca?* binding consensus sequence = DXXQC;

Hya consensus sequence = CXD/NXXXXY/FXC.

Abbreviations: cEGF, C1r-like EGF domain type; Hya, erythro-B-hydroxyaspartic acid.

4 | DISCUSSION

Much of our knowledge of the functional and structural properties of
the VK-dependent coagulation factors has come from studies of the
human proteins, which makes it difficult to establish what functional
features have been retained during the evolutionary diversification
of vertebrates. To understand the level of functional conservation,
we analyzed >1600 primary sequences from vertebrates that have
diverged during specific evolutionary periods. Overall, we found
that prothrombin is the most evolutionary conserved protein, with
the functional features that were considered being conserved in all
vertebrates. For example, the sites of activation at R271 and R320 of
human prothrombin have been identified in all examined sequences,
implicating that the activation of prothrombin along the prethrom-
bin-2 and meizothrombin pathways is shared by all vertebrates. The
Na*-binding site is present and Ca?* site absent in all prothrombin
sequences, suggesting that these functionalities evolved in the com-
mon ancestral protein. So did the insertions in the protease domain
that are unique to thrombin and some structural features in the light
chain such as the three linkers that connect the various domains.

In contrast, PC represents the least conserved protein, with the
positions that were examined often being replaced by residues with
drastically different physiochemical properties; however, it remains
to be determined whether such substitutions perturb the func-
tional properties of PC considering the context dependent effect of

particular mutations. Perhaps the most perplexing modification in
PC is the presence of an aromatic residue in the activation site of
bony fish, which was identified in all predicted sequences from the
116 species of ray-finned fish that were analyzed. These observa-
tions agree with earlier reports about the presence of P1-Trp in the
zymogen activation site of PC from Fugu rubripes.2°"'27 Because all
coagulation proteases are trypsin-like enzymes that preferentially
cleave at basic residues, the identity of the enzyme that activates PC
in bony fish may not be thrombin-like. In mammals, thrombin acti-
vates PC in a reaction that is accelerated by thrombomodulin,®* but
the R169W mutation abolishes activation by thrombin and promotes
effective processing by chymotrypsin.73 Incubation of fish plasma
with activators of PC isolated from snake venom have provided
potential hints of zymogen activation,”*”> but definitive proof as
whether thrombin can activate PC in bony fish would require func-
tional studies with purified proteins.

More than any other coagulation protein, PC accumulated many
functional modifications when placentals diverged from marsupials.
It is during this evolutionary period that PC acquired a cysteine rich
insert that introduces an additional disulfide in the EGF1 domain,
evolved a proprotein convertase processing site in its AP linker,
which also became elongated, its zymogen activation site converged
back to the ancient P2-Pro that is present in fish but disappeared
when tetrapods emerged and also acquired the F225Y substitution
in its Na*-binding site. There must have been selective pressure to
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support introduction of all these functional features in the ancestral
placental mammal. Were these modifications acquired to improve
zymogen activation or to enhance the enzymatic specificity of one
substrate at the expense of another? Answers to such questions
would come from comparative structural and biochemical studies
between orthologous coagulation proteases from different verte-
brates, underscoring the urgency of investing more effort in char-
acterizing the functional properties of VK-dependent coagulation

proteins from non-placental vertebrates.
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