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Coagulation factor X (FX), often termed as Stuart-Prower factor, is a plasma glycopro-
tein composed of the y-carboxyglutamic acid (GLA) domain, two epidermal growth
factor domains (EGF-1 and EGF-2), and the serine protease (SP) domain. FX plays a
pivotal role in the coagulation cascade, activating thrombin to promote platelet plug
formation and prevent excess blood loss. Genetic variants in FX disrupt coagulation and
lead to FX or Stuart-Prower factor deficiency. To better understand the relationship
between FX deficiency and disease severity, an interactive FX variant database has been
set up at https://www.factorx-db.org, based on earlier web sites for the factor-XI and -IX
coagulation proteins. To date (April 2021), we report 427 case reports on FX deficiency
corresponding to 180 distinct F10 genetic variants. Of these, 149 are point variants (of
which 128 are missense), 22 are deletions, 3 are insertions, and 6 are polymorphisms.
FX variants are phenotypically classified as being type | or II. Type-I variants involve the
simultaneous reduction of FX coagulant activity (FX:C) and FX antigen levels (FX:Ag),
whereas type-ll variants involve a reduction in FX:C with normal FX:Ag plasma levels.
Both types of variants were distributed throughout the FXa protein structure. Analyses
based on residue surface accessibilities showed the most damaging variants to occur at
residues with low accessibilities. The interactive FX web database provides a novel easy-
to-use resource for clinicians and scientists to improve the understanding of FX
deficiency. Guidelines are provided for clinicians who wish to use the database for
diagnostic purposes.

EGF-2), a 52-amino acid activation peptide (AP), and a
catalytically active serine protease (SP) domain (~Fig. 1)

Factor X (FX) is a vitamin-K-dependent serine protease
encoded by the F10 gene, located on chromosome 13. F10
is composed of eight exons and is 27 kb in length. The gene
encodes a prepeptide and propeptide, cumulatively referred
to as the pre-pro leader, a y-carboxyglutamic acid (GLA)
domain, two epidermal growth factor domains (EGF-1 and
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In the coagulation cascade, FX is responsible for the conver-
sion of prothrombin to thrombin to drive the formation of
the platelet plug. FX is synthesized as a zymogen and is
activated via the extrinsic or intrinsic coagulation pathways,
involving the tissue factor (TF)/factor VIla (FVIla) complex or
the factor VIIla (FVIIa)/factor IXa (FIXa) complex,
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Fig. 1 Distribution of the 180 variants identified within the F10 gene. The six protein segments are not drawn to scale. The number of variantsin
each of the respective domains is shown in large font above or below the variant lists. Intronic variants are included in their respective domains
according to sequence numbering. The residue numbering under the domains marks the amino acids framing each domain, given in HGVS

format. N and C represent the N- and Gtermini, respectively, of factor X (FX). Only 177 variants are displayed in this schematic as the remaining
variants are undefined insertions and deletions. AP, activation peptide; EGF, epidermal growth factor; GLA, y-carboxyglutamic acid; SP, serine

protease.
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respectively.? Activation involves cleavage of the Arg234-
Ile235 bond in the FX heavy chain, releasing the 52-amino
acid AP and activated FXa (=Fig. 1). [le235 then forms a salt
bridge with Asp418 in the substrate binding pocket. Addi-
tional FX cleavage at Lys475-Ser476 is often observed but has
no major functional implications.3 FXa typically complexes
with cofactor FVa to form the prothrombinase complex,
enhancing prothrombin affinity, and catalysis by 10°-fold.
This complex interacts with membranous-phosphatidylser-
ine in a Ca’" dependent manner. Following membrane
assembly, prothrombinase cleaves prothrombin at two dis-
tinct sites, Arg271 and Arg320, yielding the N-terminal
peptide and disulphide linked thrombin. Thrombin subse-
quently promotes clot formation.*> In addition to playing a
direct role in the coagulation cascade, FXa is implicated in
conditions such as tissue fibrosis, atherosclerosis, and angio-
genesis.® FXa binds the protease-activated receptors, PAR-1
and PAR-2, in vascular, immune, and epithelial cells. FXa
cleaves the N-termini of PAR-1 and PAR-2, creating a novel N-
terminus that functions as a tethered ligand that leads to the
triggering of intracellular signaling cascades.'-’

Experimentation involving F10 KO mice emphasizes the
importance of FX in physiological function. The absence of FX
results in partial embryonic lethality and fatal neonatal
bleeding.! Similarly, in humans, variants that impede FX
activity lead to disease states, commonly termed as congeni-
tal FX deficiency. Such states can also be referred to as Stuart-
Prower factor deficiency, named after the first recognized
deficient patients.? FX deficiency occurs at a frequency of
1:500,000 to 1:1,000,000 across the globe, with 1 in 500
individuals believed to be heterozygous carriers.”'? FX defi-
ciency is more prevalent in regions where consanguineous
marriage remains common, such as in the Middle East.%1":12
Deficient patients experience variable bleeding symptoms,
ranging from easy bruising, gum bleeding, nose bleeds and
hematuria in mild cases to hemarthrosis, hematomas, intra-
muscular bleeds, gastrointestinal tract bleeds, and intracra-
nial hemorrhage in more severe cases. All FX deficient
patients are at greater risk of prolonged postoperative bleed-
ing.2"'3 The predominant treatments for FX deficiency in-
clude FX replacement and the use of antifibrinolytics.'3~1°
Antifibrinolytics such as e-aminocaproic and tranexamic
acid or fibrin glue are often used for the treatment of minor
bleeds.’ "7 Variants causing FX deficiency are characterized
as having cross-reacting material negative or positive (CRM™
or CRM™) phenotypes. CRM~ or “type I” variants are those
that result in the parallel reduction of FX coagulant activity
(FX:C) and FX plasma antigen levels (FX:Ag). Contrastingly,
CRM™ or “type II” variants reduce FX:C without impacting
the FX:Ag level. Such variants are functional variants that go
undetected by cellular quality control mechanisms.®'3 FX:C
in healthy human plasma ranges from 50 to 150 IU/dL.'®
Mildly deficient patients have 6 to 10% of normal FX:C,
moderately deficient patients 1 to 5% and severely deficient
patients <1%.9:14.16

The diagnosis and treatment of FX deficiency will benefit
from a more complete understanding of the correlation
between the F10 genotype and the bleeding severity.'® To

better understand this relationship, we have developed the
first interactive database at https://www.factorx-db.org for
FX variants. The database contains genetic information from
literature sources in relation to 180 unique variants from 427
patients, as well as structural information from FXa protein
crystallography. The new FX database was adapted from our
previously developed interactive coagulation factor data-
bases for factor XI (FXI) and factor IX (FIX) at https://www.
factorxi.org and https://www.factorix.org which underwent
initial development in 2003 and 2013, respectively.?>~% In
this new FX database, we show how the extended domain
structure of FXa is correlated with the distribution of types I
and Il variants where the phenotype is reported. We compare
this distribution with that in FXI when our recently updated
variant and structural analyses indicate a predominance of
type-I variants in FXI.2> We show that changes in the solvent
surface accessibility of individual residues are well correlat-
ed with the occurrence of genetic variants in the FX struc-
ture, regardless of the phenotypic classification. We offer
guidelines on the interpretation of deleterious variants in the
database. The availability of this new database will help
clarify the molecular basis of FX deficiency for clinicians
and scientists.

Methods

Source of the Factor-X Database

The new interactive FX web database at https://www.factorx-
db.org carries 180 distinct F10 genetic variants that are
associated with FX deficiency. The database was created at
University College London and the web site copyright is
retained by S. J. Perkins and University College London.
Database copying is not permitted without explicit permis-
sion. The FX database was derived from the newly upgraded
FXI database at https://www.factorxi.org, and the FIX data-
base at https://www.factorix.org.”*~%? The variants in the FX
database were populated through online literature searches
of peer-reviewed articles, primarily those found on PubMed
at https://pubmed.ncbi.nlm.nih.gov/. The literature cut-off
date was April 2021 from which a total of 180 unique FX
variants and 427 patients were extracted. The variants were
compiled into a spreadsheet to establish the FX MySQL
database, using phpMyAdmin software (https://www.
phpmyadmin.net/) as an intermediary platform. The database
is maintained on the University College London server and
utilizes HTML programming, PHP, and JavaScript to enable
public access via the web. If desired for personal or private
research use only, a list of the FX variants and their associated
fields can be downloaded from the variants’ menu on the web
site (~Supplementary Materials S1 and S2).

Analysis of Factor-X Variants

The FX database records DNA changes in Human Genome
Variation Society (HGVS) format, where +1 refers to the A of
the ATG initiation codon, at the start of the 40-residue pre-
pro leader peptide. When publications have used legacy
numbering for DNA changes, the origin of the residue
numbering is stated clearly in the variant comments section
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on the web site. Protein changes are recorded in HGVS
format, with codon +1 referring to the ATG initiation codon.
To facilitate comparison with older publications, legacy
numbering is presented also for protein changes on the
database, with codon +1 referring to the first codon of the
mature unactivated FX protein (+41 in HGVS numbering).

While 136 FXa crystal structures are available on the PDB
database (https://www.rcsh.org), many structures do not
show the full-length FXa protein, with many lacking the
GLA and EGF-1 domains entirely. Of the 136 FXa structures,
PDB ID: 1P0S was alone in successfully determining the GLA
domain, yet this crystal structure did not model the EGF-1
domain.?* Five FXa crystal structures successfully deter-
mined the EGF-1 domain, with PDB ID: 1XKA encompassing
the most light- and heavy-chain residues at the highest
resolution, showing the EGF-1, EGF-2, and SP domains in
full.?> The 1POS crystal structure showed a structural reso-
lution of 0.280 nm and a goodness-of-fit R-value of 0.207.2*
The 1XKA model showed a higher resolution of 0.230 nm and
animproved R-value of 0.196.2° Thus, the 1P0S structure was
superimposed in full onto the 1XKA structure to result in a
full-length merged FXa model with all four domains visible
in an extended conformation. The 1POS structure was then
edited out, leaving only its GLA domain along with the full
1XKA structural model. The complete merged FXa model
consisted of a light chain ranging from Ser43 to Arg179 and a
heavy chain ranging from Ile235 to Arg469 (~Fig. 1). The
1XKA structure was retained as much as possible owing to its
improved resolution compared with 1P0S. The Ramachan-
dran analysis at http://molprobity.biochem.duke.edu was
used to confirm the accuracy of the model.?® Our final native
FXa model was not refined by energy minimization nor
was the structure refined after making the amino acid
substitutions.

To interpret the effect of the FX missense variants, four
different substitution analyses were performed on them,
namely, Polymorphism Phenotyping v2 (PolyPhen-2) at
http://genetics.bwh.harvard.edu/pph2/, the Sorting Intolerant
From Tolerant (SIFT) at https://sift.bii.a-star.edu.sg/www/
SIFT_seq_submit2.html, the Protein Variation Effect Analyzer
(PROVEAN) at http://provean.jcvi.org/seq_submit.php, and the
Grantham analysis, using the Grantham matrix proposed in
1974.27-30 Both the PolyPhen-2 and SIFT algorithms give
variants scores ranging from 0.0 to 1.0. However, in the
PolyPhen-2 algorithm, the closer to 1.0, the prediction score
is, the more damaging the variant is likely to be. The SIFT
scores are reversed where values closer to 0.0 predict more
damaging variants and those closer to 1.0 are more tolerated.
The PROVEAN threshold used was —2.5, thus variants with
scores below the threshold were considered deleterious and
those above —2.5 were neutral. The Grantham analysis
differs from the other three in that it is not sequence specific
and is purely based on the amino acids undergoing substitu-
tion. The Grantham scores range from O (silent variants) to
215, with larger scores indicating more radical and likely
more damaging substitutions.

The Definition of Secondary Structure of Proteins (DSSP)
tool at https://www3.cmbi.umcn.nl/xssp/ was used to identify
TH Open
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the secondary structure of each residue in the merged FXa
structure.3-32 DSSP was applied both to the merged FXa
structure, as well as to the four separate FXa domains.
Residues were individually assigned secondary structures
to be one of H (a-helix), B (B-bridge), E (extended B-strand), G
(310 helix), I (m-helix), T (hydrogen-bonded turn), S (bend), or
C (undefined coil region). DSSP was also used to determine
the relative surface accessibility of each residue in the FXa
crystal structure in A% The accessibilities were converted
into percentage accessibility by dividing the DSSP output by
the theoretical solvent accessible surface area of the amino
acid sidechain in question.> The results were simplified as
follows. Percentage accessibilities of 0 to 9% were given the
value 0, 10 to 19% the value 1, 20 to 29% the value 2, and so on.
Residues with accessibilities of 0 or 1 were classified as
buried and those with accessibilities of 2 to 9 were classified
as solvent exposed.

Results

The New Factor X Interactive Web Database

The interactive FX database (https://www.factorx-db.org)
presents genetic and structural information in relation to
180 FX variants and 427 patients, sourced from 118 research
articles (=Fig. 1). Specific genetic features in the database
include basic and advanced search tools, an interactive
clickable variant map, and interspecies F10 multiple se-
quence alignments, permitting phylogenetic analysis of the
F10 gene (left, =Fig. 2). Additionally, the database offers
structural analyses of the identified variants, a list of pub-
lished FX crystal structures, and links to further FX resources
(right, =Fig. 2). These features are accessed from the home
page which features movies of FXa with and without its
associated variants. From the home page, the basic search
tool enables users to search for variants of specific type or
with defined cDNA or amino acid numbers. The advanced
search tool allows for more explicit searches, including
options to search by variant effect, location, and/or reference.
The genetic searches report on variant information, patient
information, and relevant comments. Variant information
includes variant type, effect, location, and allelic specific
information. Allelic frequencies (AFs) are provided for var-
iants wherever possible using data supplied by the genome
aggregation database (gnomAD) version 2.1.1 at https://
gnomad.broadinstitute.org/3* The gnomAD v2.1.1 dataset
spans 125,748 exome sequences and 15,708 whole-genome
sequences and contains 51 (28%) of the 180 identified FX
variants. The AF is used as an indication of the relative
frequency of a given variant at a specific genetic locus in a
genome. The AF cut-off used was 0.01, thus those AF >0.01
indicated a common variant. Of the 51 variants present in the
gnomAD dataset, only two had AF>0.01, both of which
corresponded to known polymorphisms (Thr264Thr and
c.-40C>T). The predominance of rare FX variants in the
gnomAD population highlights the importance of FX gene
conservation. The anonymized patient information reports
on patient age, gender, race, assay results, and disease
severity.


https://www.rcsb.org
http://molprobity.biochem.duke.edu
http://genetics.bwh.harvard.edu/pph2/
https://sift.bii.a-star.edu.sg/www/SIFT_seq_submit2.html
https://sift.bii.a-star.edu.sg/www/SIFT_seq_submit2.html
http://provean.jcvi.org/seq_submit.php
https://www3.cmbi.umcn.nl/xssp/
https://www.factorx-db.org
https://gnomad.broadinstitute.org/
https://gnomad.broadinstitute.org/

T

Search Results: 1 unique variant retrieved.

Fa

e

e

About FX

Human Facios X BJP  LEL

Advanced Search

Structural Analysis of Variants in FX Deficiency Harris et al.

Factor X Gene (F10)

Variant Database

Variants

Structures

Terms with a *** next to them are explained on the Help Page .

c.786G>A

Variant Type: Point
Yamnant Effect: klissense
Fhenatype: |

Allele Count ": 3

References and Comments:

n‘l—
b

Human Facior Ka Wariants B S0P UCL

i'\"\qﬁﬁ

AR Alignments

ResOUrcEs Support

p.Gly262Asp (Legacy AA No. 222)
Location: Exon 7
No. of Patients Reported: 20

Domain: Senine prolease
Codon Change: G>A

Allele Number *: 282656

Peyvandi & al 2002, Hermmann el al 2006, Epcacan e al 2015
Wariani disrupis profein Todding and may periurb FX cataivlic activity due fo proximity 1o calalyviic iriad

Patient Information: Show

Structural Interpretation:

Please click HE

Allele Frequency *: 0000011

E for in-depth vaniani analysis

Copyright 2003-2021, Structural Immunclogy Group, University College London, Gower Street, London WC1E 6BT

F o e o

L

N [Tawn -

FR:C| FRC | PX:AQ FRAg

TR LT

Harmarppan

part of this site may be o

bad or used in any way without permission,™

Comments Haterance
Sponiarwoen rererags. | Wichall ot Residue nformation:
| iy | wae
[ ——— T
| g | maiy Weme  Type  Cyclc S Paxttan Vedraphoichy Charge
pnwes ervTags | Michall st Wik Type by wphale oy el sastocn hptophate teesk
| Sy | sakid Wurtaisd = arahe morche p— eper— e [
Aporat TewneTage | Mchell et = A
[ FECT]
St Terertege | Wihll 8
] Lacnc | mams | Bubstitution Anabysis:
Sairmes evnetuge | Mbighell ef
| Sy | Grantham Score
Wichel & PatPhen-7 Predi
s T ] - SIFT Pradiction : &
| 1 - PROVEAN Frediation
TR, e ey E",'“"“,l
bl Structural Implications:;
“wrulenin cing berieg
[E— Ele ity
stal 01 i e
Remeiope o | SALENE Gily 262 is o burted resitus [sirfucs acoessimiity valus = o
[resy e ———
g pes e = Gly 262 is s o regeon of seondary STUChe sithin the FX Somsin
Lierbeny rrves s e SESRCH
reraima fsea japa o | ELELIOLE Tre DEEF assignrrant for this residus s .-
2u 8207
Epmas revamana HL Left ek maiise | T rotale e sachie
raraurs g - Hink: Riotats maussmes | T2 10am ik the stnictrs
Liriy et T 5'&1 Hirsk: Right click mouse | B use sppist costrol oplions.
remasona e o pa | 2LALETE
2 AT
s gm ——
Epescan |
el J0TE

Mtiple Saguence AIGREn of PULItiee FX Promen SeqUsnces om 5 ' Spsc

Fig. 2 Screenshots of the new factor X (FX) interactive web database to illustrate the genetic and structural analysis made for the Gly262Asp
variant. The upper panel displays the output when residue 262 is inputted on the FX web site home page. By clicking “Show” next to the patient
information heading, the lower left panel lists genetic information for the 20 patients reported with the Gly262Asp variant, of which the first 12
records are visible here, together with the source of the patient record. The multiple sequence alignment is shown underneath with Gly262
highlighted by a red arrow. Clicking “HERE” under the structural interpretation heading gives the image shown on the bottom right panel.
This assesses the buried or exposed accessibility of the variant and its location in the FXa protein structure. Four different substitution analyses
(the Grantham, PolyPhen-2, the Sorting Intolerant From Tolerant [SIFT], and PROVEAN) are provided to help predict the likely effects of
each missense variant on FXa. A Mol view of the FXa structure is displayed that can be rotated and zoomed into as desired. Additional

S o ey

PR "

The mplecuby can be rolaied with S mouse holding the lefi
button and the image can Ee mapnifed using the misdls
mouse Bution

Fight Click on the JUIL screen for mors optiens

Squacal

Cadoon

[Ty

Trnce L L]
[ e #OFF COM
Spum SOFF oM
Backgoend  ® Mk Whin
Dissphates  ® OFF DM
Diomare .

ARt

Colouning A

Lagels W ha

information regarding the amino acid side chain properties of both the wild type and mutant residues is also displayed on this page.

TH Open

Vol. 5 No. 4/2021

© 2022. The Author(s).

e561



e562

Structural Analysis of Variants in FX Deficiency Harris et al.

The database provides structural analyses for the mis-
sense variants which can be mapped onto an interactive FXa
structure for inspection. A molecular JMol viewer for each
variant is provided through Java software. It should be noted
that Java applets need to be enabled within the browser to
permit these features to be seen. Users are able to apply
prediction software to better understand the structural
effects of any potential missense variant (right, =Fig. 2).
Users have the option to submit novel variants and to contact
the site administrator with additional queries. The database
site. map and help pages make for easy navigation and
comprehension of the site.

Classification of Factor X Variants and Polymorphisms
Of the 180 variants presented in the FX database, 82.78% are
point variants, 12.22% deletions, 3.33% polymorphisms, and
1.67% insertions (=Fig. 3A). The 149 point variants are
further subdivided into missense (86.58%), nonsense
(6.71%), and splice site (6.71%) variants (=~Fig. 3B). Of the

A B Point (1439)
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[ Deletion (22)
- Polymorphism (6)

1.7%
82.8% | 12.2%
13%
B P Missense (129)
| |Nonsense (10)
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C B Fre-Pro Leader (12)
I Gla(21)
B EGF-1 (11)
B EGF-2 (10)
AP (B)
~_|sPa2)
B 3UTR (1)
Linker (3)
____|Intronic (8)
| Undefined (10)

Yo
6.1%

Fig. 3 Distribution of the 180 variants identified within the F10 gene.
The panels (A-C) illustrate the breakdown of the 180 factor X (FX)
variants by variant type, effect and location within the F10 gene
sequence. The charts illustrated here distinguish the nondisease
associated polymorphisms from the disease-causing genetic variants.
(A) Relative frequency of four different types of genetic variants in the
F10 gene; (B) Genetic classification of 149 point variants in the F10
gene; (C) Relative distribution of the 180 FX variants across the F10
gene and within the protein domains. The six undefined variants
include two unique deletions that stretch across exons 1-6 and 1-8,
respectively, one undefined deletion and three missense variants
preceding the F10 coding sequence. AP, activation peptide; EGF,
epidermal growth factor; GLA, y-carboxyglutamic acid; SP, serine
protease.
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180 genetic variants, 174 are disease-associated alterations
and six are nondisease associated polymorphisms, including
the above pair (Thr264Thr and c.-40C > T). The 180 variants
are spread across the F10 gene, with 51.11% clustered in the
large SP domain (=Fig. 3C). As illustrated in ~Fig. 4, 46.55%
of the disease-causing variants are phenotypically classified
as type I, 16.09% as type II, and 37.36% have an unknown
phenotype. Here, type-II variants are characterized by a FX:C
to FX:Ag ratio of <0.7. Closer phenotypic analysis revealed
that 64.29% of the type-II variants were in the SP domain,
while 14.29% occurred in the GLA domain, 7.14% in the EGF-1
domain, 7.14% in the EGF-2 linker region, and less than 5.00%
in each of the pre-pro leader and AP sequences. The abun-
dance of type-II variants in the SP and GLA domains high-
lights their functional activity in terms of peptide hydrolysis
and in binding to host cell membranes respectively. The
reduced abundance of type-II variants in the EGF-1 and
EGF-2 domains and the abundance of type-I variants in these
indicates their importance in the formation of a correctly-
folded protein structure. Of the 10 most commonly occurring
FX variants in patients (Pro383Ser, 25 occurrences;
Gly21Arg, 21; Gly262Asp, 20; Glu54Lys, 16; Glu91Lys, 15;
Asp322Asn, 15; Ser374Pro, 14; Gly406Ser, 14; Gly421Asp,
13; Glu142Lys, 12; in order of frequency as shown), six are
type Il and four are type I. Interestingly, the Asp322Asn
variant is a type-II variant involving the catalytic triad
residue Asp322, meaning that this variant loses FXa catalytic
activity. The occurrence of this disease-causing variant (15
case reports to date) highlights the importance of the FX
catalytic triad in FXa proteolytic function.3>3°

Substitution analysis was performed on 128 FX missense
variants to predict the damaging effects of each amino acid
change. All the substitutions involved single nucleotide
changes; none appeared in the greyed boxes of ~Fig. 5. As
illustrated in =Fig. 5, the total count for each missense
change is shown, with Gly, Glu, Arg, and Cys being the
most commonly mutated residues (23, 18, 14, and 12 cases,
respectively). For these four residues, a change involving a
charged residue is often observed, such as Gly > Arg, Glu >
Lys, and Cys > Arg. Such substitutions are readily seen to be
protein damaging. Of interest, the Gly residues (23) were the
most commonly affected. This concurs with Gly being the
smallest residue and thus its replacement with a bulkier
residue is likely to cause protein structural rearrangements.
Charged residues are also more often varied than others; Glu
(18) and Arg (14) are the second and third most commonly
substituted residues. The removal of a charged group in a
protein can often destabilize its structure. Cys residues are
the fourth most commonly mutated residue. The formation
of Cys-Cys disulphide bridges is key to protein folding
stabilization, so the loss of one bridge can be disruptive to
the overall three-dimensional structure.

Phenotype and Accessibility Analysis of Factor X
Missense Variants

The merged FXa crystal structure (Methods) resulted in a
full-length FXa model that permitted structural analyses of
the variants. When subjected to the Ramachandran
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Fig.4 Secondary structure and accessibility analysis of variants in the merged FXa crystal structure. The factorX (FX) sequence is shown with the
major secondary structure assignments highlighted in gray boxes. Residues are denoted either H (o-helix), B (B-bridge), E (extended B-strand),
(310 helix), I (m-helix), T (hydrogen-bonded turn), S (bend), or C (undefined coil region). The SP catalytic triad His276-Asp322-Ser419 is
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boxes denote nondisease associated polymorphisms. All numbering is in HGVS format. AP, activation peptide; EGF, epidermal growth factor;
GLA, y-carboxyglutamic acid; SP, serine protease.
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Fig. 5 Substitution grid representing 128 missense variants in the F10 gene. The grid illustrates the number of variants of each defined amino
acid change. All substitutions shown are the result of a single nucleotide change. Any substitutions that require more than a single nucleotide
change are shown in dark gray. Silent variants are excluded from the grid and shown in pale gray. The white boxes represent possible
substitutions that do not occur in the F10 gene. The yellow boxes represent substitutions that occur once or twice, the orange boxes represent
substitutions that occur three or four times and the red boxes represent substitutions that occur five or more times.

stereochemical analysis, the 1XKA crystal structure (used for
the EGF-1, EGF-2, and SP domains) revealed 92.8% of all
residues to be in the most favored conformational regions,
with a further 6.6% of residues in the additional allowed
regions. The 1POS crystal structure (used for the GLA do-
main) revealed that 90.3% of all residues were in the most
favored conformational regions, with a further 8.2% of res-
idues residing in additional allowed regions. The 1XKA
structure showed two Ramachandran outliers (Leu113 and
Arg126), while the 1POS structure showed seven (Leul31,
GIn144, Asn145, Asp159, Asn160, GIn356, and Glu369). The
merged FXa model revealed that 99.4% of all residues were in
favored regions with 91.8% of these residing in the most
favored regions. The only two Ramachandran outliers found
in the merged model were Leu113 and Arg126, present also
in the EGF domains in the 1XKA crystal structure.?*~2® The
merged FXa structure was concluded to be of high enough
quality for an accurate structural assessment of the FX
variants.

The merged FXa structure was used to show the distribu-
tion of 113 missense variants and 4 nondisease associated
polymorphisms in mature FXa (~Figs. 6A and B). The GLA
domain contained three a-helices, A1-3, and a single m-helix
P1. The EGF-1 and EGF-2 domains were primarily B-sheet
structures, with EGF-1 forming two B-strands A-B and EGF-2
forming four B-strands A-D. The SP domain contained 13 B-
strands A-M, as well as three minor o-helices, three 34o-
helices,and one 7-helix (~Fig. 4). A schematic representation
of the FXa domain structure showed that the four FXa
domains were in an extended arrangement (=Fig. 6C). In
the merged FXa structure, 186 out of 488 residues were
assigned accessibilities of 0 or 1, meaning that their side-
TH Open

Vol. 5 No. 4/2021 © 2022. The Author(s).

chains were buried, and a further 186 residues were assigned
accessibilities of 2 or more, indicating that their sidechains
were solvent exposed (=Fig. 4). The remaining 116 residues
were not present in the FXa protein structure and thus were
unavailable for accessibility analysis. These 116 residues
included the 40-residue pre-pro leader peptide, the 52
amino acid AP removed on FX activation, and several others
including those at the end of the SP domain. Of the 127
variants with defined accessibilities, several of which oc-
curred at the same location in the FX sequence, 49 were
classified as surface exposed with accessibilities of 2 or more
and 78 were classified as buried with accessibilities of 0 or 1
(~Fig. 4).

When observing the full-length FXa structure, the ratio
of type-Il to -I variants stood at 0.35, while this ratio
increased to 0.44 when looking solely at the SP domain.
Given the catalytic function of the SP domain, unsurpris-
ingly type-II variants occurred more frequently in the SP
domain compared with the rest of FXa. The clustering of the
type-II variants (green) was visible in the SP domain when
mapped onto the FX model (~Fig. 6A). Interestingly, of the
17 type-II point variants in the SP domain, three had surface
accessibilities of 2 or more, indicating sidechain exposure,
while the remaining 14 were classified as buried. Such
findings indicated that, regardless of surface exposure,
the SP variants were able to impede native FXa function
without disrupting the overall FXa structure, resulting in
type-II defects. In contrast, the type-II variants in the GLA,
EGF-1, and EGF-2 domains were all at exposed locations,
suggesting that these may affect interdomain or intermo-
lecular interactions in the functioning of FX. The predomi-
nance of type-l variants in the GLA, EGF-1, and EGF-2
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Fig. 6 Structural view of the distribution of variants within FXa. (A
and B) illustrate the front and back views (rotated by 180°) of the
distribution of 113 missense variants and 4 polymorphisms within
mature factor X (FX). The merged FXa crystal structure is shown in
ribbon format, with the Ca positions of the variants and
polymorphisms highlighted as spheres. The variant locations are
colored according to their phenotype. Type-I (CRM — ) variants are in
red, type-ll (CRM +) variants in green, and those with unknown
phenotype in yellow. The nondisease associated polymorphisms are
depicted in purple. The catalytic triad His276-Asp322-Ser419 (HGVS
numbering) is shown in (B) in the SP domain as black spheres. In (B)
also, orange spheres denote the residues Arg313, Lys316, Arg346, Arg
387, Lys391, Lys460, and Arg469 (HGVS numbering) correspond to a
heparin binding site in FX (chymotrypsin numbering Arg93, Lys96,
Arg125, Arg165, Lys169, Lys236, and Arg240). These heparin binding
residues together with Asp413-Asp418 and Val455-Arg469 (HGVS
numbering) are involved with Factor Va binding (chymotrypsin
numbering Asp185-Asp189 and Val231-Arg245). The ribbon colors
correspond to those used on our web site https://www.factorx-db.org.
EGF, epidermal growth factor; GLA, y-carboxyglutamic acid; SP, serine
protease.(C) Schematic representation of the four domains in FX. The
four domains are aligned and depicted in the same orientation and
colors as in the ribbons in (A and B) above.

domains suggested that these domains were more impor-
tant in maintaining an extended FXa structure rather than
having a functional role.

The observation of a missense FX variant in the gene of a
patient is not necessarily causative of a bleeding disorder. To
assist interpretations, the FX web site offered guidelines to

clarify whether a given variant is likely to disturb the overall
protein structure and function. The PolyPhen-2 algorithm
predicted that 109 (85%) of the 128 variants were damaging,
with scores of 0.9 to 1.0 (=~Fig. 7A). The SIFT analysis
predicted that 110 (86%) of variants were damaging with
scores of 0.0 to 0.2 (=Fig. 7B). This outcome indicated that
most FX variants were causative for FX deficiency as
expected. The PROVEAN and Grantham analyses demon-
strated less clear trends, although the majority of
variants showed damaging scores (=Fig. 7C and D). The
interactive FX database provides variant-specific PolyPhen-
2, SIFT, PROVEAN, and Grantham scores for the 128 missense
variants, thus providing an easy-to-use clinical support tool
to clarify the significance of a variant (=Fig. 2). The signifi-
cance of the four scores for a given variant is clarified
from =Fig. 7. A high damaging score would highlight that
the substitution in question is likely to explain FX deficiency
in the patient.

To further examine the relationship between FX pheno-
types and surface accessibilities, the residue surface accessi-
bilities were displayed as a function of phenotypes for (1) the
intact FXa protein and (2) the individually separated FXa
domains (~Fig. 8). Notably, a high 68% of type-I variants (36
of 53) showed accessibilities of 0 or 1, highlighting their
predisposition to be buried within the intact FXa protein
structure (=Fig. 8A. In contrast, type-II variants and poly-
morphisms appeared in both the surface-exposed and buried
regions of the FXa structure, with no clear preference for
either location. Many variant residues were of unknown
phenotype; however, interestingly the majority of these
showed low accessibilities. Following the separation of the
four domain structures in FX, the resulting changes in surface
accessibility compared with the intact protein enabled the
identification of residues that made interdomain contacts.
An even higher proportion of 91% of type-I variants (48 of 53)
was located to residues that showed no accessibility change
after domain separation (~Fig. 8B). The same outcome was
also seen for type-II variants and unassigned phenotypes.
The predominance of variants at buried locations within FX
showed that small perturbations in the FXa structure,
through the introduction of variants that lead to slight
changes in surface accessibility, are sufficient to impair the
protein and lead to disease states.

To illustrate the utility of the web site, four individual
variant residues with low surface accessibilities were visual-
ly highlighted on the FXa model (=Fig. 9), namely, (1)
Asp135Glu in EGF-2 (type I, accessibility 2), (2) Gly244-
Arg/Glu in SP (type I, accessibility 0), (3) Gly262Asp in SP
(type I, accessibility 0), and (4) Asp322Asn in SP (type II,
accessibility 0). The separation of the domain structures
alters the accessibility of Asp135 from 2 to 3, and that of
Gly244 from 0 to 3. These views explain the visual context of
residue substitutions by three-dimensional inspections of
the native FXa structure. It should be noted that these
changes (particularly to buried residues) may be causing
local structural changes in the protein. For the first variant,
the replacement of an Asp with a Glu residue seen at the EGF-
1 and EGF-2 interface was sufficient to destabilize the FXa
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Fig. 7 Substitution analysis of 128 missense variants in the F10 gene. Substitution analyses predict the damaging effects of substitution
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the Sorting Intolerant From Tolerant (SIFT) score; (C) Graphical distribution of variants determined by their PROVEAN score. The PROVEAN
threshold used was -2.5; (D) Graphical distribution of variants determined by their Grantham’s score.

protein folding, presumably by altering the interdomain
interface to form a less stable one. For the second and third
variant residues, the replacement of a buried Gly residue by a
much bulkier charged Arg, Glu, or Asp residue was likely to
destabilize the protein folding of the SP domain, resulting in
the observed type-I phenotype. The third variant is exempli-
fied in =Fig. 2. The fourth example is the substitution of
Asp322 by Asn322 within the catalytic triad His276-Asp322-
Ser419. The change impacts only on FXa function, not on the
overall protein structure, thus explaining why this is
reported as a type-II defect. Missense variants at such
locations have perturbed these inter- and intradomain inter-
actions, disrupting the native FXa structure and resulting in
protein degradation or dysfunction. Thus, the web site
provides molecular explanations for the relative abundance
of type-I and -II variants in FX in terms of small but signifi-
cant disruptions to the intricately folded domain structure,
even though the FXa domain structure is an extended one
and relatively solvent exposed.

TH Open Vol. 5 No.4/2021 © 2022. The Author(s).

Discussion

The compilation of 180 genetic variants for FX in this study
represents to our knowledge, the first interactive web
database for FX that summarizes documented patient
records, their genetic variants, and protein structural anal-
yses, all assembled as one convenient resource. The new FX
web site represents the continuation of our other related
interactive web sites for FVII, FVIII, FIX, and FXI (https://
www.factorvii.org, https://www.factorviii-db.org, https://
www.factorix.org, and https://www.factorxi.org).2%=23-37 For
FX, this web site will significantly improve the quality of
variant analyses and will lead to further insights into the
occurrence of FX disease states. Most notably, we show that
these variants are observed across the entire FXa protein
structure (=Fig. 6), and that accessibility changes in the
amino acid packing arrangement in the folded FXa structure
by residue substitution is a major cause of FX deficiency
(=~Fig. 8). Accessibility changes may be a good predictor for
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Fig. 8 Accessibility analyses of 108 FX missense variants and four polymorphisms in the factor X (FX) protein structure. (A) FX variants in the FXa
structure are grouped by phenotypic classification (CLASS). The variants are further subdivided according to the native residue accessibility
(ACC) of the intact protein. Accessibility was determined using the Definition of Secondary Structure of Proteins (DSSP) and is explained

in detail in the Methods section. Accessibilities of 0 or 1 indicate sidechain burial and values >1 indicate sidechain exposure to solvent. (B) FX
variants are again grouped by phenotypic classification (CLASS) and accessibility (ACC). Here, accessibility refers to the change in residue
accessibility when the intact FX protein is separated into its four distinct domains, namely, the y-carboxyglutamic acid (GLA), epidermal growth

factor (EGF)-1, EGF-2, and serine protease (SP) domains.

the changes associated with a variant. The disruption scores
from Polyphen-2, SIFT, PROVEAN, and the Grantham offer
useful insight into the impact of the variants and will
provide the clinician with guidelines on the significance
of a variant. Such an analysis of the FX variants has resulted
from three main advances as follows: (1) the availability of
sufficient literature on FX genetic variants as the result of
the increasing use of patient genotyping (~Fig. 1); (2) the
availability of a merged FXa crystal structure of a sufficient
high quality for analyses (Methods); and (3) our increasing
expertise in developing interactive databases related to
hemophilia.?3

Many multidomain plasma proteins present extended
domain arrangements. Examples include the three-dimen-
sional structures for FXa, activated FVII, and activated FIX,
all three of which have the same four domains termed GLA-
EGF1-EGF2-SP. Other plasma proteins present more com-
pact domain arrangements such as that of FXI.2> Both FX
and FXI present variants that are distributed throughout
their protein structures, implying that the extended or
compact nature of their domain structures do not influence
variant distributions. However, where the phenotypes are
known, FVII, FIX, and FX variants show a higher proportion
of type-II phenotypes which are associated with functional
defects, rather than type-I phenotypes which correspond to
misfolding defects.?2~2337 This outcome is as expected
given that FVII, FIX, and FX, all have extended domain
arrangements. FXI shows a higher proportion of type-I
defects, and this outcome is attributed to its compact
domain arrangement which is more easily damaged by
disease-associated variants. Heparin and Factor Va exosites

are known for FX38 and both are shown on the SP domain
of =Fig. 6B, together with the catalytic triad. Of interest is
that many type-II variants in the SP domain (green) are
spatially close to these exosites.

Conclusion

Our interactive FX database serves as a useful resource for
clinicians and scientists to diagnose FXI deficiency and
provide insight into the effect of a variant. Database tech-
nology becomes required in the light of large increases in
the known genetic variants in FX, when a simple spread-
sheet listing of mutations is no longer adequate to monitor
these. The web site layout is designed to present genetic
and structural information on FX as two distinct but
parallel themes, similar to that for our original FVII, FVIII,
FIX, and FXI databases.?°~2337 This is illustrated using
genetic and structural outputs for the commonly-reported
Gly262Asp variant for which 20-patient records exist
(=Fig. 2). On the left, further insight into the conservation
of Gly262 is obtained from the AA alignments tab which
shows Gly262 aligned with six other mammalian species.
This alignment reveals that the Gly262 residue is conserved
in only three other sequences and therefore may be able to
accommodate a bulkier sidechain. On the right, the
structural analysis shows that Gly262 is a buried residue
on a B-strand, and the JMol viewer shows that this is
located inside the SP domain. Further research into FX,
including experimental studies, will be key to a better
understanding of the relationship between FX deficiency
and disease severity.

TH Open  Vol. 5 No. 4/2021 © 2022. The Author(s).

e567



e568 Structural Analysis of Variants in FX Deficiency Harris et al.

Intact FXa Separate FXa domains yet there are no available structural models that show
all four FXa domains.

Asp135

What This Paper Adds

1. Our new interactive FX database enables sequence and
structural analysis of F10 genetic variants identified
prior to April 2021 and serves as a literature pool of an

I I up-to-date FX resource.

Accessibility: 2 ACESSIblllty:3 2. Information regarding 180 unique FX variants from

B Al —_— 427 case reports is presented in our interactive data-

base of which 174 variants are disease-associated and
6 are nondisease-associated polymorphisms.

3. We present a full-length structural model of FXa
created from two previously published FXa crystal
structures, and present guidelines to assess the likely
impact of newly reported missense variants.

Research Grants and Financial Support

The authors V.A.H. and W.L. were supported by student-
ships from the Lister Institute of Preventive Medicine for
this project. The authors declare that they have no con-
flicts of interest with this research.

Conflict of Interest

S.J.P. reports support for the present manuscript (e.g.,
funding, provision of study materials, medical writing,
article processing charges, and others) from the Lister
Institute of Preventive Medicine.

References

1 Neuenschwander PF. COAGULATION CASCADE | Factor X. In:
Laurent GJ, Shapiro SD, eds. Encyclopedia of Respiratory Medi-
cine. Cambridge, Massachusetts: Academic Press; 2006:499-503
Smith SA, Travers RJ, Morrissey JH. How it all starts: initiation of

N

Fig. 9 Molecular graphic representation of four selected variants in

the FXa protein structure. The views are taken from the unmodified the clotting cascade. Crit Rev Biochem Mol Biol 2015;50(04):
FXa structural model (Methods). The left-hand panel highlights the 326-336
residue of interest and its calculated solvent accessibility in the intact 3 Brown MA, Stenberg LM, Stenflo J. Coagulation Factor Xa. Hand-
FXa protein. The right-hand side panel shows the same residue in its book of Proteolytic Enzymes; 2013;03:2908-2915
respective isolated domain, with its corresponding accessibility. (A- 4 Krishnaswamy S. The transition of prothrombin to thrombin. ]
D) highlight the residues Asp135, Gly244, Gly262 (~Fig. 2) and Thromb Haemost 2013;11(Suppl 1):265-276
Asp322 (catalytic triad) respectively. Accessibility calculations are 5 Mann KG, Jenny R], Krishnaswamy S. Cofactor proteins in the
detailed in the Methods section. The domain coloring corresponds to assembly and expression of blood clotting enzyme complexes.
that in =Fig. 5. All residue numbering is given in HGVS format. Annu Rev Biochem 1988:57:915-956

6 Schuepbach RA, Riewald M. Coagulation factor Xa cleaves prote-

ase-activated receptor-1 and mediates signaling dependent on
binding to the endothelial protein C receptor. ] Thromb Haemost
2010;8(02):379-388

Soh U], Dores MR, Chen B, Trejo J. Signal transduction by protease-
activated receptors. Br J Pharmacol 2010;160(02):191-203
Girolami A, Cosi E, Sambado L, Girolami B, Randi ML. Complex
history of the discovery and characterization of congenital factor

What Is Known on This Topic

~

1. Many Factor X (FX) genetic variants have been pub-
lished in the literature yet, there is no interactive

oo

database which compiles both variant and patient X deficiency. Semin Thromb Hemost 2015;41(04):359-365
information and offers sequence and structural variant 9 Brown DL, Kouides PA. Diagnosis and treatment of inherited
analysis. factor X deficiency. Haemophilia 2008;14(06):1176-1182

2. A total of 136 FXa crystal structures are available on 10 EpcacanS, Menegatti M, Akbayram S, Cairo A, Peyvandi F, Oner AF.

Frequency of the p.Gly262Asp mutation in congenital Factor X

the Protein Databank web site (https://www.rcsb.org), . :
deficiency. Eur ] Clin Invest 2015;45(10):1087-1091

TH Open  Vol. 5 No. 4/2021 © 2022. The Author(s).


https://www.rcsb.org

12

13

14

15

16

19

20

21

22

23

Structural Analysis of Variants in FX Deficiency Harris et al.

Karimi M, Yarmohammadi H, Ardeshiri R, Yarmohammadi H.
Inherited coagulation disorders in southern Iran. Haemophilia
2002;8(06):740-744

Al-Rahal NK. Inherited bleeding disorders in iraq and consanguin-
eous marriage. Int ] Hematol Oncol Stem Cell Res 2018;12(04):
273-281

Menegatti M, Peyvandi F. Factor X deficiency. Semin Thromb
Hemost 2009;35(04):407-415

Shapiro A. Plasma-derived human factor X concentrate for on-
demand and perioperative treatment in factor X-deficient
patients: pharmacology, pharmacokinetics, efficacy, and safety.
Expert Opin Drug Metab Toxicol 2017;13(01):97-104
Menegatti M, Peyvandi F. Treatment of rare factor deficiencies
other than hemophilia. Blood 2019;133(05):415-424

Peyvandi F, Menegatti M. Treatment of rare factor deficiencies in
2016. Hematology (Am Soc Hematol Educ Program) 2016;2016
(01):663-669

Kram HB, Nathan RC, Stafford FJ, Fleming AW, Shoemaker WC.
Fibrin glue achieves hemostasis in patients with coagulation
disorders. Arch Surg 1989;124(03):385-387

Andrew M, Vegh P, Johnston M, Bowker ], Ofosu F, Mitchell L.
Maturation of the hemostatic system during childhood. Blood
1992;80(08):1998-2005

Herrmann FH, Auerswald G, Ruiz-Saez A, et al; Greifswald Factor X
Deficiency Study Group. Factor X deficiency: clinical manifestation
of 102 subjects from Europe and Latin America with mutations in
the factor 10 gene. Haemophilia 2006;12(05):479-489

Saunders RE, O’Connell NM, Lee CA, Perry D], Perkins SJ. Factor XI
deficiency database: an interactive web database of mutations,
phenotypes, and structural analysis tools. Hum Mutat 2005;26
(03):192-198

Saunders RE, Shiltagh N, Gomez K, et al. Structural analysis of
eight novel and 112 previously reported missense mutations in
the interactive FXI mutation database reveals new insight on FXI
deficiency. Thromb Haemost 2009;102(02):287-301

Rallapalli PM, Kemball-Cook G, Tuddenham EG, Gomez K, Perkins
SJ. An interactive mutation database for human coagulation factor
IX provides novel insights into the phenotypes and genetics of
hemophilia B. ] Thromb Haemost 2013;11(07):1329-1340
Harris VA, Lin W, Perkins SJ. Analysis of 272 genetic variants in the
upgraded interactive FXI web database reveals new insights into
FXI deficiency. 2021 (e-pub ahead of print). Doi: 10.1055/a-1683-
8605

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Wang SX, Hur E, Sousa CA, Brinen L, Slivka EJ, Fletterick R]. The
extended interactions and GLA domain of blood coagulation
factor Xa. Biochemistry 2003;42(26):7959-7966

Kamata K, Kawamoto H, Honma T, Iwama T, Kim SH. Structural
basis for chemical inhibition of human blood coagulation factor
Xa. Proc Natl Acad Sci U S A 1998;95(12):6630-6635

Williams CJ, Headd JJ, Moriarty NW, et al. MolProbity: more and
better reference data for improved all-atom structure validation.
Protein Sci 2018;27(01):293-315

Adzhubei IA, Schmidt S, Peshkin L, et al. A method and server for
predicting damaging missense mutations. Nat Methods 2010;7
(04):248-249

Vaser R, Adusumalli S, Leng SN, Sikic M, Ng PC. SIFT missense
predictions for genomes. Nat Protoc 2016;11(01):1-9

Choi Y, Sims GE, Murphy S, Miller JR, Chan AP. Predicting the
functional effect of amino acid substitutions and indels. PLoS One
2012;7(10):e46688

Grantham R. Amino acid difference formula to help explain
protein evolution. Science 1974;185(4154):862-864

Touw WG, Baakman C, Black |, et al. A series of PDB-related
databanks for everyday needs. Nucleic Acids Res 2015;43(Data-
base issue):D364-D368

Kabsch W, Sander C. Dictionary of protein secondary structure:
pattern recognition of hydrogen-bonded and geometrical fea-
tures. Biopolymers 1983;22(12):2577-2637

Tien MZ, Meyer AG, Sydykova DK, Spielman SJ, Wilke CO. Maxi-
mum allowed solvent accessibilites of residues in proteins. PLoS
One 2013;8(11):e80635

Karczewski K], Francioli LC, Tiao G, et al; Genome Aggregation
Database Consortium. The mutational constraint spectrum quan-
tified from variation in 141,456 humans. Nature 2020;581
(7809):434-443

Messier TL, Wong CY, Bovill EG, Long GL, Church WR. Factor X
Stockton: a mild bleeding diathesis associated with an active site
mutation in factor X. Blood Coagul Fibrinolysis 1996;7(01):5-14
Uprichard J, Perry DJ. Factor X deficiency. Blood Rev 2002;16(02):
97-110

Giansily-Blaizot M, Rallapalli PM, Perkins SJ, et al. The EAHAD
blood coagulation factor VII variant database. Hum Mutat 2020;
41(07):1209-1219

Bock PE, Panizzi P, Verhamme IM. Exosites in the substrate
specificity of blood coagulation reactions. ] Thromb Haemost
2007;5(Suppl 1):81-94

TH Open  Vol. 5 No. 4/2021 © 2022. The Author(s).

e569



