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Abstract

Background: Dissection of genotype-phenotype relationships in hemophilia B (HB) is
particularly relevant for challenging (mild HB) or for HB-associated but unclassified
factor (F)IX missense variants.

Obijective: To contribute elements to interpret unclassified HB-associated FIX missense
variants by a multiple-level approach upon identification of a reported, but uncharac-
terized, FIX missense variant associated with mild HB.

Methods: Molecular modeling of wild-type and V92A FIX variants, expression studies
in HEK293 cells with evaluation of protein (ELISA, western blotting) and activity
(activated partial thromboplastin time-based/chromogenic assays) levels after recom-
binant expression, and multiple prediction tools.

Results: The F?(NM_000133.4):c.275T>C (p.V92A) variant was found in a mild HB
patient (antigen, 45.4 U/dL; coagulant activity, 23.6 1U/dL; specific activity, 0.52).
Newly generated molecular models showed alterations in Gla/EGF1-EGF2 domain

conformation impacting Ca*™™*

affinity and protein-protein interactions with acti-
vated factor XI (FXIa). Multitool analysis indicated a moderate impact on protein
structure/function of the valine-to-alanine substitution, in accordance with patient
and modeling data. Expression studies on the V92A variant showed a specific ac-
tivity (0.49 £ 0.07; wild-type, 1.0 £ 0.1) recapitulating that of the natural variant, and
pointed toward a moderate activation impairment as the main determinant under-
lying the p.V92A defect. The validated multitool approach, integrated with
evidence-based data, was challenged on a panel (n = 9) of unclassified FIX missense
variants, which resulted in inferred protein (secretion/function) outputs and HB

severity.
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1 | INTRODUCTION

Hemophilia B (HB, OMIM #306900), a recessive X-linked bleeding dis-
order characterized by partial deficiency or absence of coagulation factor
(F)IX [1], is caused by F9 gene (OMIM #300746) alterations. Based on
the different HB severity degrees, namely severe (<1%), moderate (1%-
5%), and mild (5%-40%) [2], missense mutations, the most frequent point
mutation type [3], are associated with the highest phenotype heteroge-
neity. Although severe HB, associated with spontaneous bleeding, and
moderate HB, with bleeding primarily occurring after injury or minor
surgery, phenotypes are well-defined, mild HB may be the most chal-
lenging from a clinical standpoint, as subjects may unexpectedly undergo
severe hemorrhages upon surgical interventions or major trauma [2-5].

These elements may result in a lack of classification for a pro-
portion of HB-associated FIX variants, whose characterization/
dissection would help deepen the knowledge on the genotype-
phenotype relationships in HB for challenging (ie, mild HB) or un-
classified FIX variants [6], as well as on FIX structural/functional re-
lationships in terms of interactions with other effectors within the
coagulation cascade. In this view, the availability of models of whole
FIX with included relevant domains (ie, Gla and EGF1-2) would pro-
vide a tool for structural inspections.

In this study, we took advantage of the structural and functional
characterization of the unclassified F9 p.V92A missense variant,
showing a decreased activity/antigen ratio mainly due to an activation
defect, as paradigmatic reference to provide FIX structural insights
through a new molecular model of zymogen FIX, currently not avail-
able, and propose a classification of uncategorized FIX missense var-
iants by an extensive analysis based on multiparameter prediction.
Our multiple-level approach contributes elements to interpret re-
ported, but unclassified, HB-associated FIX missense variants, sup-
porting computational approaches as tools to integrate clinical,
genetic, and biochemical analyses, with implications for diagnosis,

management, and treatment of unclassified HB patients.

2 | MATERIALS AND METHODS
2.1 | Patient

A 45-year-old male patient was referred from the emergency room

for ileo-psoas hematoma under warfarin oral anticoagulant therapy
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Conclusion: The rational integration of multitool and multiparameter analyses
contributed elements to interpret genotype/phenotype relationships of unclassified FIX
missense variants, with implications for diagnosis, management, and treatment of HB

patients, and potentially translatable into other human disorders.

genotype-phenotype association, hemophilia B, missense mutation, molecular models, prediction

(OAT) due to mechanical aortic valve replacement in 2003. The pa-
tient had a history of Takayasu disease, hypertension, and previous
psoas hematomas since OAT started. He reported, without grounds,
the onset of pain in the left groin, radiating into the ipsilateral iliac
fossa and along the thigh, progressively worsening. For the painful
symptoms, he underwent ultrasound examination, which found a vast
hematoma in the abdominal wall. In March 2023, the patient under-
went aortic valve replacement, associated with the replacement of the
aortic bulb and ascending aorta according to the Bentall method. The
surgical intervention was carried out while the patient was under
prophylaxis with albutrepenonacog alfa (Idelvion, 2000 U) infusions,
with FIX coagulant levels maintained at >70%. The main laboratory
parameters of the patient after cessation of warfarin therapy are lis-
ted in Supplementary Table S1.

The patient showed constant alteration of the activated partial
thromboplastin time (APTT) ratio (1.51-1.55), suggesting a defect in
the intrinsic coagulation pathway. Analysis of patient plasma by
polyclonal ELISA and APTT assays showed FIX:Ag (45.4%) and FIX
coagulant (23.6%), with a specific activity (0.52; normal value, 1.0),
compatible with mild HB and a secretion and/or functional defect. The
thrombin generation assay, performed by using the BleedScreen re-
agent (Stago) in a ST Genesia platform (Stago) showed reduced pa-
rameters compatible with impaired thrombin generation capacity
compared with control plasma (Supplementary Figure S1), further
supporting mild HB. Of note, the patient was unaware of his mild HB
condition. The study was carried out in accordance with the Decla-

ration of Helsinki, and written informed consent was obtained.

2.2 | Nomenclature
Amino acid positions are numbered according to the Human Genome
Variation Society nomenclature [7,8], with numbering starting at the

AUG (codon 1) translation initiation codon.

2.3 | Genetic analysis

Massive parallel sequencing was carried out using the capture-based
Next Generation Sequencing Clinical Exome Solution v3 kit
(SOPHIA GENETICS) on an Illumina MiSeq instrument (lllumina). We
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designed a virtual panel of 87 genes associated with bleeding
thrombotic and platelet disorder according to International Society on
Thrombosis and Haemostasis (ISTH) 2023 guidelines. Sequencing data
were analyzed by Sophia DDM software v.4.2 (SOPHIA GENETICS).

24 | Modeling of the p.V92A missense variant and
prediction of residues coordinating Ca™

Models of wild-type (WT-) and p.V92A (V92A-) FIX variants (sequence
47-461) were obtained by using the |-TASSER (lterative Threa-
dingASSEmbly Refinement) threading modeling server (http://
zhanglab.ccmb.med.umich.edu/I-TASSER/), as previously detailed
[9,10]. After having obtained the best models, each model was
analyzed with the FG-MD program [11]. This software first identifies
analogous fragments from the protein data bank (PDB) by the struc-
tural alignment program TM-align [12]. Spatial restraints extracted
from the fragments are then used to reshape the funnel of the MD
energy landscape and guide the molecular dynamics conformational
sampling. FG-MD aims at refining the initial models closer to the
native structure. It can also improve the local geometry of the
structures by removing the steric clashes and improving the torsion
angle and the hydrogen-binding networks.

Prediction of calcium ion interaction site was attained through the
MIB2 program, which provides the energetics of coordinating side

chains of a protein and scores their potential [13].

2.5 | Modeling of FIX-FXla interactions and relative
energetics

The X-ray solved crystal structure of FXla in complex with the
inhibitor methyl [(5E,8S)-8-[(6R)-6-(3-chlorophenyl)-2-oxo-1,3-
oxazinan-3-yl]-2-oxo-1,3,4,7,8,10-hexahydro-2H-12,9-(azeno)-1,10-
benzodiazacyclotetradecin-15-yllcarbamate (PDB file 5QQO) was
used to investigate the interaction with both WT-FIX and V92A-FIX.
In the molecular modeling investigation, the inhibitor was removed
by using the PyMOL program. The docking complexes of WT-FIX and
V92A-FIX refined models with FXla (PDB file 5QQO) were investi-
gated through the ClusPro program [14], which employs Fast Fourier
Transform (FFT) for energy evaluation to investigate protein-protein
docking in silico [15]. The FFT-based algorithm enables global docking
without any a priori information on the structure of the adduct. The
domains involved in the docking process and the relative contribution
of hydrogen and hydrophobic energies were also analyzed for each
complex by using the PDBsum platform (https://www.ebi.ac.uk/
thornton-srv/databases/pdbsum/). To validate and corroborate the
results obtained with the ClusPro program in modeling the FXla-FIX
complex, the 2 proteins were used alternatively as ligand and recep-
tor, obtaining in all cases the same result. The graphical rendering of
the various models was performed using the PyMOL program.
Prediction of binding affinity either of WT-FIX or V92A-FIX with
FXla models was calculated through the PRODIGY program, which

calculates the interaction energy of protein-protein complexes from
their 3D structure, taking into consideration hydrogen and hydro-

phobic contributions to the binding energy [16].

2.6 | Expression studies on the p.V92A variant

The p.V92A variant was mimicked by site-directed mutagenesis (Agilent
Technologies) of F9 <cDNA (reference sequences, GenBank:
NG_007994.1, NM_000133.4, and NP_000124.1), cloned in the
pCDNARB vector, through the 5'-GAAGCAGTATGETGATGGAGATC-3'
oligonucleotide (modified nucleotide underlined; reverse primer com-
plementary). The resulting plasmid was validated by sequencing.
Mutagenesis and expression studies, carried out in HEK293 cells, were
as described [17].

2.7 | Evaluation of FIX protein and activity levels

FIX protein and activity levels on plasma samples or cell medium, as
well as western blotting analysis, were evaluated essentially as
described [17]. Briefly, FIX protein levels were evaluated by polyclonal
anti-human FIX ELISA (FIX-EIA, Affinity Biologicals), and protein forms
in media and cell lysates by western blotting analysis with polyclonal
goat anti-human FIX (#GAFIX-AP; Affinity Biologicals) and polyclonal
(#A50-101P;

Bethyl Laboratories) antibodies, as well as by polyclonal rabbit anti-

anti-goat  horseradish  peroxidase(HRP)-conjugated
BiP (#3183; Cell Signaling Technology) and monoclonal mouse anti-
GAPDH (#MA5-15738; Invitrogen) primary antibodies followed by
detection with HRP-conjugated polyclonal goat anti-rabbit (#P0448;
DAKO, Agilent) and polyclonal goat anti-mouse (#P0447; DAKO,
Agilent) antibodies. Time-course experiments were performed by
incubating FIX variants in medium with plasma-derived FXla (Hae-
matologic Technologies Inc) diluted in Reaction buffer (Hepes, 20 mM,;
NaCl, 150 mM; PEG-8000, 0.1%; CaCl,, 5 mM; pH, 7.4), or by adapting
a commercially available chromogenic assay (HYPHEN BioMed,;
Aniara Diagnostica). Protein forms were evaluated by anti-FIX anti-
bodies as described above, or by polyclonal sheep anti-human FX
(#CL20047AP, Cedarlane) and HRP-conjugated polyclonal rabbit
anti-sheep (#P0163, DAKO) antibodies [18]. Blotting images were
acquired on the ChemiDoc instrument and analyzed by the Image
Laboratory Software version 4.0 (Bio-Rad).

2.8 | Multitool analysis of unclassified FIX missense
variants

Genetic and epidemiologic information on FIX missense variants were
retrieved by inspection of the European Association of Hemophilia
and Allied Disorders (EAHAD, https://f9-db.eahad.org/index.php)
[19,20], CDC Hemophilia Project (CHBMP, https://www.cdc.gov/
ncbddd/hemophilia/champs.html) [21] and the Human Genome Mu-
tation (HMGD, http://www.hgmd.cf.ac.uk/ac/all.php) [22] databases.


http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
https://www.ebi.ac.uk/thornton-srv/databases/pdbsum/
https://www.ebi.ac.uk/thornton-srv/databases/pdbsum/
https://f9-db.eahad.org/index.php
https://www.cdc.gov/ncbddd/hemophilia/champs.html
https://www.cdc.gov/ncbddd/hemophilia/champs.html
http://www.hgmd.cf.ac.uk/ac/all.php

SACCO E&T AL

The impact of amino acid substitutions at the selected FIX posi-
tions was predicted by multiple tools (n = 15; Variant Effector
Predictor, https://www.ensembl.org/Homo_sapiens/Tools/VEP) to
counterbalance the predicted output stemming from each tool, and
thus improve reliability of final prediction and of the resulting protein
output. Scores and cutoff values were retrieved by inspection of
reference values provided for each tool, whose brief description is
provided as Supplementary Method. The prediction output was indi-
cated by O (tolerated), 0.5 (intermediate) and 1 (damaging), which
resulted in a calculated tolerance score (ranging from O to 1) obtained
by the ratio between the number of Os, recurring after prediction with
the 15 tools, on the total of prediction outputs. Prediction of protein
stability was evaluated by the deep learning-based prediction tool
DDMut [23], which provides AAG values (kcal/mol; hereafter referred
as AAGg.,p), reflecting a stabilizing (AAG > 0 kcal/mol) or destabilizing
(AAG < 0 kcal/mol) effects of the amino acid substitution.

2.9 | Statistical analysis
Data were analyzed by unpaired t-tests, with the value of P < .05

considered as statistically significant.

3 | RESULTS

3.1 | Genetic analysis

Next generation sequencing analysis revealed the
F9(NM_000133.4):c.275T>C variant, causing the p.V92A substitution
at the interface between the Gla and EGF1 domains of the FIX
molecule. This variant was previously reported in the EAHAD,
CHBMP, and HMGD databases, but, to date, no phenotypic informa-
tion is available in terms of FIX levels or HB severity. In addition, no
data regarding the frequency in general population were obtained
from gnomAD v4.0.0 database (https://gnomad.broadinstitute.org/).
Analysis with VarSome software (http://varsome.com) classified the
p.V92A as “Variant of Uncertain Significance”.

3.2 | Generation and validation of the V92A-FIX
molecular model

Prompted by the availability of coevolution-based contact prediction
[24-26] and deep neural-network learning [27] techniques, we per-
formed molecular modeling on the V92A-FIX variant to provide in-
sights into the impact of this amino acid substitution on FIX structural
and functional properties.

Valine 92 of human FIX is localized at the interface between Gla
and EGF1 domains of the protein. Unfortunately, no X-ray or NMR
data concerning zymogen FIX are available. Thus, we took advantage
of the X-ray-solved structure of FIXa (PDB file 6MV4) to perform

molecular modeling of the remaining FIX domains (Gla domain, EGF1,
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EGF2, and activation peptide sequence). The 2D NMR-solved struc-
ture of EGF1 of human FIX (PDB file 1IXA) was used as overall mo-
lecular template of the EGF domains [28].

I-TASSER generated acceptable structure predictions for both
WT-FIX and V92A-FIX variants, as indicated by the superimposed
structures (Figure 1A). The best model was selected based on the
convergence of the structures with the lowest intermolecular energy.
The TM-score of the predicted model was found equal to 0.42 + 0.14
for both the WT-FIX and V92A-FIX models. An element that
confirmed the acceptable goodness of the molecular models of both
zymogen WT-FIX and V92A-FIX was represented by the superim-
posable catalytic domain with the X-ray crystal structure of FIXa (PDB
file 6MV4) (Figure 1B, C) [29]. A closer inspection of the models
revealed subtle but significant topological differences for the catalytic
triad (His267 [c57], Asp315 [c102], Ser411 [c195]), whereby in the
mutant some atoms (His57 N51/Asp102 O51) engaged in the proton
transfer of the catalytic cycle are up to 0.7 A more distant than in the
WT protein (Figure 1D). This effect may substantially slow down the
nucleophilic attack by Ser 411 of its substrate [30].

The newly generated and validated V92A-FIX model, resolving
FIX regions absent in other structures currently available, provided
first insights into the effects of the valine-to-alanine substitution on

the properties of the catalytic domain in the p.V92A missense variant.

3.3 | Comparative analysis of WT-FIX and V92A-
FIX structures

To dissect the local impact of alanine substituting the original valine
residue, we performed comparative structural analysis of the best
models of WT-FIX and V92A-FIX, which showed an RMSD value
(13.3 + 4.1) reflecting a significant difference in the 3D configuration
of the sequences due to the presence (WT-FIX; Figure 2A) or absence
(V92A-FIX; Figure 2B) of a methyl group. The main differences
concern the 54-65 region (Gla domain) and mostly the EGF1-2 do-
mains, which, compared with the WT form, are particularly disordered.
Notably, previous studies showed that the substitution of D93 with a
glycine residue was also identified as responsible for a moderate form
of HB (FIX Alabama), as it causes a conformational change in the
EGF1-2 domains that propagates to the serine protease domain [31].
Thus, the absence of a methyl group at position 92 (alanine vs valine)
causes a perturbation of hydrogen bonds occurring between V92 and
W88 (between NH of valine and CO of W88), as shown in Figure 2A,
B. Hence, the lack of methyl group in A92 causes a rearrangement of
hydrogen bonds in the W88-K89 region. The NH group of A92 in-
teracts with high energy (distance <3A) with the oxygen atom of the
CO groups of W88 and K89. The enhanced interaction between A92
and W88/K89 residues causes a sort of “retraction” of the C-terminal
portion of the Gla domain, which alters the tertiary conformation of
EGF1-2 domains (Figure 1A and Figure 2A, B). EGF1-2 domains in FIX
act as spacers that position the active site of FIXa at optimal distance
from the membrane to allow interaction with its cofactor (FVIlla) and
substrate (FX) [32-34]. Moreover, D110 in the N-terminal EGF1
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FIGURE 1 Modeling of wild-type (WT)-factor(F)IX and V92A-FIX. (A) Superposition of the molecular models of zymogen WT-FIX (green
cartoon) and V92A-FIX (cyan cartoon) variants. The different domains of the FIX protein are indicated in the figure, whereas the red circle
highlights the region mostly perturbed by the p.V92A missense mutation involving FIX EGF1-2 domains. The blue arrow indicates the
localization of V92. (B) Superposition of the catalytic domain of WT-FIX (PDB file 6MV4), shown as a green cartoon, and the same domain
modeled by I-TASSER (cyan). (C) Superimposition of V92A-FIX (cyan cartoon) as in (B). The catalytic domain, shown in purple and red sticks for
WT and V92A, respectively, is also shown and numbered according to the chymotrypsin(ogen) numbering system. (D) Topological differences in
side chains of the catalytic triad residues of WT-FIX (purple) and V92A-FIX (yellow).

domain, together with D111 and N113, is engaged in coordinating 1 obtained with the MIB2 program in being responsible for the coor-
Ca™™, which allosterically promotes FIX coagulant activity [35]. The 3 dination of a calcium ion (Figure 3A). This prediction is in accordance
residues D110, D111, and N113 were found to be characterized by with previous X-ray structure of FIXa [36]. At variance, the coordi-
the highest score value (3.49) for Ca*™ binding, according to the result nating binding site constituted by D110 and D111 only is substantially
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VI2A-FIX

FIGURE 2 Model of local impact of the V92A amino acid substitution. (A) Hydrogen bonds between A92 and oxygen atoms of W88 and
K89, whose distance is typical of high energy interactions (distance: 2.49 and 2.33 A, respectively) in wild-type (WT)-factor (F)IX. (B) Hydrogen
bond between N atom of V92 with oxygen of W88 (yellow dashed line) in V92-FIX. The distance between the hydrogen of V92 and acceptor of

Y88 is 2.07 A.

lost in the V92A-FIX variant, being characterized by a significantly
lower score value (1.19) predicted by the MIB2 program.

These findings contributed to dissecting the local perturbations
associated with the V92A amino acid substitution.

3.4 | Interaction of WT-FIX and V92A-FIX with FXla
The refinement of WT-FIX and the V92A-FIX models allowed us to
evaluate their interaction with FXla, with docking complexes investi-
gated through the ClusPro program, which employs an FFT-based
computational strategy for energy evaluation in protein-protein
docking [15]. In FFT-based methods, one of the proteins is placed at
the origin of the coordinate system on a fixed grid, the interacting
protein is instead placed on a movable grid, and the interaction energy
is computed as a sum of some correlation functions. With this
computational strategy, these energy functions can be simultaneously
evaluated for all transitions using FFT, and only rotations need to be
explicitly considered. This results in the ability to exhaustively sample
billions of conformations of the 2 interacting proteins, obtaining en-
ergy values at each grid point.

The models of FXla monomer interaction with WT-FIX and V92A-
FIX are shown in Figure 3B and Figure 3C, respectively. The main
interaction parameters obtained with the program PDBsum are listed
in Table 1. Notably, the presence of A92 in the FIX mutant induces a
conformational change in the 88-93 segment, so that the hydrogen
bonds with R170, R172, and Q221 residues in FXla are lost
(Figure 3B). These changes are reflected by a loss of energy, as
revealed by the application of the Prodigy program, which provided, in
silico (T = 37 °C), K4 values corresponding to 4.11 x 107** M and 2 x
1078 M for WT-FIX and V92A-FIX, respectively.

These data provided further insights into the altered interaction
with a key (feedback) FIX activator (FXla), with impact on structural
and functional properties of the p.V92A FIX missense variant and in
line with its reduced coagulant capacity.

3.5 | Multitool analysis and expression studies on
the V92A missense variant

Molecular modeling provided key information on structural properties
of WT-FIX as well as of the p.V92A variant, including the differential
engagement of interactions with a crucial coagulation factor such as
FXla.

To provide elements to further dissect the functional impact of
the valine-to-alanine substitution, we predicted the effects of each
possible amino acid substitution stemming from the original GTT
triplet by a panel of multiple prediction tools, as well as by assessing
octanol-water partition coefficient (logK,,) and protein stability
(AAGgi,p) by DDmut (Figure 4A). The valine-to-alanine substitution
was predicted as tolerated by 6/15 tools, among those substitutions
mostly predicted as damaging (4/15 tools, Val>Asp/Gly) or tolerated
(10/15, Val>lle/Leu), corresponding to intermediate logK,, and
AAGg,p, values (Figure 4A). Interestingly, comparison of the hydro-
phobic properties of amino acids (r = 0.96; P = .01; Figure 4B, left
panel) or the calculated tolerance score (r = 0.99; P = .0001; Figure 4B,
right panel) with protein stability showed significant correlations.
Overall, this analysis predicted the valine-to-alanine substitution as
exerting a moderate impact on protein properties.

We recombinantly expressed the FIX-V92A variant in HEK293
cells to validate the predicted impact and properties associated with
the V92A substitution, as well as to provide experimental evidence
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FIGURE 3 Analysis of interaction between wild-type (WT)-factor(F)IX or V92A-FIX with FXla. (A) Model of WT-FIX. The calcium ion (green
ball) is coordinated by D110, D111, and N113 side chain residues. R191 and R216 are the 2 arginine residues in the FIX activation peptide,
whose cleavage by FXla is responsible for the conversion of FIX to FIXa. D93 is the aspartate mutated to glycine in the mild form of HB
referred to as FIXajabamam [31]. (B) Model of the interaction between FXla and WT-FIX (B) or V92A-FIX (C) presented as global view (upper
panel) showing the 2 arginine residues cleaved by FXla (R191 and R226), or magnification of the interface (lower panel), where the engaged

residues of FIX (orange sticks) and FXla (magenta sticks) are shown.

on its characterization. The FIX-V92A variant showed lower secreted
(110.4 + 7.3 ng/mL) and intracellular (46.3 + 5.8 ng/mL) protein
levels compared with WT-FIX (secreted, 136.8 + 14.7 ng/mL; intra-
cellular, 72.8 + 8.5 ng/mL) (Figure 4C, left panel), thus impacting on
FIX protein levels (Figure 4C, right panel). Western blotting analysis
did not show relevant differences in both secreted and intracellular

protein forms (Figure 4D, upper panels). To shed more light on the
processing of the FIX-V92A variant, we evaluated the relative levels
of BiP, a chaperone associated with protein folding/misfolding [37].
Analysis of relative intensity between BiP and GAPDH bands
revealed a 3-fold lower BiP/GAPDH ratio for the FIX-V92A variant
(Figure 4D, lower panels). Evaluation of coagulation times in



TABLE 1 Hydrogen bonds involved in protein-protein interactions between wild-type (WT)- or V92A-factor (F)IX and FXla.

WT-FIX < FXla

Atom number Atom name Residue name Residue number Chain Distance (A)
623 1600 O < NH2 Cys & Arg 64 & 172 A~ B 2.68
836 ~848 OG1 -~ OE1l Thr < Glu 85—~ 98 A-B 2.92
872 « 1573 NE1 - O Trp & Arg 88 —~ 170 A-B 3.02
914 — 1597 OH « NH1 Tyr & Arg 91 & 172 A~ B 271
914~ 1600 OH « NH2 Tyr & Arg 91 & 172 A-B 281
931 2062 OD1< NE2 Asp < GIn 93 & 221 A~B 2.84
1145 & 246 O & NH2 Cys < Arg 117 & 39 AoB 2.73
1161 < 240 O & NE Trp < Arg 118 < 39 A< B 2.90
1161 « 246 O < NH2 Trp < Arg 118 « 39 A~ B 2.91
1155 < 205 NE1 & O Trp < Ser 118 & 36A AoB 2.78
1166 < 246 SG <« NH2 Cys « Arg 119 « 39 A~ B 2.75
1212 « 439 OE2 «~ OH Glu & Tyr 124 « 58B Ao B 2.87
1295 « 1807 O & NZ Thr < Lys 133 & 192 A~ B 2.76
1560 « 1352 OH & NZ Tyr & Lys 161 & 150 AoB 2.55
2373 < 493 NZ -« O Lys < Lys 247 & 64 A~ B 276
2373 & 949 NZ « OE1 Lys & Glu 247 « 109 A~ B 2.69
2373 < 950 NZ < OE2 Lys < Glu 247 < 109 AoB 2.56
2393 < 488 OD2 < Nz Asp < Lys 249 < 64 A~B 2.62
3479 < 202 NZ & OG Lys < Ser 362 < 36A AoB 2.62
V92A-FIX « FXla

Atom number Atom name Residue name Residue number Chain Distance (A)
841 - 1016 N < OG Glu < Ser 86 « 117 A~B 3.13
1276 « 1041 O & NH1 Asp < Arg 131 & 119 A< B 2.63
1284 « 1041 O & NH1 Val & Arg 132 & 119 AoB 2.64
1307 < 1918 ND2 < OE1 Asn < Glu 135 « 205 AoB 2.84
1339 « 1907 OD1 « ND2 Asn < Asn 138 « 204 A-B 2.95
2371 & 2262 NZ - OE1 Lys < Glu 247 < 240 AoB 2.80
2394 « 2313 N O Ala < Val 250 & 245 A-B 281

F, factor; FXla, activated factor XI; WT, wild type.
Residues indicated in bold mostly contribute to the interaction of WT-FIX with FXla.
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FIGURE 4 Multitool analysis and expression studies on the factor (F)IX-92A variant. (A) Heatmap representing the impact of amino acid
substitutions stemming from each possible single-nucleotide change of the original valine-coding GTT codon at position 92. Impact was
predicted by multitool analysis (blue shading; bottom legend: O, tolerated; 0.5, intermediate; 1.0, damaging), octanol-water partition coefficient
(logkow, green shading; bottom legend: <-2.0, more hydrophilic; >-2.0, more hydrophobic) and as protein stability by DDmut (AAGgtap, kcal/
mol; red shading; bottom legend: AAG>0 kcal/mol, stabilizing effects; AAG<O kcal/mol, destabilizing effects). Scores and cutoff values were
retrieved by inspection of reference values provided for each tool. Codons and the corresponding amino acid, with the original GTT/valine
indicated on top, are shown on the left, whereas the exploited tools or parameters are indicated on top of the heatmap. (B) Correlation
between the hydrophobic properties of amino acids (logK,.; left panel) or the calculated tolerance score (ranging from O to 1; right panel) with
protein stability (AAGg;,p). The calculated tolerance score derived from the ratio between the number of Os (indicating a tolerated substitution
as described in A) on the total of prediction outputs by the 15 tools. (C) Quantification (polyclonal ELISA) of secreted (Secr; cell medium) and
intracellular (Intr; cell lysates) FIX (FIX Ag) of FIX-WT and FIX-V92A variants transiently expressed in HEK293 cells (left panel), and



SACCO E&T AL

FIX-depleted plasma (FIX-V92A, 95.4 + 2.3 seconds; WT-FIX, 78.6 +
2.2 seconds) (Figure 4E, left panel) indicated a significant impact on
coagulant activity (40.2 + 6.8% of WT-FIX), corresponding to a
reduced specific coagulant activity (FIX-V92A, 0.49 + 0.07; WT-FIX,
1.0 + 0.1) (Figure 4E, right panel).

We performed time-course experiments in 2 different settings.
Western blotting analysis upon incubation of recombinant variants
with plasma-derived FXla (Figure 4F, upper panel) showed that the
rate of FXla-mediated activation was higher for WT-FIX than the FIX-
V92A variant, as indicated by analysis of band intensity as a function
of the last time point (Figure 4F, lower panel). In the slightly modified
chromogenic assay, the FIX-V92A variant showed a lower degree of
FIX-dependent FXa activation both in terms of protein forms (band
intensity; Figure 4G, upper and middle panels) and chromogenic ac-
tivity (OD values; Figure 4G, lower panel). Interestingly, the analysis of
data as a ratio on the last time point showed a similar relative FXa
generation pattern between WT-FIX and FIX-V92A variants over
time, as shown, respectively, in insets of middle and lower panels of
Figure 4G.

Overall, prediction of the functional impact of the V92A amino
acid substitution on FIX structure/function parallels data and infor-
mation derived from modeling studies and is validated by expression
studies, recapitulating patient phenotype, pointing toward an altered
FXla-mediated activation as the main determinant underlying the

molecular defect of the p.V92A variant.

3.6 | Multitool analysis and proposed classification
for unclassified FIX missense variants

Prompted by the validated data on the p.V92A variant, we extended
our analysis to those FIX missense variants being reported as unique
(n patients = 1). Inspection of the EAHAD, CHBMP and HGMD da-
tabases revealed around 300 unique FIX missense variants, widely
distributed in FIX domains, and associated with graded HB severity
(Figure 5A). For 30 of them, including the p.V92A, a classification in
terms of reported FIX levels or severity is lacking. However, for 20 out
of 30 a classification of severity degree can be inferred by overlapping
(n>2) missense variants with reported severity (Supplementary
Table S2). The remaining 9 variants with single (p.P177L, p.Y305N,
p.G349E) or unreported (p.N36T, p.Q57E, p.A250V, p.N283D,
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p.D322Y, p.Y391C) overlapping amino acid substitutions were chal-
lenged with our integrated prediction approach.

The multitool analysis predicted a differential impact of each
combination of amino acid substitutions stemming from single-
nucleotide changes (Supplementary Figure S2 and Supplementary
Figure S3, upper heatmap panels), resulting in a wide distribution of
calculated tolerance scores, with those of natural variants (red circles)
ranging from O to 0.2 (P177L, Y305N, D322Y), from 0.2 to 0.6 (V92A,
GB349E, Y391C) and >0.6 (N36T, Q57E, A250V, N283D), with P177L
and Y305N showing the lowest values (Figure 5B, upper panel). With
the exclusion of N36 and Q57 positions, respectively absent in the
mature protein or not resolved in the 6MV4 structure, analysis on
protein stability, performed on each amino acid change combination
(Supplementary Figure S3, lower panels), showed values ranging
from -3 to -1 (P177L, Y305N, D322Y, Y391C), from -1 to 0 (V92A,
A250V, G349E) and >0 (N283D), with Y305N showing the lowest
value (Figure 5B, lower panel). The tolerated or damaging outputs, as
well as the impact on protein stability, were in accordance, as ex-
pected, with the conservation degree of the original FIX residues
(Supplementary Figure S4).

Noticeably, comparison between the calculated tolerance score
and protein stability showed a good correlation (r = 0.63), with the
Y305N and the N283D variants displaying extreme values (Figure 5C,
left panel). The multitool prediction on natural variants (red circles),
single- (orange circles) or nonsingle- (cyan circles) nucleotide changes,
or on previously expressed variant (blue circle) of the catalytic S411
showed a calculated tolerance score equal to O for all substitutions,
with the sole exception, albeit negligible, for arginine (0.066).

Interestingly, integration of prediction data based on the multitool
approach allowed interpretation of inferred outputs, in terms of
structure/functional properties, providing a classification of the 9
unclassified variants as severe (p.P177L, p.Y305N), severe/moderate
(p.D322Y), moderate/mild (p.G349E, p.Y391C) and mild (p.N36T,
p.Q57E, p.A250V, p.N283D), with the p.V92A variant classified as
moderate/mild (Table 2).

4 | DISCUSSION

Dissection of genotype-phenotype relationships, and thus the un-
derstanding of the effects of nucleotide/amino acid changes,

corresponding levels shown as % of FIX-WT (right panel). (D) Western blotting analysis of FIX-WT and FIX-V92A protein forms in medium (M)
and cell lysates (L) with anti-FIX antibodies (upper panels), as well as on cell lysates, normalized for total protein content, with anti-BiP and anti-
GAPDH (loading control) antibodies (lower panels). The BiP/GAPDH ratio was obtained by densitometric analysis (Image Laboratory Software
v4.0) of protein bands. (E) Coagulation times measured by APTT-based assays in FIX-depleted plasma (left panel), and evaluation of activity
levels and specific activity (referred as the ratio between activity and Ag) of FIX-WT and FIX-V92A variants (right panel). (F) Western blotting
analysis with detection of protein forms by anti-FIX antibodies (upper panel, with incubation time points indicated on top) obtained upon time-
course incubation of FIX variants with plasma-derived FXla. Activation profile over time is shown as relative band intensity, obtained by the
ratio between densitometric value of each band on that of the last time point (lower panel). (G) Western blotting analysis with detection of
protein forms by anti-FX antibodies (upper panel, with incubation time points indicated on top) obtained in time-course setting of the
commercial chromogenic assay. Activation profile over time is shown as band intensity (middle panel) and relative band intensity (inset) or
chromogenic activity as OD detection (lower panel) and relative activity (inset). Relative band intensity and activity were calculated on the last
time point as described in (F). Results in (C) and (E) are reported as mean + SD (n = 5 replicates). **P < .01; ***P < .001; **P < .0001.
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organization and delimiting residues depicted below). HB severity is indicated as red (severe), green (moderate), or blue (mild) circles.
Unclassified variants, including the p.V92A (yellow circle), are indicated by black circles. SP, signal peptide; PP, pro-peptide; EGF2, epidermal
growth factor-like domain 2; AP, activation peptide. (B) Prediction of impact of amino acid substitutions, associated with HB (red circles) or
deriving from single-nucleotide changes (white circles), by multitool (upper panel) and protein stability (lower panel) analysis of selected
unclassified FIX missense variants with n = 1 or no overlapping amino acid substitutions (see Supplementary Table S2). Error bars indicate
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circles) or nonsingle- (cyan circles) nucleotide changes, as well as of a previously expressed recombinant variant [17] (blue circle), at position
411 (serine of the catalytic triad, c195) (right panel).
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TABLE 2

Genetic data®

Bioinformatic prediction
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Proposed classification of unclassified factor (F)IX missense variants by integration of data from multitool analysis.

Inferred output

Unclassified Nucleotide Stability
variant change Exon Domain (AAGgiap)
p.N36T c.107A>C 2 Prepro n.a.
p.Q57E c.169C>G 2 Gla n.a.
p.V92A c.275T>C 3 Gla -0.76
p.P177L c.530C>T 6 Protease -1.66
p.A250V c.749C>T 7 Protease -1.01
p.N283D c.847A>G 8 Protease 0.14
p.Y305N c.913T>A 8 Protease -248
p.D322Y c.964G>T 8 Protease -1.08
p.G349E c.1046G>A 8 Protease -0.33
p.Y391C c.1172A>G 8 Protease -2.00

n.a., not available.

Multitool

(calculated

tolerance score) Secretion” Function® Severity

0.67 n.a. +++ Mild

0.67 n.a. +++ Mild

0.4 + ++ Moderate/mild

0.067 aF = Severe

0.67 + +++ Mild

0.8 +++ +++ Mild

0.067 - - Severe

0.2 + + Severe/
moderate

0.4 ++ ++ Moderate/mild

0.53 + ++ Moderate/mild

2 European Association of Hemophilia and Allied Disorders (EAHAD), CDC Hemophilia Project (CHBMP), and Human Genome Mutation (HGMD)

databases.

® Impact on secretion, based on DDmut prediction, was defined as - (AAGgp < —2), + (from -2 to -0.5), ++ (from -0.5 to 0), and +++ (>0).
¢ Impact on function, based on multitool analysis, was defined as - (<0.1), + (from 0.1 to 0.2), ++ (from 0.2 to 0.6), and +++ (>0.6).

represents both an issue and a goal in human genetic disorders. In the
context of hemophilia, considering that i) missense variants represent
the major class of reported mutations (48% in hemophilia A [HA], 55%
in HB) corresponding to a high percentage of patients (~60% in HA,
~70% in HB), ii) the frequent F8 IVS1 and IVS22 inversions, affecting
overall 50% of severe HA patients [38-41], are not included in the
main hemophilia (EAHAD; CHAMP, https://www.cdc.gov/nchddd/
hemophilia/champs.html) databases, which leads to overestimating
the relative number of reported FVIII missense variants, and iii) the
proportion of missense variants affecting the large FVIII B domain
might be reported but are less associated with HA [42,43], suggests
that deepening the knowledge of the structure/functional impact of
missense variants is of particular relevance for HB. In this scenario,
shedding light on challenging (ie, mild HB forms) or unclassified FIX
missense variants would contribute elements to better understand HB
phenotypic variability, as well as to depict a complete picture of HB-
associated missense variants. Importantly, this wealth of knowledge,
driven by classification of the underlying disease-associated defect,
and thus of patients, has important implications for genetic counseling,
diagnosis, management, and treatment.

Here, the identification of the unclassified p.V92A FIX variant
affecting a FIX region at the interface between Gla and EGF1 domains,
not resolved in FIX structures currently available, led us to challenge
different modeling/prediction systems to provide a multiple-level
analysis and characterization of this variant, which served as start-
ing point to widen our approach to a panel of reported but unclassified

FIX missense variants.

Interestingly, the progress of molecular modeling tools has been
particularly notable in recent years owing to the introduction of
coevolution-based contact prediction [12,14] and deep neural-
network learning [15] techniques. Based on these approaches, the
generated models of the p.V92A variant, associated with a functional
defect (specific activity in patient plasma, 0.52) causing mild HB,
suggested that the valine-to-alanine substitution alters the confor-
mation of Gla and EGF1-EGF2 domains, affecting 2 structural re-
quirements (Ca*™ affinity and EGF1-2 conformation) being crucial for
maintaining an optimal conformation of the serine protease domain
and thus efficient FIXa catalytic activity [44]. In particular, the pre-
dicted perturbations, and particularly those affecting EGF1-2, were
observed to reduce FIX interaction with FXla, responsible for FIX
activation [36,45,46], and to exert subtle rearrangements of FIXa
catalytic triad. This is in line with previous studies showing that FIX
EGF1-2 domains are involved in interactions with FXIa, as well as with
the reporting of several mutations in EGF1 (>70) being associated
with several forms of both type | and type Il HB [19,47]. These im-
pairments are in accordance with, and help interpret, the prolongation
of coagulation times in APTT assays (APTT ratio >1.5) and the
reduced thrombin generation capacity observed in patient plasma.

A multitool analysis and expression studies on the p.V92A variant
showed i) a differential impact of amino acid substitutions arising from
possible single-nucleotide changes, with significant correlation with
Kow Values, excepting the aromatic phenylalanine, as well as with
protein stability, and ii) reduced secreted protein and activity levels,

with an estimated in vitro specific coagulant activity (~0.5)
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recapitulating that of patient variant, and data on intracellular protein
(BiP/GAPDH ratio) suggesting a folding defect. Time-course results
pointed toward affected FXla-mediated activation as the major
determinant underlying the molecular defect of the V92A variant,
with a minor impact on the catalytic activity of FIX protease domain.
These data support the predicted lower interaction with FXla, and also
provide evidence on the FXa activation capacity of the V92A variant,
with insights into the efficiency of the intrinsic tenase complex, albeit
indirectly. The challenged multitool approach indicated a moderate
impact of the valine-to-alanine amino acid substitution at FIX position
92, whose output at the protein level can be inferred in terms of
secretion (protein stability value) and function (calculated tolerance
score). On the other hand, expression and functional studies provided
experimental evidence contributing information to dissect the struc-
tural and functional properties of the p.V92A variant and, importantly,
to validate the multitool analysis.

This prompted us to further challenge our approach by extending
the analysis to unclassified FIX missense variants reported as unique
(n patients = 1), as the p.V92A variant, and lacking information on FIX
levels or HB phenotype. Among the 30 variants identified, for 20 of
them we inferred the associated HB severity from that of overlapping
missense variants. Paradigmatic examples are position R191, affecting
one of the FIX activation sites and mainly associated with moderate/
mild HB [17], position W453, highly conserved in FVII, FIX, FX, FXI,
and protein C up to chymotrypsin and whose substitution/absence is
associated with virtually undetectable protein levels [48-52], or amino
acid changes affecting cysteine residues mainly impacting on protein
stability. The selected FIX missense variants, and amino acid sub-
stitutions stemming from single-nucleotide changes, that were chal-
lenged with our integrated approach, showed a differential
distribution of predicted values depending on relative position in FIX
and conservation degree of the affected residue. The good correlation
of calculated tolerance scores and protein stability identified 2 vari-
ants (Y305N and N283D) displaying extreme values, which suggested
reference for severe and mild outputs helpful to interpret that of
other variants. The Y305 position also provides support for the
goodness of prediction, showing low values for those substitutions
involving amino acids with relevant differences in biochemical prop-
erties (His, Asp, Ser, Cys), but with exception of phenylalanine as-
cribable to the shared aromatic side chain. To further validate the
multitool prediction analysis, we challenged amino acid substitutions
at the catalytic S411, namely i) mimicking natural FIX variants, asso-
ciated with severe HB but compatible with protein secretion, ii)
deriving from single- or nonsingle-nucleotide changes, and iii) pro-
ducing the S411P variant, previously expressed and resulting in
devoid-of-function but normally secreted FIX [17]. All substitutions of
S411, as expected for a crucial residue for enzyme function, were
predicted as detrimental in terms of functional output, as indicated by
a calculated tolerance score equal to O excepting the negligible argi-
nine value, and with a relatively moderate impact on protein stability
(values ranging from -0.8 to 0.2). This suggested the definition of 0.1
as the lower limit in terms of functional properties, and the value of -1

as a reference for moderate impact in terms of protein stability.

Overall, integration of predicted and evidence-based reference values
resulted in inferred outputs on secretion and function that allowed us
to propose a classification for the selected panel of unclassified FIX
missense variants.

We are aware that prediction tools may have limitations. How-
ever, this mainly applies to single-tool predictions relying upon a single
algorithm. With this in mind, we rationally took advantage of a panel
of multiple tools (n = 15), and thus multiple algorithms, with resulting
outputs being coherently defined to categorize the different reference
intervals associated with each tool, which allowed us to obtain the
calculated tolerance score. Importantly, correlation of this score with
values obtained from the complementary prediction on protein sta-
bility, as well as the availability of evidence-based data (ie, from in vitro
studies), provided important elements and reference values driving
interpretation of the final protein output. Moreover, despite modeling
of activation peptide residues is limited by the lack of available
structures, and interaction with FXla by docking with the isolated FXla
protease domain, which might lead to underestimating the contribu-
tion of exosite-mediated interactions, the newly generated FIX-V92A
model supported the multitool analysis, as well as data on the char-
acterization of the p.V92A variant in plasma and recombinant systems,
thus providing novel molecular and structural insights into FIX do-
mains/regions not resolved in currently available structures.

In conclusion, our data support the rational integration of pre-
diction tool outputs, especially as multitool and multiparameter ana-
lyses, as a useful approach to contribute elements for the
interpretation of genotype/phenotype as well as structure/function
relationships of unclassified missense variants, also in other high-
impact coagulation disorders (ie, HA), with implications for diagnosis,
management, and treatment of hemophilia patients, and potentially

translatable into other human disorders.
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