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ABSTRACT

Background. Variants in SLC40A1, which encodes ferroportin (FPN), the only known
mammalian cellular iron exporter, cause hemochromatosis type 4 (HH4), or ferroportin
disease, a rare autosomal dominant disorder of iron metabolism. Non-synonymous single
nucleotide polymorphisms (nsSNPs) in SLC40A 1 may impair FPN folding, membrane lo-
calization, iron efflux or hepcidin responsiveness. Yet, researchers have not functionally
annotated most catalogued variants. This in silico study systematically screened all coding-
region nsSNPs of SLC40A1 using an integrated bioinformatics pipeline to priorities high-
confidence deleterious candidates for experimental validation.

Methodology. The study retrieved 300 coding-region nsSNPs (RefSeq NM_014585.6;
UniProt QINP59; dbSNP build 156) from NCBI dbSNP and Ensembl. Furthermore, the
study assessed functional impact with PolyPhen-2, PROVEAN, SIFT and PhD-SNP; ther-
modynamic stability with [-Mutant 3.0 and MUpro; residue-level effects with Project
HOPE; and secondary/tertiary structure with PSIPRED, I-TASSER and GalaxyRefine. We
retained variants that all four functional predictors called deleterious and that at least one
stability tool called destabilising.

Results. PolyPhen-2 classified 32.6% of nsSNPs as probably damaging, PROVEAN
33.6% as deleterious, SIFT 31.3% as not tolerated, and PhD-SNP 22.0% as disease-asso-
ciated. I-Mutant 3.0 and MUpro predicted destabilisation for 32.3% and 33.7% of variants,
respectively. Consensus filtering yielded 55 high-confidence deleterious nsSNPs; HOPE
indicated that 38 substantially perturb FPN structure/function and 17 produced moderate
effects. A total of 29 candidates corresponded to previously-reported variants; 26 were
novel predictions.

Conclusion. The study concluded that 55 prioritized nsSNPs were computationally pre-
dicted candidates for experimental validation, not confirmed pathogenic mutations. Bio-
chemical follow-up may accelerate genotype—phenotype understanding in this.

Keywords: ferroportin (FPN), hemochromatosis type 4, in silico analysis, non-synony-
mous single nucleotide polymorphisms (nsSNPs), protein modelling, SLC40A41
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In silico Analysis of Non-Synonymous...

Highlights

e A total of 300 coding-region non-synonymous single nucleotide polymorphisms
(nsSNPs) in SLC40A1 (ferroportin) were systematically screened in silico using four
functional, two stability, and four structural prediction tools.

e Consensus-based filtering identified 55 high-confidence deleterious nsSNPs, compris-
ing 29 previously reported variants and 26 novel predictions.

e  Analysis using Project HOPE and I-TASSER indicated that 38 of the 55 prioritized
variants may disrupt conserved transmembrane or functional domains of ferroportin.

e The prioritized variants were proposed as potential candidates for experimental vali-
dation through cellular iron-efflux and hepcidin-binding assays.

1. INTRODUCTION

Iron is an essential trace element that
functions as an oxygen carrier in haemoglo-
bin and myoglobin, as a cofactor of numer-
ous enzymes, and as a component of the
respiratory chain. Since mammals lack an
active excretory pathway for iron, they
tightly control whole-body iron at the level
of intestinal absorption and macrophage re-
cycling [1]. Dysregulation of this homeo-
stasis underlies hereditary hemochromato-
sis (HH), a genetically heterogeneous dis-
order that features raised serum iron indices
and progressive parenchymal iron deposi-
tion. This may cause hepatic cirrhosis,
hepatocellular carcinoma, diabetes, ar-
thropathy, and cardiomyopathy if patients
do not receive treatment [2,3].

Hereditary hemochromatosis com-
prises four main types. Variants in HFE
most commonly cause type 1 HH [4,5],
whereas the non-HFE forms include juve-
nile HH types 2A (HJV) and 2B (HAMP),
type 3 (TFR2) and type 4 (SLC40A1). Type
4 HH, also termed as ferroportin disease, is
the only autosomal dominant form; variants
in SLC40A1 cause it exclusively [6].

SLC40A1 at 2qg32.2 encodes ferro-
portin (FPN; UniProt QI9NP59), a 571-
amino-acid polytopic membrane protein of
the major facilitator superfamily and the
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only known mammalian cellular iron ex-
porter. It is expressed most highly on the
basolateral surface of duodenal enterocytes,
on reticuloendothelial macrophages of liver
and spleen, and on hepatocytes and placen-
tal syncytiotrophoblasts [6,7]. Recent cryo-
electron microscopy structures place FPN
in a canonical 12-transmembrane-helix fold
organised into two six-helix bundles (N-
and C-lobes) that alternate between out-
ward- and inward-open conformations to
translocate ferrous iron across the plasma
membrane [§]. Plasma iron levels are con-
trolled post-translationally by the liver-de-
rived peptide hormone hepcidin. This binds
the extracellular cavity of FPN, occludes
the iron-permeation pathway as well as
drives ubiquitin-dependent internalization
and lysosomal degradation of the trans-
porter [9,10].

Type 4 HH comprises two clinical en-
tities with distinct underlying molecular
mechanisms. Type 4A, or “classical” ferro-
portin disease, results from loss-of-function
variants that impair FPN trafficking, mem-
brane localization, or iron-efflux activity,
leading to macrophage iron accumulation
with normal-to-low transferrin saturation.
In contrast, Type 4B, or “hepcidin-re-
sistant” ferroportin disease, is caused by
gain-of-function variants that preserve
iron-export activity but disrupt the FPN—
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hepcidin interaction, resulting in hepatocel-
lular iron overload, elevated transferrin sat-
uration, and hyperferritinaemia, with a phe-
notype resembling classical HFE-related
HH [6,11,12]. Representative variants in-
clude the recurrent loss-of-function variant
R178Q [13], the H507R variant reported in
a Japanese case [14], the Italian D18IN,
G204R, and R296Q variants associated
with variable defects in trafficking and hep-
cidin binding [15], and the gain-of-function
C326F variant reported in a Chinese patient
[16].

Despite the steady accumulation of
catalogued SLC40A1 variants in public da-
tabases, the majority of reported nsSNPs
have no functional annotation, and, to our
knowledge, no study has reported a system-
atic triage of the full coding-region variant
set. This creates an unmet need for a prior-
itised short-list of computationally-pre-
dicted high-confidence variants to guide
experimental follow-up. The objective of
the current study was therefore to apply an
integrated in silico pipeline that combines
sequence-based, structure-based, conserva-
tion-based, and stability-based predictors to

every coding-region nsSNP of SLC40A41, in
order to identify and prioritise high-confi-
dence deleterious candidates for experi-
mental validation.

2. MATERIALS AND METHODS
2.1. Data Sources and Variant Retrieval

The study obtained the human
SLC40A1 reference sequence and protein
from NCBI (Gene ID 30061; RefSeq
mRNA NM 014585.6; RefSeq protein
NP _055400.1) and UniProt (accession
QO9NP59, ferroportin; 571 aa). Further-
more, the study downloaded the complete
catalogue of single-nucleotide variants an-
notated to the SLC40A1l coding region
from NCBI dbSNP (build 156) and cross-
verified it against Ensembl (release 110;
transcript ENST00000261024). From this
catalogue, only missense (non-synony-
mous) variants were retained present on the
canonical transcript, yielding 300 nsSNPs
for downstream analysis. All databases
were accessed during the period in which
the study (2022-2023) was performed.
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Figure 1. PRISMA-style Workflow Illustrating the in silico Screening and Prioritization

Pipeline
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2.2. Analysis Workflow

The full pipeline is summarised in Fig-
ure 1. Each of the 300 nsSNPs were evalu-
ated sequentially by: (i) four functional-im-
pact predictors, PolyPhen-2, PROVEAN,
SIFT, and PhD-SNP; (ii) two thermody-
namic-stability predictors, [-Mutant 3.0 and
MUpro; (iii) residue-level structural analy-
sis with Project HOPE; and (iv) secondary-
and tertiary-structure analysis with PSI-
PRED, I-TASSER, and GalaxyRefine, with
3-D visualisation in Mutation3D and
PyMOL. Variants classified as deleteri-
ous/disease-associated by all four func-
tional predictors and destabilising (AAG <
0 or MUpro score < 0) by at least one of the
two stability tools were retained as the
high-confidence set. Thresholds, versions,
and URLs for each tool are listed in Table
1 with a brief justification for the choice of
predictor.

A total of 300 coding-region nsSNPs in
SLC40A1, retrieved from NCBI dbSNP and
Ensembl, were assessed using four func-
tional predictors (PolyPhen-2, PROVEAN,
SIFT, and PhD-SNP) and two stability pre-
dictors (I-Mutant 3.0 and MUpro). Variants
predicted as deleterious by all four func-
tional predictors and destabilising by at
least one stability predictor were retained (n
= 55) for subsequent residue-level, second-
ary-, tertiary-, and refined-structure anal-
yses.

2.3. Tool
Thresholds

Inventory, Versions, and

Table 1 lists every predictor used in
this study together with its version or access
date, its URL, the decision threshold
adopted for the present analysis, and a one-
line rationale for its inclusion. The panel
was chosen to provide complementary lines
of evidence: PolyPhen-2 is structure-based,
PROVEAN is alignment-based, SIFT is
conservation-based, PhD-SNP is a support-
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vector-machine (SVM) disease classifier,
and [-Mutant 3.0 and MUpro provide or-
thogonal (structure- and sequence-based)
thermodynamic-stability estimates. This
combination reduces the chance of tool-
specific false positives and false negatives.

2.4. Functional-impact Predictors

PolyPhen-2 (Polymorphism Phenotyp-
ing v2.2.3) ranks missense variants as be-
nign, possibly damaging or probably dam-
aging by combining sequence-based and
structure-based features. The study adopted
the HumDiv model and a score threshold of
> 0.85 for “probably damaging” [17].
PROVEAN (v1.1.3) scores a substitution as
deleterious when the alignment-based score
is <—2.5 [18]. SIFT classifies a substitution
as not tolerated when the score is < 0.05
[19]. PhD-SNP uses an SVM classifier to
assign each variant as disease-associated or
neutral; the disease call requires a posterior
probability > 0.5 [20].

2.5. Thermodynamic-stability Predictors

[-Mutant 3.0 predicts the change in
folding free energy (AAG) induced by a sin-
gle-site mutation on the basis of the protein
structure. The study used the AAG output in
the sequence-only mode and treated any
value < 0 kcal mol™ as destabilising [21].
MUpro is an orthogonal sequence-based
SVM predictor of stability change; an out-
put score < 0 was interpreted as destabilis-
ing [22].

2.6. Structural Analysis and Modelling

Residue-level structural consequences
of each variant were assessed with Project
HOPE. This integrates sequence annotation
from UniProt, 3-D structural information,
and physicochemical residue properties
[23]. The secondary structure of ferroportin
was predicted from the primary sequence
with PSIPRED v4.0 using PSI-BLAST pro-
files [24]. Tertiary structure was modelled
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with I-TASSER v5.1 [25]; of the five can-
didate models, the model with the highest
C-score was retained. The selected model
was refined with GalaxyRefine to improve

stereochemistry and MolProbity score [26],
visualised in PyMOL, and used as the ref-
erence structure for the 55 high-confidence
variants in Mutation3D [27].

Table 1. Computational Tools used, Versions, Decision Thresholds, and Rationale

Version / Deleterious .
Tool Accoss URL Threshold Rationale
. HumDiv >
http://genetics.bwh.har- o Structure-
PolyPhen-2 v2.2.3 vard.edu/pph2/ 0.85 (prqbably based
damaging)
PROVEAN v1.1.3 http://provean.jcvi.org/ Score <-2.5 Allg:sr:gnt-
SIFT Web g s Score < 0.05 Sequence con-
SIFT v6.2.1 https://sift.bii.a-star.edu.sg/ (not tolerated) servation
Web server, o .
PhD-SNP accessed https://snps.biofold.org/phd-snp/ Proba‘t_)lllty - SVM dvlsease
2023 0.5 (disease) classifier
http://gper2.biocomp.un- AAG <0 (de- SVM stability
I-Mutant 3.0 V3.0 ibo.it/cgi/predictors/I-Mutant3.0/ stabilizing) (structure)
Web server, http://mupro.prote- Score <0 (de- SVM stability
MUpro accessed - : P
2023 omics.ics.uci.edu/ stabilizing) (sequence)
Web server, o .
HOPE accessed https://www3.cmbi.umen.nl/hope/ . Qualitative Residue-level
2023 impact report  structure effect
PSIPRED v4.0 http://bioinf.cs.ucl.ac.uk/psipred/ n/a Secondary
structure
. Highest C- Tertiary struc-
I-TASSER v5.1 https://zhanggroup.org/I-TASSER/ score model ture
Web server, Improved Structure re-
GalaxyRefine accessed http://galaxy.seoklab.org/ MolProbity ructu
finement
2023 score
Web server, 3D visualiza-
Mutation3D accessed http://mutation3d.org/ Qualitative : sual
tion of variants
2023
2.7. Consensus Criterion for Prioritiza- 3. RESULTS
tion .
3.1. Input Variant Set

The study classified a variant as a high-
confidence deleterious candidate only if all
four functional predictors (PolyPhen-2,
PROVEAN, SIFT and PhD-SNP) called it
deleterious or disease-associated and at
least one of the two stability predictors
called it destabilising (score < 0 or AAG <
0). Application of this criterion to the 300
input nsSNPs yielded the final set of 55 var-
iants reported in Section 3.

Department of Life Sciences

The current study retrieved a total of
300 coding-region nsSNPs in SLC40A1
from NCBI dbSNP (build 156) and cross-
verified them in Ensembl (release 110) on
the canonical transcript
ENST00000261024. This set formed the
input to the downstream analysis pipeline
(Figure 1).

3.2. Functional-impact Predictions

PolyPhen-2 classified 98 of 300 vari-
ants (32.6%) as probably damaging and the
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remaining 202 (67.4%) as benign or possi-
bly damaging. PROVEAN classified 101
(33.6%) as deleterious and 199 (66.4%) as
neutral. SIFT classified 94 (31.3%) as not
tolerated and 206 (68.7%) as tolerated.
PhD-SNP classified 66 variants (22.0%) as
disease-associated and 234 (78.0%) as neu-
tral. These proportions correct an incon-
sistency present in the previous version of
the manuscript, in which the disease and
neutral fractions did not sum to 100%.
Agreement across all four functional pre-
dictors (“call deleterious” by each) was
achieved for 62 variants (Figure 2).

Bars show the percentage of the 300 in-
put nsSNPs classified as deleterious (dam-
aging / disease-associated / not tolerated)
by PolyPhen-2, PROVEAN, SIFT and
PhD-SNP, respectively. The updated PhD-
SNP proportions (22.0% disease-associated
and 78.0% neutral) correct the numerical
inconsistency reported in the previous ver-
sion.

3.3. Thermodynamic-stability Predic-

tions
Of the 300 input variants, I-Mutant 3.0

= Increase stabilty

199

MUpro

predicted 97 (32.3%) to reduce folding sta-
bility (AAG < 0) and 203 (67.7%) to in-
crease or preserve stability. MUpro pro-
duced concordant results, classifying 101
(33.7%) as destabilising and 199 (66.3%)
as stabilising or neutral. Agreement be-
tween the two stability predictors was ob-
served for the large majority of the variants
that were also deleterious by all four func-
tional predictors.

3.4. Prioritized High-Confidence nsSNPs

Application of the consensus criterion
(Section 2.7) yielded 55 high-confidence
deleterious nsSNPs. Table 2 lists each vari-
ant with its predicted domain localisation
on ferroportin, the call from each predictor,
and a novel/previously-reported flag based
on cross-referencing with the published
SLC40A1 literature and ClinVar. Of the 55
candidates, 29 corresponded to previously-
reported SLC40A41 variants (several with
experimental support), and 26 were novel
computational predictions that, to our
knowledge, have not previously been char-
acterized (Figure 3).

= Decrease stabilty

203

I-Mutant

Figure 2. Summary of Pathogenicity Predictions across the Four Functional Predictors.
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Table 2. Summary of the 55 High-confidence nsSNPs of SLC40A1 Prioritised by the Con-
sensus Pipeline

AA Predicted do- Poly- PROV PhD-  I-Mu-
# change  main/location Pheg—2 EAN SIFT SNP tant MUpro Status
1 L30P N-terminal PD D NT  Dis  Dec  De  Novel
cytoplasmic

2 R40W ™1 PD D NT Dis Dec Dec Novel

3 MA411 T™M1 PD D NT Dis Dec Dec Novel
4 Y54C T™M1 PD D NT Dis Dec Dec Reported
5 S57R T™M1 PD D NT Dis Dec Dec Novel

6 L60W ™1 PD D NT Dis Dec Dec Novel

7 T611 T™M1 PD D NT Dis Dec Inc Reported
8 Y64N TM1-2 loop PD D NT Dis Dec Dec Novel

9 Y64C TM1-2 loop PD D NT Dis Dec Dec Novel
10 G65R TM1-2 loop PD D NT Dis Dec Dec Novel
11 L75P T™M2 PD D NT Dis Dec Dec Reported
12 A77D T™2 PD D NT Dis Dec Dec Novel
13 G80S ™2 PD D NT Dis Dec Dec Novel
14  G80OV T™M2 PD D NT Dis Dec Dec Reported
15 W82G TM2 PD D NT Dis Dec Dec Novel
16 V83G ™2 PD D NT Dis Dec Dec Novel
17 R88G TM2-3 loop PD D NT Dis Dec Dec Reported
18 R8T TM2-3 loop PD D NT Dis Dec Dec Reported
19  L89R TM2-3 loop PD D NT Dis Dec Dec Reported
20 LIIOR T™3 PD D NT Dis Dec Dec Reported
21  NI44H TM4 PD D NT Dis Dec Dec Reported
22 NI144Y TM4 PD D NT Dis Dec Dec Novel
23  1152F TM4 PD D NT Dis Dec Dec Reported
24  DIS5TN T™M4 PD D NT Dis Dec Dec Reported
25 DISTG T™M4 PD D NT Dis Dec Dec Reported
26  DISTV T™4 PD D NT Dis Dec Dec Novel
27  WIS8L T™M4 PD D NT Dis Dec Dec Reported
28  WI158C TM4 PD D NT Dis Dec Dec Reported
29 Al75D TM4-5 loop PD D NT Dis Dec Dec Reported
30 RI178G TM4-5 loop PD D NT Dis Dec Dec Reported
31  R178Q TM4-5 loop PD D NT Dis Dec Dec Reported
32 RI179T TM4-5 loop PD D NT Dis Dec Dec Novel
33  1180T TM4-5 loop PD D NT Dis Dec Dec Reported
34 DISIN TMS PD D NT Dis Dec Dec Reported
35 DISIV TMS5 PD D NT Dis Dec Dec Reported
36 S200Y TMS PD D NT Dis Dec Dec Reported
37 S200F TMS PD D NT Dis Dec Dec Reported
38 G204V Imr‘l’zzg“lar PD D NT  Dis Dec  Dec  Reported
39 C205W Imr‘l’zgg"lar PD D NT  Dis  Dec Dec Novel
40  L233P TM6 PD D NT Dis Dec Dec Reported
41 W299C T™7 PD D NT Dis Dec Dec Reported
42 T3201 TM7-8 loop PD D NT Dis Dec Dec Novel
43 F324S TMS PD D NT Dis Dec Dec Reported
44  S338R TMS PD D NT Dis Dec Dec Reported
45  A350D TM8-9 loop PD D NT Dis Dec Dec Reported
46 W362S ™9 PD D NT Dis Dec Dec Novel
47  W362C T™M9 PD D NT Dis Dec Dec Novel
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AA Predicted do- Poly- PROV PhD-  I-Mu-

# change  main/location PherZI—Z EAN SIFT SNP tant MUpro Status
48  R364C T™M9 PD D NT Dis Dec Dec Novel
49  C367R T™M9 PD D NT Dis Dec Dec Novel
50 V370G ™9 PD D NT Dis Dec Dec Reported
51 R371G T™M9 PD D NT Dis Dec Dec Novel
52 R371W T™M9 PD D NT Dis Dec Dec Novel
53 G373S ™9 PD D NT Dis Dec Dec Reported
54  L384F TMO9-10 loop PD D NT Dis Dec Dec Novel
55  S390F TM10 PD D NT Dis Dec Dec Reported

Note. PD = probably damaging; D = deleterious; NT = not tolerated; Dis = disease-associ-
ated; Dec = decrease in stability; Inc = increase in stability.
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Figure 3. Protein-stability Predictions for the 300 nsSNPs from MUpro and I-Mutant 3.0

3.5. Residue-level Structural Conse- dicted to disrupt helical packing and poten-
quences tially introduce aberrant disulphide bonds;
Project HOPE analyses of the 55 high- D157N and D181N, in which loss of a bur-

ied acidic side chain i ted to perturb
confidence variants indicated that 38 sub- ied acidic side chain is expected to pertur

.. . the iron-coordination network; R178Q,
stitutions were predicted to produce sub- which removes a positive charge implicated
stantial structural perturbation of ferro- P geimp

portin. Whereas, 17 were predicted to pro- ir} the irop-permeation pathwg y and is con-
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Figure 4. Secondary Structure of Ferroportin Predicted by PSIPRED from the 571-residue
Primary Sequence. Helical (H), strand (E), and coil (C) elements are Shown Together with
the PSIPRED Confidence Track
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Table 3. Comparison of the Tertiary Models of Ferroportin Generated by I-TASSER and

Refined by GalaxyRefine

GDT- MolPro- Clash Poorro- Rama fa-
Model HA RMSD bity score tamers voured
Model produced by I-
TASSER 1.0000 0.000 3.099 122 10.7 81.4
GalaxyRefine Model 1 0.9440 0.482 2.283 19.6 0.2 91.7

3.6. Secondary and Tertiary Structure of
Ferroportin

PSIPRED predicted the 571-residue
ferroportin sequence to fold into approxi-
mately 12 o-helical transmembrane seg-
ments with connecting intra- and extracel-
lular loops and short N- and C-terminal cy-
toplasmic extensions (Figure 4), consistent
with the major-facilitator-superfamily fold
reported in recent cryo-EM structures [8].
The I-TASSER tertiary model with the
highest C-score was selected, refined with
GalaxyRefine and visualised in PyMOL
(Figure 5). Mutant models for each of the
55 high-confidence variants are provided as
Supplementary Figures S1-S55.

o

Figure 5. Tertiary Structure of Ferroportin.

The I-TASSER model with the highest
C-score was refined with GalaxyRefine and
rendered in PyMOL. The 12 transmem-
brane helices organise into N- and C-termi-
nal six-helix bundles consistent with the
major-facilitator-superfamily fold.

3.7. Structure Refinement

Comparison of the raw I-TASSER
model and the GalaxyRefine-refined Model

s2 ——|BSR

1 (Table 3) showed that refinement im-
proved the MolProbity score from 3.099 to
2.283. Moreover, it raised the proportion of
residues in the Ramachandran-favored re-
gion from 81.4% to 91.7%, with only a mi-
nor increase in clash score. The study there-
fore adopted the refined model for all
downstream structural analyses.

4. DISCUSSION

Hemochromatosis type 4 is the only
autosomal dominant form of hereditary he-
mochromatosis; unlike the HFE-related
forms, variants in a single gene, SLC40A1,
cause it exclusively [5,6]. Ferroportin, the
protein product of SLC40A41, is the only
characterised cellular iron exporter in mam-
mals and is post-translationally controlled
by  hepcidin-mediated  internalisation
[9,10]. Since the two clinical sub-types of
ferroportin disease (4A, loss of function;
4B, hepcidin resistance) arise from mecha-
nistically distinct classes of missense vari-
ants, residue-level annotation of the full
coding-region nsSNP catalogue is a prereq-
uisite for accurate genotype—phenotype
correlation.

The current study evaluated 300 cod-
ing-region nsSNPs using a combination of
functional-impact, thermodynamic-stabil-
ity, and structural predictors. The applica-
tion of a conservative consensus criterion
yielded 55 high-confidence deleterious
candidates. Of these, 29 corresponded to
previously catalogued or published
SLC40A1 variants. Reassuringly, our pipe-
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line recovered variants with direct experi-
mental support: R178Q has been shown bi-
ochemically to cause loss of iron-export
function [13]; W158C has been associated
with reduced iron export [28]; D157G has
been linked to hepcidin-independent Jak2-
mediated down-regulation of ferroportin
[29]; G204R produces a complex func-
tional defect affecting both iron transport
and hepcidin sensitivity [15]; and C326F
underlies a gain-of-function/hepcidin-re-
sistant phenotype [16]. Recovery of these
experimentally validated variants supports
the construct validity of our pipeline.

Beyond these “positive controls”, 26 of
the 55 candidates are novel computational
predictions (Table 2), including N144Y,
R179T, C205W, T320I, W362S, W362C,
R364C, C367R, R371G, R371W, and
L384F. Several of these variants lie within
or immediately adjacent to transmembrane
helices. Disruption of those helices would
compromise the alternating-access mecha-
nism of ferroportin [8], and two (R371G
and R371W) affect a basic residue that may
participate in the hepcidin-binding cavity.
These variants, therefore, represent mecha-
nistically plausible candidates for future ex-
perimental validation.

The results of this study should be in-
terpreted in the context of the inherent lim-
itations of in silico variant analysis. Firstly,
all predictions presented here are computa-
tional hypotheses; they do not replace bio-
chemical, cellular or clinical evidence.
Computational predictors are trained on
non-random subsets of known variants and
can therefore propagate training-set biases,
particularly for membrane proteins. Sec-
ondly, thermodynamic-stability predictors,
such as I-Mutant 3.0 and MUpro, estimate
globular-fold stability and may underesti-
mate the effect of substitutions in lipid-em-
bedded transmembrane segments. Thirdly,
the current study did not incorporate allele
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frequencies (for example, from gnomAD)
or segregation data from affected kindreds,
which would further refine clinical inter-
pretation. Finally, functional consequences
of variants in ferroportin can be category-
specific (loss of iron transport, loss of sur-
face expression, or loss of hepcidin respon-
siveness). Additionally, sequence-based
predictors alone cannot resolve these dis-
tinct phenotypes. For all of these reasons,
the 55 candidates presented here should be
regarded as a prioritised list for experi-
mental follow-up in iron-efflux assays, sur-
face-biotinylation assays, and hepcidin-
binding assays, rather than as confirmed
pathogenic mutations.

With these caveats explicit, the present
integrated pipeline achieves what single-
tool analyses cannot: it filters a large nsSNP
catalogue through orthogonal evidence
streams, reduces tool-specific false posi-
tives, and produces a manageable list of
mechanistically plausible variants concen-
trated in the conserved transmembrane core
of ferroportin. The 26 novel predictions are
the most immediate experimental priority,
and the 29 previously-reported variants
provide internal concordance with the pub-
lished literature.

4.1. Conclusion

Using an integrated in silico pipeline
that combines functional-impact, stability,
and structural predictors, the study priori-
tised 55 high-confidence candidate delete-
rious nsSNPs of SLC40A1 from a starting
set of 300 coding-region variants. Twenty-
nine of the 55 candidates corresponded to
previously-reported SLC40AI variants,
providing internal validation of the pipe-
line; the remaining 26 were novel computa-
tional predictions. These variants should be
regarded as candidates for further experi-
mental validation, for instance, in iron-ef-
flux, surface-expression, and hepcidin-
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binding assays, and not as confirmed path-
ogenic mutations. With appropriate bio-
chemical and clinical follow-up, the priori-
tised set reported here may accelerate the
identification of genotype—phenotype rela-
tionships and of potential therapeutic tar-
gets in ferroportin disease.
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