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Ferroportin (Fpn/IREG1/MTP1) is the only known transporter mediating iron efflux from epithelial cells and
macrophages, and thus regulates how much iron is released into the circulation. Consequently, Fpn mutations are
associated with haemochromatosis. Fpn itself is post-translationally regulated by hepcidin (Hepc) which induces
its redistribution and degradation in a ubiquitin-dependent process. Together, the two proteins appear to be the
nexus for iron homeostasis. Here we show that a rare gain-of-function mutation (K240E) that is associated with

iron overload, impedes Fpn binding and subcellular trafficking by the small ubiquitin-like modifier (SUMO).
Whereas wild-type Fpn is ensconced within vesicular bodies, the FpnK240E mutant appeared diffused within the
cell when co-expressed with SUMO. Furthermore, compared with wild type Fpn, the sumoylation-defective
mutant was constitutively-active, resulting in a lower intracellular labile iron pool than the former. These
findings suggest that SUMO may regulate iron homeostasis by controlling Fpn trafficking.

1. Introduction

SUMO (small ubiquitin-like modifier) conjugation to a wide array of
proteins accounts for its role in processes as diverse as gene regulation,
synaptic transmission, cytokinesis, membrane transport, and cellular
signaling and cycling [1-7]. There are 5 highly homologous SUMO
paralogues in the human genome: SUMO1, SUMO2, SUMO3, SUMO4
and SUMOS with 101, 95, 103, 95 and 101 amino acids in their primary
sequences respectively. The initial "sumoylation" step involves conju-
gation to y-K-X-E/D sites on protein substrates (where K is a lysine, X is
any other amino acid and D or E is aspartic acid or glutamic acid residues
respectively). Conjugation is optimal where the lysine residue is pre-
ceded by a hydrophobic residue, y, (I, L, V, F) but sumoylation at
non-consensus lysines has also been reported [3-5,7,8]. This process can
be reversed by SUMO/sentrin proteases as well as by some bacterial and
viral effectors such as listeriolysin O and Gaml [9-11]. The role of
SUMO in regulating the functions of multitudinous substrates and bio-
logical processes links it to diseases including cancer, inflammatory and
neurodegenerative diseases [12; see references therein]. With very few
exceptions, sumoylation of transcription factors invariably leads to gene
repression [2,5,13]. Furthermore, although it is almost exclusively
linked to nuclear processes such as gene regulation, SUMO has been
shown to directly regulate extranuclear functions including the
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trafficking of transmembrane proteins such as the glucose transporter
and kainate receptor involved in glucose uptake and synaptic trans-
mission respectively [3,14-21].

Ferroportin (Fpn)/Slc40A1l is an iron-efflux pump and the only
known transporter that regulates systemic iron levels. Increasingly, a
spectrum of iron-loading phenotypes (ferroportin disease) has been
associated with mutations in Fpn [22]. The only known mechanism by
which iron levels are controlled is by hepcidin-dependent internaliza-
tion, ubiquitination and proteasomal degradation of Fpn [23]. Although
this mechanism has been debated [24], an Fpn mutation at K240
(K240E) renders the protein resistant to hepcidin-induced ubiq-
uitin-dependent degradation and in at least one case causes pathologic
iron-overload [25-27]. All reports to date also show only partial
reduction in iron efflux indicating that Fpn may not be completely
degraded. It appears that some of the protein may remain functional but
ensconced within intracellular vesicles, suggesting the existence of a
non-destructive mechanism of Fpn regulation. We reasoned that SUMO
may be an alternative regulator of Fpn trafficking because unlike ubiqg-
uitin, it tends to stabilize its substrates. Here we show that SUMO in-
teracts with Fpn through K240 and mutation of this residue to the
disease-causing variant K240E leads to altered Fpn trafficking and
increased iron efflux from intracellular stores.
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2. Materials and methods
2.1. Reagents

Recombinant SUMO1- and SUMO2-conjugated agarose was pur-
chased from Enzo Lifesciences (Exeter, UK). Cell culture media and
supplements (FBS, antibiotics) were obtained from ThermoFisher Sci-
entific (Paisley, UK). All analytical grade reagents were purchased from
Sigma-Aldrich (Poole, UK).

2.2. Plasmid constructs

Full-length mouse Fpn (FpnFL) ¢cDNA was mutagenized at the ca-
nonical sumoylation site LKVE to LEVE with the primer GTA AAA GCT
GCT CTC gAG GTA GAG GAG TCA GAA CTG AAG CAG (lower case
denotes mutation) using the QuikChange site-directed mutagenesis kit
(Agilent, Belgium). The putative Fpn sumoylation domain, FpnSumoD,
was also amplified by PCR with the primers: CAT GGA TCC CGC CAG
TCA TTG GCT GTG GTT and CAT GAA TTC TTG TTC ACA TTC AAG TTC
ACG), and subcloned into the BamHI-EcoRI sites of pGEX-5x-1 (GE
Healthcare, UK) to generate pGex-5x-FpnSumoD. Fluorescent SUMO
constructs were generated by replacing DsRed in pDsRedN1 (Clontech)
with monomeric red fluorescent protein RFP (mRFP) cDNA. Both
SUMO1 wild-type and mutant were ligated in-frame into the BamHI/
Xbdl sites of the vector backbone to generate mRFP-SUMO1Wt and
mRFP-SUMO1Mt respectively. The mammalian two-hybrid (M2H) vec-
tors pM-SUMOWt and pM-SUMOMt were constructed by subcloning the
SUMO c¢DNAs in-frame with the GAL4 DNA-binding domain (DBD) of
pM (Clontech) using the primers CAT GAA TTC ATG CCA GTC ATT GGC
TGT GGT and CAT GGA TCC TTG TTC ACA TTC AAG TTC ACG; EcoRl/
BamHI cloning sites are underlined. pCMVAD-FpnFL and pCMVAD-
FpnSumoD are M2H vectors in which FpnFL and FpnSumoD (above)
were subcloned in-frame with the activation domain of NFxB. All oli-
gonucleotides were synthesized by Eurofins Genomics (Ebersberg,
Germany).

2.3. Mammalian 2-hybrid interaction assay

Baby hamster kidney (BHK) cells were cultured in high-glucose
Dulbecco’s Modified Eagle’s Medium with GlutaMAX (DMEM/Gluta-
MAX) supplemented with antibiotics/antimycotics and 10% foetal calf
serum. They were transfected seeded at ~80% confluence in 24-well
multi-dishes (Nunc, Denmark) using Lipofectamine 2000 (Invitrogen,
Paisley, UK). Each plasmid (pCMVAD-Fpnsumo, pCMVAD-FpnFL, pM-
SUMO Wt, and pM-SUMO Mt) was co-transfected with 50 ng pSVpgal
(Promega, Southampton, UK) as internal control, and 50 ng of the GAL4
reporter gene pFR-Luc (Agilent). After 48 h, luciferase activity was
determined using the luciferase assay reagent (Promega), and p-galac-
tosidase (pgal) activity was determined with the Beta-Glo reagent
(Promega). Luminescence measurements were taken in a microplate
luminometer (Tropix TR717, Applied Biosystems, MA), and levels of
luciferase activity were normalized with respect to figal activity.

2.4. Fpn sumoylation domain expression and SUMO binding assay

To express the Fpn sumoylation domain, pGex-5x-FpnSumoD was
transformed into BL21-CodonPlus (DE3)-RIPL competent cells (Agilent).
GST-fusion protein was induced with 0.1 mM IPTG for 3 h; as control
GST was similarly expressed from the vector backbone. Cells were lysed
in PBS/0.5% Triton-X100/100 pg per ml lysozyme and total lysates of
GST or GST-FpnSumoD were used for pull-down assays using 500 pg/ml
recombinant SUMO1 or SUMO2 immobilized on agarose. The agarose
beads were washed 3x with GST Bind/Wash buffer (Novagen, UK) by
spinning at 13,000 rpm for 1 min each, and bound protein complexes
were eluted by resuspending the matrix in 2x NUPAGE loading buffer
(Invitrogen) and heated for 10 min at 70 °C. Proteins were resolved on
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4-12% NuPAGE Tris-MES gels (Invitrogen) and analyzed by staining
with Coomassie Brilliant Blue R-250 (National Diagnostics, Nottingham,
UK).

2.5. Fluorescence confocal microscopy

To detect in-cell Fpn-SUMO interaction, Chinese hamster ovary
(CHO) cells stably expressing wild-type Fpn or FpnK240E were passaged
onto chamber slides (Nunc) and transfected with mRFP-SUMO1Wt.
After 48 h cells, were washed with PBS and fixed with 4% para-
formaldehyde for 15 min, washed 3x with PBS and mounted in Vecta-
shield (Vector Laboratories, UK). Confocal images were acquired with a
Zeiss LSM 510 confocal microscope and processed with Volocity Soft-
ware (PerkinElmer).

2.6. Determination of intracellular chelatable iron pool by flow cytometry

Stable CHO cell lines expressing Egfp-Fpn Wt and Egfp-FpnK240E
were grown to confluence on 6-cm dishes (PAA) using DMEM/Gluta-
MAX (Invitrogen) containing 800 mg/ml G418 (Invitrogen). Intracel-
lular iron content was quantified by flow cytometry as previously
reported [28]. Briefly, the cells were washed 3x with PBS and then
incubated with 5 pM or 10 pM Phen Green SK (dipotassium salt; Invi-
trogen) diluted in PBS. After 20 min incubation, the cells were washed
3x with PBS and detached with PBS/0.5 mM EDTA. They were then
centrifuged for 5 min at 2000 rpm and resuspended in 1 ml PBS for FACs
analysis using a CyAn ADP flow cytometer (Beckman Coulter).

2.7. Intrinsic disorder analyses

Since protein interaction domains or interfaces are usually intrinsi-
cally disordered, we used algorithms in PONDR (Predictors of Natural
Disordered Regions) to determine whether the sumoylation domain was
unstructured. We analyzed Fpn (UniProtKB/Swiss-Prot #Q9JHI9.1;
NCBI Reference Sequence NP_058613.2) for disorder based on criteria
including compositional bias (towards Gly, Gln, Ala, Arg, Glu, Lys, Pro
and Ser), net charge, hydropathy/solvent accessibility, low representa-
tion of hydrophobic residues (Val, Leu, Ile, Met, Phe, Trp and Tyr), en-
ergy content, flexibility, coordination number, propensity to form
fB-sheets, bulkiness and sequence length [29-34]. We also used IUPred
[35], DISOPRED2 [36], and PrDOS [37], to assign regions of disorder. In
all cases, the threshold for disorder probability was set at a false positive
rate of 5%.

2.8. Statistical analysis

Data were analyzed and plotted using GraphPad Prism version 5.04
(GraphPad Software, Inc., San Diego, USA). All data points were pre-
sented as means + S.E.M.

3. Results and discussion

A single nucleotide substitution (c.718A > G) in Fpn has previously
been identified in a patient [25] with high serum iron (200 pg /L;
normal range, 59-158 pg/dL), high transferrin saturation index (71%;
normal range, 20-45%) and liver iron content that was over twice the
normal level. The causative mutation changed K240 to glutamic acid,
E240 (hereafter referred to as FpnK240E). Scanning the sequence with
SUMOplot (http://www.abgent.com/sumoplot), we identified one
high-scoring canonical SUMO ligation site at K240 (Fig. 1A and B) in all
Fpn orthologues including humans, and suggests functional conserva-
tion. Although putative auxiliary sumoylation sites (e.g. K117) were also
identified, we focused on K240 for the above reasons. Secondary
structure prediction [38] showed that this residue lies within the large
intracellular/cytosolic loop of Fpn (Fig. 1C), indicating that K240 may
be readily accessible for SUMO conjugation. Next, we used site-directed
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Fig. 1. Simplified Fpn structure. (A) A putative sumoylation motif with the
consensus sequence LKXE is highly-conserved in Fpn orthologues (where L is
leucine, E is glutamic acid, and x is any other amino acid). (B) Fpn sequence
(NP_058613.2) analysis with SUMOplot identified four putative SUMO conju-
gation sites (underlined lysine, K, residues). K240 (site # 1) has the highest
probability of being a sumoylation site, closely matching the SUMO signature
motif YKxD/E (where ¥ is a large hydrophobic residue such as leucine, valine
and isoleucine; D and E are aspartic and glutamic acid residues respectively).
(C) Fpn secondary structure prediction suggests that K240 is located (blue
circle) within the intracellular/cytosolic loop (boxed). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

mutagenesis to recreate the pathogenic mutation K240E to assess how it
might regulate iron efflux. First we assessed interaction between FpnFL
or the Fpn sumoylation domain (FpnSumoD) and SUMO using
mammalian two-hybrid assays. Here, wild-type and mutant SUMO were
fused to yeast GAL4 DBD while FpnFL and FpnSumoD were tethered to
NF«B activation domain. Cotransfections with a GAL4 reporter gene into
BHK cells showed that while the vector backbone (pM) showed only
background reporter activity, interaction between AD-FpnSumoD and
wild-type but not mutant SUMO increased reporter expression, and that
this interaction was strongest with FpnFL (Fig. 2A).

To further confirm interaction between Fpn and SUMO, we gener-
ated a recombinant Fpn fragment (amino acids 201-280) containing the
SUMO motif by expression in E. coli as a GST fusion protein. This region
contains half of transmembrane domain 4, the large cytosolic loop of the
protein and the SUMO motif. Pull-down assays with SUMO-conjugated
agarose followed by gel electrophoresis and Coomassie staining
showed almost complete recovery and strong binding of GST-FpnSumoD
to both SUMO1 and SUMO2 compared with GST alone (Fig. 2B). Strik-
ingly, we found that SUMO2 induced more high-molecular weight
complexes [(Fpn-SUMO,)] than SUMO1, suggesting that FpnK240 may
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Fig. 2. Ferroportin interacts with SUMO. (A) Mammalian two-hybrid assay was
performed in BHK cells with GAL4 DNA binding domain (BD)-SUMOWT! or BD-
SUMOML, and activation domain (AD) vectors encoding FpnL and FpnSumoD.
Fold activation was calculated from GAL4 reporter activity normalized to
B-galactosidase internal control; pM (BD) and pCMV-AD vector backbones were
used as negative controls. (B) GST or GST-FpnSUMO was incubated with
agarose conjugated to SUMO1 (lanes 4 and 5) or SUMO2 (lanes 6 and 7). Lanes
2 and 3 show starting amounts (Input) of GST in cell lysate or partially purified
GST-FpnSUMO respectively; lanes 4, 6 and 5, 7 contain samples of GST or GST-
FpnSUMO pulled down with SUMO respectively. (Fpn-SUMO), shows putative
poly-SUMO conjugates of Fpn where n indicates multiplicity.

be a nucleation site for SUMO polymers. Proteomic analysis (data not
shown) confirmed that 63.78% and 64.57% of these high-molecular
weight complexes were SUMO1 and SUMO2 conjugates of GST-Fpn
respectively. This preference for SUMO2 was unexpected but is consis-
tent with the fact that it is more efficient in forming polySUMO chains
than SUMO1 because it has the requisite lysine residue (K11) that is
lacking in the latter [39]. Furthermore, similar polymeric conjugates
have been noted with proliferating cell nuclear antigen and topoisom-
erase 1 [40,41] but in those cases conjugating enzymes were used. These
observations were also surprising because polymeric SUMO conjugates
formed in the absence of activating enzymes (SAE1/2) or the SUMO
ligase Ubc9. One explanation for this could be that the immobilized
SUMO1 and SUMO?2 used for the pull-down assays were mature, i.e. the
requisite diglycine motifs were pre-exposed and primed for conjugation
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[42]. It may also be that interaction with the Fpn fragment was a
non-covalent one involving SUMO-interacting motifs, SIMs. These mo-
tifs are targets for ubiquitination by E3 ligases such as RNF4 [43-46]
and it is unclear whether putative SIMs (data not shown) in Fpn could
contribute to polysumoylation to presage its degradation [26,27].

Since protein-protein interaction domains are often disordered, we
analyzed Fpn for intrinsic disorder using predictors that cover criteria
including compositional bias towards polar and charged residues, low
representation of bulky hydrophobic residues, and low sequence
complexity [29-37]. We found that all the algorithms assigned intrinsic
disorder to Fpn regions that include the sumoylation domain, with K240
at the proximal end of the longest region (43 residues) of intrinsic dis-
order (Fig. 3A and B). Interestingly, these disordered regions are
conserved in Fpn orthologues (data not shown); they also overlap pre-
dicted molecular recognition features, i.e. they may participate in
protein-protein interactions [47]. Why may disorder in the sumoylation
domain be important? Intrinsically disordered protein domains appear
to be hubs for multitudinous fuzzy or transient interactions with effector
proteins involved in cell signaling, transcriptional regulation, proteo-
stasis, molecular recognition, the inflammatory response, the cell cycle
and phase separation [48-54]. They are flexible both in their confor-
mation and choice of interaction partners. By undergoing dynamic
conformational changes, they are able to bind different effector proteins,
trading low affinity for high-specificity, i.e. although their interactions
are transient they have high specificity. Another important feature is
that they are tightly regulated and hence are able to avoid spurious in-
teractions. This may be teleologically important given that diverse
structurally distinct proteins can bind to the same disordered domain. Of
note, loss of intrinsic disorder is associated with several diseases
including cancer, neurodegeneration and diabetes [55-59]. It is there-
fore possible that intrinsic disorder in the sumoylation domain of Fpn
may be permissive to binding by globular proteins such as SUMO and
ubiquitin [26,27]. We suggest that this domain may also act as a hub for
other proteins that might regulate iron metabolism through Fpn.
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Fig. 3. Prediction of intrinsic disorder within Fpn. (A) Disordered residues/
regions (in red font) of Fpn were predicted with PrDOS. As shown, the
sumoylation domain is the longest disordered region (43 amino acids). (B)
Disorder probability curve of full-length Fpn; disorder analysis was performed
using a 5% false positive rate i.e. a 95% chance of correctly assigning intrinsic
disorder). The red line marks disorder threshold. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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To determine intracellular trafficking dynamics and colocalization of
Fpn and SUMO1, we performed confocal microscopy with cells
expressing mRFP-SUMO1Wt and Fpn-Egfp (wild-type) or the
sumoylation-defective mutant FpnK240E-Egfp. As anticipated, Fpn-Egfp
was discretely localized to the cell membrane when expressed alone
(Fig. 4A). Cotransfection of FpnK240E-Egfp and mRFP-SUMOWt
showed extensive cytosolic, perinuclear localization and diffuse distri-
bution of the transporter throughout the cell (Fig. 4B). In contrast,
cotransfection of wild-type Fpn-Egfp and mRFP-SUMOWt showed
vesiculation and colocalization of the two proteins to discrete multi-
vesicular bodies (Fig. 4C). Thus FpnK240E appears to be defective in its
trafficking to endosomes by SUMO, leading to its sequestration in
cytosolic compartments. While there was residual expression on the cell
surface, most FpnK240E was intracellular.

We hypothesized that the intracellular localization of FpnK240E
would render it constitutively active in exporting iron. To test this, we
loaded cells expressing mutant or wild-type Fpn with Phen Green (PG) to
measure the respective amounts of non-transferrin bound iron (labile
iron pool) as previously described [28]. FACs analysis showed that at
comparable loading concentrations of PG, FpnK240E-expressing cells
contained lower amounts of labile iron compared with cells expressing
wild-type Fpn (Fig. 4D). This suggests that FpnK240E may constitutively
efflux iron. Mechanistically this would explain the low intracellular iron
and the relatively high serum iron and transferrin saturation seen in the
patient expressing this mutant. The results therefore suggest that SUMO
may restrain Fpn from uncontrolled release of iron into the circulation
by binding to Fpn K240. However, we did not test whether FpnK240E
was resistant to hepcidin-dependent degradation. Although it is possible
that SUMO might compete with ubiquitin [26,27] for K240-binding, the
downstream sequelae (Fpn stabilization versus degradation) may be
dependent on hepcidin. There is also evidence that polysumoylated
targets are susceptible to ubiquitination and degradation by the RING
domain-containing SUMO-targeted ubiquitin ligases both in yeast and in
mammals [27,45,46]. Hence, since Fpn degradation appears to be pre-
ceded by its ubiquitination, it is possible that monosumoylation might
stabilize the transporter while polysumoylation could make it a target of
ubiquitin E3 ligases and subsequent degradation through
SIM-dependent sumoylation [27,44-46]. These suppositions will need
confirmation by further study.

In summary, although it has been shown that K240 mediates Fpn
ubiquitination and turnover by hepcidin [26,27], our data suggest that
this residue may also be a target for Fpn sumoylation. It is noteworthy
that SUMO can also serve an intermediary role in protein turnover
[60-62] and were Fpn to be conjugated to polymeric SUMO, that may
signal its ubiquitination and degradation. It is therefore possible that
dynamic cross-talk between SUMO and ubiquitin may regulate iron
transport by Fpn. Interestingly, evidence shows that sumoylated nuclear
proteins accumulate when ubiquitination is inhibited [63]. Hence it is
possible that whereas (mono)sumoylation may regulate Fpn trafficking
to endosomes, ubiquitination may signal for its degradation. Taken
together with previous observations [26,27] we propose that: (1) the
balance between K240 sumoylation or ubiquitination may singularly
determine susceptibility to ferroportin disease [25]; (2) SUMO may be
an important regulator of iron homeostasis independent of
hepcidin-mediated Fpn turnover, and (3) the disease-causing mutant
K240E may be a gain-of-function variant that renders Fpn
constitutively-active, resulting in uncontrolled iron release into the
circulation. This may be evinced by the high serum iron levels and
transferrin saturation reported [25] and by the low level of chelatable
iron in cells expressing FpnK240E (see Fig. 3D). We further posit that
K240 may be required for Fpn restitution whereas K240E may impede
Fpn trafficking or cycling to and from the plasma membrane by SUMO.
This therefore hints at a direct role for SUMO in iron homeostasis
through Fpn regulation and suggests how dynamic changes in sumoy-
lation e.g. due to oxidative stress [12,64-68] may impact iron
metabolism.
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Fig. 4. Confocal microscopy. (A) Cells
expressing wild-type Fpn-Egfp alone. (B)
Cells co-expressing FpnK240E-Egfp and
mRFP-SUMO1Wt show high constitutive
internalization of FpnK240E. (C) With wild-
type Fpn-Egfp, SUMO trafficked the trans-
porter to, and induced the vesiculation of
endosomal membranes. Fpn is coloured
green and SUMO red; colocalization of the
two proteins is indicated by yellow punctae.
Cell nuclei were stained with DAPI. (D)
Determination of differences in intracellular
labile iron pool between cells expressing
wild-type (Wt) Fpn and the sumoylation-
defective mutant FpnK240E by flow cytom-
etry as described under “Materials and
methods”. Data are representative of two
independent experiments; **P < 0.01. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the Web version of this article.)

Author contribution statement

Henry K. Bayele and Surjit S. K. Srai developed the concept; H.K.B
performed experiments and wrote the manuscript. Both authors
analyzed the data, critically reviewed the manuscript, approved it for
publication and are responsible for the veracity of its contents.

Declaration of competing interest

The authors have no competing interests.
Acknowledgments

We thank Jerry Kaplan (University of Utah) for Fpn expression
vectors, Kim Orth (University of Texas Southwestern Medical Center,
TX) for wild-type and mutant SUMO1 vectors, and Nick Beaumont (UCL)
for proteomic analysis. We are also grateful to Tomas Adejumo for
confocal microscopy, and to the late Roger Tsien for providing a plasmid
encoding mRFP.
Appendix A. Supplementary data

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.bbrep.2020.100873.

Funding

H.K.B was supported by the Charles Wolfson Charitable Trust, United
Kingdom.

References

[1]
[2]
[3]
[4]
[5]

[6]
[71

[81
[91
[10]
[11]
[12]
[13]

[14]

[15]

[16]

[17]

[18]

F. Melchior, SUMO-nonclassical ubiquitin, Annu. Rev. Cell Dev. Biol. 16 (2000)
591-626.

S. Miiller, C. Hoege, G. Pyrowolakis, S. Jentsch, SUMO, ubiquitin’s mysterious
cousin, Nat. Rev. Mol. Cell Biol. 2 (2001) 202-210.

J.S. Seeler, A. Dejean, Nuclear and unclear functions of SUMO, Nat. Rev. Mol. Cell
Biol. 4 (2003) 690-699.

E.S. Johnson, Protein modification by SUMO, Annu. Rev. Biochem. 73 (2004)
355-382.

G. Gill, SUMO and ubiquitin in the nucleus: different functions, similar
mechanisms? Genes Dev. 18 (2004) 2046-2059.

R.T. Hay, SUMO: a history of modification, Mol. Cell. 18 (2005) 1-12.

R. Geiss-Friedlander, F. Melchior, Concepts in sumoylation: a decade on, Nat. Rev.
Mol. Cell Biol. 8 (2007) 947-956.

M.S. Rodriguez, J.M. Desterro, S. Lain, et al., SUMO-1 modification activates the
transcriptional response of p53, EMBO J. 18 (1999) 6455-6461.

D. Mukhopadhyay, M. Dasso, Modification in reverse: the SUMO proteases, Trends
Biochem. Sci. 32 (2007) 286-295.

R. Boggio, R. Colombo, R.T. Hay, et al.
pathway, Mol. Cell 16 (2004) 549-561.
D. Ribet, M. Hamon, E. Gouin, et al., Listeria monocytogenes impairs SUMOylation
for efficient infection, Nature 464 (2010) 1192-1195.

A. Flotho, F. Melchior, Sumoylation: a regulatory protein modification in health
and disease, Annu. Rev. Biochem. 82 (2013) 357-385.

A. Verger, J. Perdomo, M. Crossley, Modification with SUMO. A role in
transcriptional regulation, EMBO Rep. 4 (2003) 137-142.

M.D. Benson, Q.J. Li, et al., SUMO modification regulates inactivation of the
voltage-gated potassium channel Kv1.5, Proc. Natl. Acad. Sci. U.S.A. 104 (2007)
1805-1810.

N.J. Bryant, R. Govers, D.E. James, Regulated transport of the glucose transporter
GLUT4, Nat. Rev. Mol. Cell Biol. 3 (2002) 267-277.

F. Giorgino, O. de Robertis, L. Laviola, et al., The sentrin-conjugating enzyme
mUbc9 interacts with GLUT4 and GLUT1 glucose transporters and regulates
transporter levels in skeletal muscle cells, Proc. Natl. Acad. Sci. U.S.A. 97 (2000)
1125-1130.

F. Jaskolski, F. Coussen, C. Mulle, Subcellular localization and trafficking of
kainate receptors, Trends Pharmacol. Sci. 26 (2005) 20-26.

S. Martin, K.A. Wilkinson, A. Nishimune, J.M. Henley, Emerging extranuclear roles
of protein SUMOylation in neuronal function and dysfunction, Nat. Rev. Neurosci.
8 (2007) 948-959.

, A mechanism for inhibiting the SUMO


https://doi.org/10.1016/j.bbrep.2020.100873
https://doi.org/10.1016/j.bbrep.2020.100873
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref1
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref1
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref2
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref2
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref3
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref3
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref4
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref4
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref5
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref5
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref6
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref7
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref7
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref8
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref8
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref9
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref9
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref10
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref10
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref11
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref11
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref12
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref12
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref13
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref13
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref14
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref14
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref14
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref15
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref15
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref16
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref16
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref16
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref16
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref17
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref17
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref18
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref18
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref18

H.K. Bayele and S.K.S. Srai

[19]

[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]
[30]
[31]
[32]

[33]

[34]

[35]

[36]

[37]
[38]

[39]

[40]
[41]
[42]

[43]

K.A. Wilkinson, Y. Nakamura, J.M. Henley, Targets and consequences of protein
SUMOylation in neurons, Brain Res. Rev. 64 (2010) 195-212.

S. Martin, A. Nishimune, J.R. Mellor, J.M. Henley, SUMOylation regulates kainate
receptor-mediated synaptic transmission, Nature 447 (2007) 321-325.

F.A. Konopacki, N. Jaafari, D.L. Rocca, et al., Agonist-induced PKC
phosphorylation regulates GluK2 SUMOylation and kainate receptor endocytosis,
Proc. Natl. Acad. Sci. U.S.A. 108 (2011) 19772-19777.

A. Pietrangelo, The ferroportin disease, Blood Cells Mol. Dis. 32 (2004) 131-138.
E. Nemeth, M.S. Tuttle, J. Powelson, et al., Hepcidin regulates cellular iron efflux
by binding to ferroportin and inducing its internalization, Science 306 (2004)
2090-2093.

1. De Domenico, E. Lo, D.M. Ward, J. Kaplan, Hepcidin-induced internalization of
ferroportin requires binding and cooperative interaction with Jak2, Proc. Natl.
Acad. Sci. U.S.A. 106 (2009) 3800-3805.

A. Del-Castillo-Rueda, M.I. Moreno-Carralero, L.A. Alvarez-Sala-Walther, et al.,
Two novel mutations in the SLC40A1 and HFE genes implicated in iron overload in
a Spanish man, Eur. J. Haematol. 86 (2011) 260-264.

B. Qiao, P. Sugianto, E. Fung, et al., Hepcidin-induced endocytosis of ferroportin is
dependent on ferroportin ubiquitination, Cell Metabol. 15 (2012) 918-924.

S.L. Ross, L. Tran, A. Winters, et al., Molecular mechanism of hepcidin-mediated
ferroportin internalization requires ferroportin lysines, not tyrosines or JAK-STAT,
Cell Metabol. 15 (2012) 905-917.

H.K. Bayele, S. Balesaria, S.K. Srai, Phytoestrogens modulate hepcidin expression
by Nrf2: implications for dietary control of iron absorption, Free Radic. Biol. Med.
89 (2015) 1192-1202.

AK. Dunker, J.D. Lawson, C.J. Brown, et al., Intrinsically disordered protein,

J. Mol. Graph. Model. 19 (2001) 26-59.

K. Peng, P. Radivojac, S. Vucetic, et al., Length-dependent prediction of protein
intrinsic disorder, BMC Bioinf. 7 (2006) 208.

P. Radivojac, Z. Obradovic, D.K. Smith, et al., Protein flexibility and intrinsic
disorder, Protein Sci. 13 (2004) 71-80.

P. Romero, Z. Obradovic, X. Li, et al., Sequence complexity of disordered protein,
Proteins 42 (2001) 38-48.

R.M. Williams, Z. Obradovi, V. Mathura, et al., The protein non-folding problem:
amino acid determinants of intrinsic order and disorder, Pac. Symp. Biocomput.
(2001) 89-100.

V.N. Uversky, Intrinsically disordered proteins from A to Z, Int. J. Biochem. Cell
Biol. 43 (2011) 1090-1103.

Z. Dosztanyi, V. Csizmok, P. Tompa, et al., IUPred: web server for the prediction of
intrinsically unstructured regions of proteins based on estimated energy content,
Bioinformatics 21 (2005) 3433-3434.

J.J. Ward, J.S. Sodhi, L.J. McGuffin, et al., Prediction and functional analysis of
native disorder in proteins from the three kingdoms of life, J. Mol. Biol. 337 (2004)
635-645.

T. Ishida, K. Kinoshita, PrDOS: prediction of disordered protein regions from amino
acid sequence, Nucleic Acids Res. 35 (2007) W460-W464.

K. Hofmann, W. Stoffel, TMbase - a database of membrane spanning proteins
segments, Biol. Chem. Hoppe-Seyler 374 (1993) 166.

M.H. Tatham, E. Jaffray, O.A. Vaughan, et al., Polymeric chains of SUMO-2 and
SUMO-3 are conjugated to protein substrates by SAE1/SAE2 and Ubc9, J. Biol.
Chem. 276 (2001) 35368-35374.

H. Windecker, H.D. Ulrich, Architecture and assembly of poly-SUMO chains on
PCNA in Saccharomyces cerevisiae, J. Mol. Biol. 376 (2008) 221-231.

M. Yang, C.T. Hsu, C.Y. Ting, et al., Assembly of a polymeric chain of SUMO1 on
human topoisomerase I in vitro, J. Biol. Chem. 281 (2006) 8264-8274.

7. Xu, S.W. Au, Mapping residues of SUMO precursors essential in differential
maturation by SUMO-specific protease, SENP1, Biochem. J. 386 (2005) 325-330.
J. Song, L.K. Durrin, T.A. Wilkinson, et al., Identification of a SUMO-binding motif
that recognizes SUMO-modified proteins, Proc. Natl. Acad. Sci. U.S.A. 101 (2004)
14373-14378.

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[531
[54]
[55]
[56]

[57]

[58]

[59]

[60]
[61]
[62]

[63]

[64]
[65]
[66]

[67]

[68]

Biochemistry and Biophysics Reports 25 (2021) 100873

H. Sun, J.D. Leverson, T. Hunter, Conserved function of RNF4 family proteins in
eukaryotes: targeting a ubiquitin ligase to SUMOylated proteins, EMBO J. 26
(2007) 4102-4112.

V. Lallemand-Breitenbach, M. Jeanne, S. Benhenda, et al., Arsenic degrades PML or
PML-RAR« through a SUMO-triggered RNF4/ubiquitin-mediated pathway, Nat.
Cell Biol. 10 (2008) 547-555.

M.H. Tatham, M.C. Geoffroy, L. Shen, et al., RNF4 is a poly-SUMO-specific E3
ubiquitin ligase required for arsenic-induced PML degradation, Nat. Cell Biol. 10
(2008) 538-546.

V. Vacic, C.J. Oldfield, A. Mohan, et al., Characterization of molecular recognition
features, MoRFs, and their binding partners, J. Proteome Res. 6 (2007) 2351-2366.
A K. Dunker, M.S. Cortese, P. Romero, L.M. Iakoucheva, V.N. Uversky, Flexible
nets. The roles of intrinsic disorder in protein interaction networks, FEBS J. 272
(2005) 5129-5148.

P.E. Wright, H.J. Dyson, Intrinsically disordered proteins in cellular signalling and
regulation, Nat. Rev. Mol. Cell Biol. 16 (2015) 18-29.

V.N. Uversky, C.J. Oldfield, A.K. Dunker, Showing your ID: intrinsic disorder as an
ID for recognition, regulation and cell signaling, J. Mol. Recogn. 18 (2005)
343-384.

AK. Dunker, C.J. Brown, J.D. Lawson, et al., Intrinsic disorder and protein
function, Biochemistry 41 (2002) 6573-6582.

J.P. Brady, P.J. Farber, A. Sekhar, et al., Structural and hydrodynamic properties of
an intrinsically disordered region of a germ cell-specific protein on phase
separation, Proc. Natl. Acad. Sci. U.S.A. 114 (2017) E8194-E8203.

C.J. Oldfield, A.K. Dunker, Intrinsically disordered proteins and intrinsically
disordered protein regions, Annu. Rev. Biochem. 83 (2014) 553-584.

A.J. Chui, A.R. Griswold, C.Y. Taabazuing, et al., Activation of the CARD8
inflammasome requires a disordered region, Cell Rep. 33 (2020) 108264.

L.M. Iakoucheva, C.J. Brown, J.D. Lawson, et al., Intrinsic disorder in cell-signaling
and cancer-associated proteins, J. Mol. Biol. 323 (2002) 573-584.

V.N. Uversky, Intrinsic disorder, protein—protein interactions, and disease, Adv.
Prot. Chem. Struct. Biol. 110 (2018) 85-121.

V.N. Uversky, C.J. Oldfield, A.K. Dunker, Intrinsically disordered proteins in
human diseases: introducing the D2 concept, Annu. Rev. Biophys. 37 (2008)
215-246.

V. Vacic, L.M. Iakoucheva, Disease mutations in disordered regions — exception to
the rule? Mol. Biosyst. 8 (2012) 27-32.

M.M. Babu, The contribution of intrinsically disordered regions to protein function,
cellular complexity, and human disease, Biochem. Soc. Trans. 44 (2016)
1185-1200.

M.C. Geoffroy, R.T. Hay, An additional role for SUMO in ubiquitin-mediated
proteolysis, Nat. Rev. Mol. Cell Biol. 10 (2009) 564-568.

J.J. Perry, J.A. Tainer, M.N. Boddy, A SIM-ultaneous role for SUMO and ubiquitin,
Trends Biochem. Sci. 33 (2008) 201-208.

K. Uzunova, K. Gottsche, M. Miteva, et al., Ubiquitin-dependent proteolytic control
of SUMO conjugates, J. Biol. Chem. 282 (2007) 34167-34175.

Z. Sha, T. Blyszcz, R. Gonzalez-Prieto, et al., Inhibiting ubiquitination causes an
accumulation of SUMOylated newly synthesized nuclear proteins at PML bodies,
J. Biol. Chem. 294 (2019) 15218-15234.

N. Stankovic-Valentin, F. Melchior, Control of SUMO and ubiquitin by ROS:
signaling and disease implications, Mol. Aspect. Med. 63 (2018) 3-17.

G. Bossis, F. Melchior, Regulation of SUMOylation by reversible oxidation of SUMO
conjugating enzymes, Mol. Cell 21 (2006) 349-357.

K. Kunz, K. Wagner, L. Mendler, et al., SUMO signalling by hypoxic inactivation of
SUMO-specific isopeptidases, Cell Rep. 16 (2016) 3075-3086.

L.L. Manza, S.G. Codreanu, S.L. Stamer, et al., Global shifts in protein sumoylation
in response to electrophile and oxidative stress, Chem. Res. Toxicol. 17 (2004)
1706-1715.

Z. Xu, H.Y. Chan, W.L. Lam, et al., SUMO proteases: redox regulation and
biological consequences, Antioxidants Redox Signal. 11 (2009) 1453-1484.


http://refhub.elsevier.com/S2405-5808(20)30183-7/sref19
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref19
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref20
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref20
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref21
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref21
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref21
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref22
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref23
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref23
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref23
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref24
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref24
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref24
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref25
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref25
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref25
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref26
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref26
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref27
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref27
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref27
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref28
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref28
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref28
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref29
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref29
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref30
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref30
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref31
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref31
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref32
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref32
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref33
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref33
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref33
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref34
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref34
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref35
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref35
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref35
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref36
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref36
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref36
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref37
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref37
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref38
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref38
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref39
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref39
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref39
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref40
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref40
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref41
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref41
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref42
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref42
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref43
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref43
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref43
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref44
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref44
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref44
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref45
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref45
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref45
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref46
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref46
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref46
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref47
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref47
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref48
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref48
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref48
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref49
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref49
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref50
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref50
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref50
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref51
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref51
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref52
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref52
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref52
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref53
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref53
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref54
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref54
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref55
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref55
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref56
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref56
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref57
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref57
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref57
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref58
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref58
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref59
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref59
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref59
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref60
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref60
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref61
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref61
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref62
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref62
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref63
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref63
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref63
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref64
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref64
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref65
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref65
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref66
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref66
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref67
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref67
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref67
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref68
http://refhub.elsevier.com/S2405-5808(20)30183-7/sref68

	A disease-causing mutation K240E disrupts ferroportin trafficking by SUMO (ferroportin SUMOylation)
	1 Introduction
	2 Materials and methods
	2.1 Reagents
	2.2 Plasmid constructs
	2.3 Mammalian 2-hybrid interaction assay
	2.4 Fpn sumoylation domain expression and SUMO binding assay
	2.5 Fluorescence confocal microscopy
	2.6 Determination of intracellular chelatable iron pool by flow cytometry
	2.7 Intrinsic disorder analyses
	2.8 Statistical analysis

	3 Results and discussion
	Author contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Funding
	References


