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Abbreviations

AlAT: alpha-1 antitrypsinATCUN: amino terminal Cu(ll)-Ni(ll)-binding motif, BMP:
Bone morphogenetic proteilBMPRE: Bone morphogenetic protein response element,
C/EBPa: CCAAT- enhancer binding proteine, CD: Circular Dichroism, EPO:
erythropoietin,EPOR: erythropoetin receptof;P: ferroportin, GAPDH: Glyceraldehyde 3-
phosphate dehydrogenaseDF15: erythroid factor growth differentiation factor 16ST:
glutathione S-transferaseHAMP: Hepcidin antimicrobial peptide,HFE: human
hemochromatosis proteijlF1a: Hypoxia inducible factor r, HJV: hemojuvelin, HRE:
Hypoxia response element,-6: Interleukin-6, IRE: Iron Resposive ElementRP: Iron
Regulatory ProteinLB agar plate: Luria-Bertani agar plateL EAP-1: liver-expressed
antimicrobial peptideMALDI TOF : Matrix Assisted Laser Desorption lonisation Tii@é
Flight, NE: nuclear extractNLS: Nuclear localisation signalNMR: Nuclear magnetic
resonancePSSM Position-Specific Scoring MatrixsHJV: soluble hemojuvelinSMAD?7:
Mothers against decapentaplegic homologSTAT3: Signal transducer and activator of
transcription 3,SVM: Support Vector Machinelf: Transferrin, TfR: Transferrin receptor,
TGF-B: Transforming Growth Factg}; TMPRSS6 Transmembrane protease, serine 6,
TWSGL1: Twisted Gastrulation cytokine

Introduction

Hepcidin is the key iron regulatory hormone produo®inly in the liver and secreted
into the blood. It was originally described as Livexpressed Antimicrobial Protein (LEAP-
1), an antimicrobial peptide exhibiting consistemitifungal but only weak antibacterial
activity. Shortly after the discovery of hepcidis fundamental role in iron homeostasis was
realized. The hormone acts by binding to the iromoeter ferroportin, triggering its
internalization and intracellular degradation. e fpresence of hepcidin enterocytes release
less iron into the portal system, resulting in dozgulation of the iron uptake through the
intestines. Similarly, hepcidin negatively regutatae macrophage iron export. Due to these
effects, hepcidin overexpression has been conwhcimked to microcytic anemia.

Hepcidin is encoded by th&élAMP gene and synthesized in hepatocytes as
preprohepcidin. It is synthesized as an 84 amii @A) preprohormone, and is present in
the plasma not only as a mature 25 AA peptidejrbat60 AA prohormone form as well. The
maturation is facilitated by the serine peptidagenf The aim of the present report is to
reveal that prepro- and prohormones have signific#eractions with proteins, which may



affect the maturation of the hormone in the cell &s cleavage to active hormone in blood.
Iron is one of the essential trace elements img\organisms. In vertebrates plasma iron level
is in the micromolar range and circulating ironaissociated predominantly with transport
protein transferrin. The blood iron levels, as vesllthe saturation of transferrin are frequently
used indicators of the body iron status. Both ieficiency and iron overload are potentially
dangerous conditions, which may cause either anesnieyme dysfunctions, or degenerative
liver, spleen and kidney diseases. The most impbragans and tissues involved in the
regulation of iron stores are the liver, placentdestine, and the macrophages. Recent
findings indicate, that the hormone hepcidin plagsmajor part in controlling iron
homeostasis. This peptide is synthesized in ther las an 84 AA preprohormone, and is
targeted to the secretion pathway by a 24 AA N-teafrtargeting sequence. The resulting 60
AA prohepcidin is processed further into maturee@rinal 25 AA active peptide. The
maturation is facilitated by serine protease fuRuarin belongs to the prohormone convertase
family which recognizes the consensus sequencéXRR)(X/R/K)R.

Hepcidin regulates blood iron level through itsenaiction with ferroportin, an iron
exporter molecule. Ferroportin is expressed in toEydes, duodenal enterocytes, and
macrophages. After binding hepcidin, ferroportin isternalized, phosphorylated,
ubiquitinated, and degraded by the target cellsaAssult, hepcidin increases cellular iron
sequestration, and reduces the iron level in thsnph. Hepcidin-independent regulation is
also functionally important in vertebrates. Ferngpoexpression was shown to be regulated
translationally by intracellular iron through th&H/IRP system and transcriptionally by
heme, and these responses allow macrophages td ithegic iron export capacity to the
fluctuating iron and heme load caused by episoditheophagocytosis. There are two major
isoforms of ferroportin: FPN 1A, with a 5’IRE foranslational repression in iron-deficient
cells, and FPN 1B, lacking this motif. FPN 1B igpeessed in duodenal enterocytes where it
may allow them to export iron to the rest of thgamism even if the enterocytes become iron-
deficient.

The known signals for the induction of hepcidin tiygsis are the elevation of plasma
iron level, inflammations, and bacterial invasiol@onsequently hepcidin increases iron
sequestration and lowers the iron level in the @#lo® structure-function study suggests that
the N-terminus of hepcidin is essential for itenaction with ferroportin.

Mass spectrometry and chemical analysis reveakgdltle hepcidin peptide contains 8
conserved cysteines which are all involved in didal bonds. Three-dimensional nuclear

magnetic resonance (3D-NMR) studies of the 20 @marino acid form of hepcidin show



that their structure is a simple hairpin with eiglisteines that form four disulfide bonds in a
ladder-like configuration, including an unusual utisle bond that connects two adjacent
cysteines (vicinal disulfide bridge). The peptidestan antiparallegh-sheet with a markedly
amphipathic structure. The disulfide bond conndgtiis a key determinant of the correct
folding of the peptide and may have a critical riol&epcidin function.

The NMR structure of hepcidin-25 at different temgteres and its disulfide
connectivity has been recently revised. Structwstaidies have shown that removal of
individual disulfide bonds by pairwise substitutimi cysteines with alanines, is quite
permissive to changes, because the peptides esdhiddinost full activityin vitro. Moreover,
removal of disulfide bonds one at a time did natssamajor changes in the peptide structure
when analyzed by circular dichroism spectroscopy.

The N-terminal region of hepcidin-25 representsetamnbinding site specific for the
coordination of Cu(ll) and Ni(ll) known as ATCUN tiip and recently the great affinity of
the N-terminal region of Hepcidin-25 for the cop@s been confirmed. Although it is still
not known the biological role of a metal bindingtrhm the hepcidin-25, its presence may be
physiologically relevant, because has been recatdgiponstrated that the first five amino
acids, starting from the N-terminus (DTHFP) aresaesial but not sufficient for its interaction
with ferroportin, since their serial deletion, up hiepcidin-20, resulted in a gradual loss of
activity.

Under physiological conditions the expression of HWAMP gene in the liver is
modulated by numerous factors. The known positiegulators are the hereditary
hemochromatosis protein (HFE), transferrin rece@t¢ffR2), hemojuvelin (HJV) and bone
morphogenetic proteins (BMPs). In addition, heptiekpression can be regulated by factors
independent of body iron levels, such as erythraidtors, hypoxia and inflammation.
Relatively little is known about the suppressiorchanisms of hepcidin synthesis. One of the
identified negative regulators of liver hepcidinpexssion is matriptase-2 encoded by the
TMPRSS6 gene. Matriptase-2 is a transmembrane esgiotease, which inhibits the
activation of hepcidin expression by interactinghmmembrane HJV and cleaving it into
fragments. Recently SMAD7 was described as a patditbitor of HAMP gene expression.
SMADY7 is an inhibitory SMAD protein that mediatesegative feedback loop to both TGF-
and BMP signaling.

Although both the regulation of tH¢éAMP gene at transcriptional level and the role of
mature hepcidin peptide have been studied extdgsilitle is known about the fate of

precursor prohepcidin within the hepatocytes andtha blood. Prohepcidin was first



described as a nuclear peptide with a predictedeaudocalization signal (NLS) sequence,
but later it was found mainly in the Golgi compaetm or in the cytoplasm showing granular
cytoplasmic localization.

In general, mutations in regulatory molecules caegber hepcidin deficiency
resulting in iron overload, or hepcidin excess witbnsequent iron deficiency and
sequestration. HFE, transferrin receptor 2 (TfR&) hemojuvelin (HJV) are genes mutated
in human hemochromatosis, and their ablation resullecreased hepcidin responsiveness to
iron, and relative or absolute hepcidin deficienGonversely, mutations in the protease
TMPRSS6, which are associated with severe irorceity, prevent the appropriate decrease
of hepcidin in the face of iron deficiency. Ferrojio mutations most often cause autosomal
dominant “ferroportin disease”,manifested as losgeooportin function, iron accumulation
in macrophages with very high levels of serum fexribut mild if any liver injury. Rare
ferroportin mutations cause gain of function duedsistance to hepcidin, with parenchymal
iron overload similar to that seen in classicaklgary hemochromatosis.

Hepcidin deficiency has been described in heredit@mochromatosis (HH) caused
by mutations in the hepcidin gene (HAMP). Five ntiotes affecting mature hepcidin have
been identified to date. These mutations are GTQIMR, C78T, C82Y and K83R (refer to
the prepropeptide numbering system). The G71D anasicid substitution is a possible
modifier in patients with hemochromatosis carryidgfE C282Y mutations. The K83R
mutation in hepcidin was found in a patient suffgrirom porphyria cutanea tarda and iron
overload (unpublished observation). Synthetic GabD K83R peptides were fully functional
in vitro assays. Substitutions affecting C70, C78 and G8&mes that form disulfide bonds
in the mature hepcidin cause hemochromatosis. THRG@nd C78T mutations which affect
the third disulfide bond in hepcidin were described patients with severe juvenile
hemochromatosis. The C82Y heterozygous mutatiom eterozygous R59D mutation cause

adult onset hemochromatosis.
Objectives

To date, the only proven interaction of hepcidinmgh the iron exporter molecule
ferroportin. First we examined whether the disdflaibnds in hepcidin peptide play a role in
ferroportin-hepcidin interaction. Next, we focusemh identifying new protein—protein
interactions of preprohepcidin, prohepcidin anddndip in vivo.

The main purposes of the work are:



» To create four hepcidin mutants by changing on@fcysteine coding nucleotide triplets
(TGC) to serine coding triplet (TCC).

* To examine the interactions between mutant hepgieptides and ferroportin.

* To investigate the effect of mutant hepcidin peggidn ferroportin internalization.

* To identify new protein-protein interactions of prehepcidin, prohepcidin and hepcidin
using the BacterioMatch Two-Hybrid System.

* To confirm the protein-protein interactions imywitro andin vivo methods.

* To examine these associations on hepatocyte gell li

* To analyze the confirmed interactions in humanrmeru

Later on, we investigated the regulation of hepridxpression. Although both the
transcriptional regulation of theAMP gene and the role of mature hepcidin peptide have
been studied extensively, little is known about thie of precursor prohepcidin within the
hepatocytes and in the blood. Prohepcidin was flestcribed as a nuclear peptide with a
predicted nuclear localization signal (NLS) seq@ertnut later it was found mainly in the
Golgi compartment, or in the cytoplasm showing gfancytoplasmic localization. Further

aims of the work are:

* To describe the intracellular localization of prpbiglin.

* To determine the DNA binding motif of prohepcidin.

* To investigate the role of prohepcidin in the nusle

* To confirm that prohepcidin binds to its promdte&MP.

 To examine the effect of prohepcidin overexpressaod silencing on the activity of
HAMP promoter.

» To explore the effect of ALAT on hepcidin expressio

Results

The role of hepcidin structure in the hepcidin-ferroportin interaction and in hepcidin-

mediated ferroportin internalization

Mature hepcidin contains eight cysteine residugbapositions 7, 10, 11, 13, 14, 19,
22 and 23 which forms four disulfide bridges inaalder-like configuration. The disulfide
bonds evolve between the C7-C23, C10-C22, C11-G&®eine residues and between the



adjacent cysteines C13-C14 forming a vicinal didelfbridge. These disulfide bonds are
important in the formation of the stable hairpirusture with a distorted beta sheet, exhibiting
an overall amphipathic structure.

To investigate the importance of disulfide bridgeghe biological role of hepcidin,
we created four mutant hepcidin by systematicallytating one cystein (TGC) to serine
(TCC) in each peptide (sequence). The mutated tieppeptides were labeled as M1, M2,
M3 and M4 in order to the position of the aminadagiibstitution. In the first mutant (M1) the
C7 cysteine of the first disulfide bridge was methto serine, in the second mutant (M2) the
C10 amino acid was substituted to serine. The MBMA mutants harbor a mutation in the
C11 amino acid or in the C13 amino acid cruciathe formation of the third or the fourth
disulfide bridge, respectively.

We analyzed the amino acid sequence of the foummhthepcidin peptides by I-
TASSER server. The prediction shows that the ansicid change (C7 to S) in the first
disulfide bridge redistributed the overall origimablecular structure. The C10-C22 bridge
remained intact, but the other disulfide bondsreesged to C13-C19 bridge and for that
reason, the vicinal bridge was missing. Unliketilal other mutant hepcidin peptides and the
wild type hepcidin, M1 did not forffi-sheet and the N and C termini diverged. Chandgbeof
C10 cysteine to serine eliminated the second dusulfridge in the peptide and the vicinal
bridge was not able to evolve. The lack of C11 lteduin a new S-S bridge realigned
between C13 and C19 while the absence of C13 didmflaence the first three disulfide
bonds formation.

We examined then vivo ability of the mutated hepcidin peptides (M1-Md)itind to
the whole ferroportin molecule using BacterioMaftivo-Hybrid system. The wild type
hepcidin and ferroportin expressing bacterial cg#lge strong growth rate, indicating that the
mature hepcidin interacts with the whole ferropgrtas expected. We observed similar
growth rates when the M2, M3 or M4 mutant hepcidas expressed in the bacteria instead
of the wild type hepcidin, while the bacterial setio-transformed with ferroportin and M1
mutant hepcidin did not growth at all. This obséiva suggests that the disulfide bridge
between the 7 and the 23 cysteine residues of diepleas a pivotal role in the interaction
between hepcidin and ferroportin.

To obtain an independent support for the crucigbartance of the first disulfide
bridge in the interaction between hepcidin andofgortin, we examined if the mutant
hepcidin peptides expressed in hepatocytes are tabbend to ferroportin located in the

hepatocyte cell membrane. WRL68 cells were tratsfiewith preprohepcidin or with one of



the mutant preprohepcidin sequence containing pJ+#ideo plasmid DNA. After 24 hours
we collected the medium and determined its hepcmbncentration to prove that the
posttranslational maturation of preprohepcidin ol and the mature peptides were
secreted. These expressed hepcidin-containing nveelia added to untransfected WRL68
cells. After 6 hrs treatment, the concentratiomepcidin in the media were determined again
to evaluate the ability of secreted hepcidin tadltim ferroportin located in the cell membrane
of untransfected WRL68 cells. We compared the le¥etxpressed hepcidin protein in the
media after 6 h and 24 h transfection. The sigaifity increased level of hepcidin after 24 h
clearly decreased. The amount of hepcidin in thdianeollected from wild type or mutated
hepcidin-overexpressing cells elevated comparethéohepcidin level of the medium of
untransfected cells proving increased hepcidin &sgon and secretion due to transfection
(129-222% compared to the control cells). When wandferred these media onto
nontransfected WRL68 cells for 6 h, the levels etreted wild type, M2, M3 and M4
hepcidin decreased to 82%, 82%, 74% and 47% regelctThis change was due to the fact
that the peptide bound to ferroportin. On the @yt there was no significant change
observed in the secreted hepcidin peptide condentrim case of M1 hepcidin peptide. These
data corroborate with our previous results indigatthat the M1 mutant lacking the first
disulfide bridge was not able to bind to its recepérroportin.

Since the secreted hepcidin regulates iron homsiedbg interacting with ferroportin,
which results in internalization of ferroportin atass of its function, finally we tested the
ability of the mutant hepcidin peptides to induegdportin internalizatiom vivo.

WRL68 cells were transfected with preprohepcidin vath one of the mutant
preprohepcidin coding pTriex3-Neo plasmid and weeated the same way as described
above. Cells were fractionated after 6 h and 24rny Itreatment with secreted hepcidin
peptides containing medium. Then the isolated oytasd membrane fractions were probed
with anti-FP antibody. Untreated WRL cells wereduss negative control and cells treated
with wild type hepcidin containing medium were used positive control for the
internalization assay. Internalization of ferrofoas generated by mature hepcidin within 6
h. As it was expected, the M1 hepcidin internal@atvas failed, since this mutant was not
able to bind to ferroportin. Surprisingly the othleree mutant peptides M2, M3, M4 were not
able to generate the internalization of ferropoeiiher.

To confirm the result of the internalization as#lag iron (Fell) content of the treated

WRL cells was determined. The results corroboratadprevious observation: only the WRL



cells treated with wild type hepcidin showed eledatron concentration compared to the

control cells. Treatment with the mutant hepcidapdes had no effect on iron export.
Summarizing our results, here we demonstrated allathe four intact disulfide

bridges in hepcidin peptide are essential to itsrivalization activity, and the first disulfide

bond has a crucial role in hepcidin-ferroportirenatction.

Interactions of preprohepcidin and prohepcidin with alpha 1-antitrypsin

The interactions of preprohepcidin and hepcidinhwitepatocyte proteins were
screening with BacterioMatch Two-Hybrid system. geodepcidin exhibited binding to
transthyretin (or prealbumin), a serum protein knas a thyroid hormone carrier molecule.
We also found the association of preprohepcidii &l acid protein (orosomucoid), a major
plasma protein with unknown function. The levellut protein is elevated in the blood in the
case of inflammation, and it is used as a diagoasairker in inflammatory diseases (acute
phase protein). The strongest association of phepa@din proved to be with A1AT, a
member of the serine protease inhibitor (serpimhifia A1AT was ‘fished out’ at the
screenings more times than any other interactiogepr (one-third of all sequenced cDNA
clones), indicating a consistent and potentiallievant interaction with preprohepcidin.
However, a more abundant representation of A1AThedp when compared with other
positive clones, cannot be excluded. The strondibghbetween preprohepcidin and A1AT
was confirmed when the two proteins were co-exgekss BacterioMatch competent cells.
As furin, a serine protease involved in the matarabf hepcidin, is also inhibited by A1AT,
we considered this as a potentially important olzgésn. This cotransformation was repeated
with the same protease inhibitor and either theABOprohepcidin (without the targeting
sequence) or the 25-AA-containing mature hepcidive detected the growth of the
cotransformed BacterioMatch strain in the caseroh@pcidin, but not with mature hepcidin.
We found that the protease inhibitor molecule bisdkectively to the preprohormone and
prohormone, but not to the processed hepcidin thadargeting sequence of preprohepcidin.

There were other proteins (cytochrome P450, ATP/Attdhslocase, enoyl-CoA
hydratase) which gave weak interactions with pregpeidin. Alignment of the coding
regions of these proteins did not show significantilarities. Nor could we identify common
structural domains that may provide further clwepreprohepcidin binding.

BacterioMatch screening carried out with the mat@BeAA peptide resulted in
significantly fewer positive clones when comparedthwthe screening with the



preprohormone. None of these proteins was identidhl the screening results of the 84-AA
peptide. The only strong and consistent interaabiotihe mature peptide was with membrane
protein CD74. Further experiments are needed tluatathis finding.

The most consistent and strongest interaction oeduwith the serine protease
inhibitor A1AT. This association was further testeg bothin vivo andin vitro methods to
evaluate its significance.

Both preprohepcidin and AL1AT were cloned into inble plasmids and expressed in
bacteria. Preprohepcidin carried a glutathionea8dferase (GST) fusion tag for attachment
to an affinity purification column. This column wased to pull down expressed A1AT from
bacterial lysate or human serum. The interactioADAT with preprohepcidin was verified
by the elution of protein complexes from the colyfmtiowed by western blotting developed
with anti-A1AT IgG. Thein vitro binding of the two molecules appeared to be speab
GST-carrying affinity columns produced only negdbig quantities of ALAT tethering.

Next, we studied the influence of the overexpressmr downregulation of
preprohepcidin on the ALAT mRNA level. We transéetWRL68 cells with preprohepcidin/
pTriex3-Neo plasmid and were able to demonstratéCafold increase in the copy number of
preprohepcidin mRNA by real-time quantitative P@RIng antisense RNA, we reduced the
preprohepcidin mRNA level to 63%. The same samplese processed for AIAT mRNA
level measurement. We found that the ALAT mRNA lemereased by more than two-fold
when preprohepcidin was overexpressed. Even maeifisantly, the 37% decrease in
preprohepcidin expression caused by antisense RbiAcided with a nearly fourfold
reduction of ALAT mRNA. These data suggest a réguydink between the preprohormone
and antiprotease expression, underlining a phygicédly important relationship between the
hormone and A1AT.

Next, we studied the interaction of prohepcidin @hgsma A1AT in the circulation.
We carried out ultrafiltration assays with seraexiked from presumably healthy volunteers.
After measuring the prohepcidin level with ELISAgtserum was filtered through a 30 kDa
cut-off membrane and the prohepcidin level wasrddteed in the filtrate (first ultrafiltrate).
Prohepcidin itself did not bind to the filter ofettMicrocon tube, and A1AT did not appear in
the serum ultrafiltrate (data not shown). We fodimak the serum prohepcidin level was 210
pa/ml, whereas the first filtrate contained 71.7mlg34% of the total). Although these data
prove that normally more than 60% of the total qdidin is bound to serum proteins larger
than 30 kDa, no evidence could be found that A1ATd$® prohepcidin significantly. To
demonstrate the capability for binding ‘free’ (@table) prohepcidin to A1AT, the above
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experiment was repeated after the addition of IL5AJ AT to the first serum ultrafiltrate.
The prohepcidin concentration in the second ultrate was further reduced to 46.6 pg/ml
(22% of the total), or to 65% of the first filtrate

To reveal the specificity of the preceding bindingaction, we performed
coimmunoprecipitation assays. We attached A1ATbadly to a column of CNBr activated
Sepharose beads, and incubated this with serunhaB8ee beads were washed and A1AT-
associated proteins were eluted with Laemmli buffiéxt, we probed the eluent with anti-
hepcidin IgG. Results of the dot blot displayeasty positive signals, indicating that ALAT
and prohepcidin associated vivo in the serum. Ultrafiltrated ‘free’ prohepcidin higelf
gave no binding to the activated Sepharose beads.

Similar affinity purification was carried out usittige ZipTip method, in which A1AT
antibody was attached to the C18 column of ZipTma éncubated with serum, as in the
previous experiment. The eluted sample was analgneal MALDI-TOF mass spectrometer.
The spectrum was compared with that obtained ircéise of bacterially expressed His-tagged
prohepcidin with a molecular weight of 7760.08 Da.the latter case, two major peaks
appeared in the spectrum, at 1410.96 and 6348/42The peak at 1410.9®&/z corresponds
to a fragment of 6X His and 5 AA from the C-ternlinand of prohepcidin
(MCCKTHHHHHH). The affinity-purified prohepcidin &fm serum gave the same 6349.14
m/z peak as above, suggesting a similar fragmentatioéhe prohormone. In this experiment,
the C-terminal 5-AA (MCCKT) fragment does not appeas detection was performed
between 1000n/z and 7500m/z to exclude matrix peaks in the low mass ranged. dxty
does this affinity purification assay reveal thdtAN binds prohepcidin, but it also confirms
that the whole prohepcidin molecule is involvedha reaction.

Autoregulation: a new way of regulating prohepcidinexpression

We transiently transfected WRL68 cells with pTrid¥8o plasmid containing the
HAMP gene in order to overexpress prohepcidin. Inthaleellocalization of prohepcidin was
studied by usingn vivo immunocytochemistry. The cells were labeled withi-prohepcidin
antibody and imaged using a laser scanning confagabscope to allow imaging of cellular
cross-sections. In addition to the granular cytemplia staining which may suggest that the
peptide is concentrated within vesicles in the plgem, prohepcidin was also found in the

nuclear region of hepatocytes.
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The nuclear localization of prohepcidin raised plossibility that it may act as a factor
influencing its own gene expression. In order tedpmt the DNA binding properties of
prohepcidin we used an SVM-based prediction algoritThe results of the prediction for
prohepcidin and hepcidin are shown in Table 1. @& scores for prohepcidin based on
amino acid composition (1.47) and based on posgjetific scoring matrix (PSSM) (1.07)
were both higher than the threshold (1.0), corredpw to the highest specificity setting,
predicting DNA binding by prohepcidin. Notably, thaalysis of the 25-amino acid hepcidin
sequence predicted no DNA binding (SVM scores arx80.16).

To confirm the ability of prohepcidin to bind to [\ we performed chromatin-
immunoprecipitation assay (ChIP). Formaldehydesinoked prohepcidin-bound DNA
fragments were immunoprecipitated from WRL68 ceadlgerexpressing prohepcidin-His
peptide using anti-His antibody. ChIP assay rewkalgnificant amount oHAMP promoter
bound to prohepcidin, raising the possibility of iateraction between prohepcidin and the
promoter region of its own gene.

To obtain independent support for the DNA bindingperty of prohepcidin, we
developed a PCR-based promoter binding assay andustteer analyzed the interaction
between the peptide and the promoter regiodA¥IP gene. The promoter binding assay was
performed using WRL68 cells overexpressing prolipdiis peptide. The peptide was
purified from the nuclear extract using anti-Higibody-coated CNBr Sepharose beads, then
the washed beads were incubated vtAMP promoter. The peptide-DNA complex was
eluted from the surface of the beads, and theelat used as a template in a PCR reaction
with promoter specific primers for the detectionppbhepcidin-boundHAMP promoter. As
our results show, we detected promoter binding anlyre sample in which prohepcidin-His
was incubated with thelAMP promoter. We did not observe promoter binding asec of
controls.

In a similar experiment we first pre-incubated th&MP promoter with the nuclear
extract of WRL68 cells overexpressing prohepcidia-Heptide, and then we isolated the
HAMP-prohepcidin-His complex using anti-His CNBr @&rose beads. Similarly to our
previous result, we detected promoter binding dmdyn the sample in which the prohepcidin-
His peptide and th&lAMP promoter were present. These results clearly siggepecific
interaction between prohepcidin and its own promote

However, it is possible that prohepcidin did natdbto the beads alone, but as part of
a larger complex that might contain other DNA-bimgliprotein(s). The presence of such

protein(s) could also explain the positive resiilthe HAMP promoter binding assay. To find
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out whether prohepcidin can bind to the promotgiore of theHAMP gene by itself or as a
member of a complex, we expressed prohepcidin-rli8li21 bacterial cells in order to
prevent the potential formation of a complex withclear DNA-binding proteins. The
immunoprecipitated peptide was subjected to thenpter binding assay using exactly the
same method as in previous experiments. Resuliw shat we could amplify théelAMP
promoter region only from the sample which contditiee bacterially expressed prohepcidin-
His peptide, while DNA binding was not detectedtire control samples. These results
confirm that prohepcidin alone is able to bindite HAMP promoter.

Having identified prohepcidin as MFAMP promoter binding peptide, we turned our
attention to confirming whether this interactionsha HAMP gene regulatory effect. To
determine the effect of prohepcidin binding on H&MP gene expression we compared the
HAMP promoter activity at different intracellular prgieidin levels.

To increase the constitutive level of prohepcidnWRL6E8 cells, we transiently
transfected the cells with pcDNA3.1 expressionmpldscontaining preprohepcidin cDNA. In
addition, the intracellular prohepcidin level wasduced by transfecting the cells with
pcDNA3.1 plasmid containing preprohepcidin antigeBNA. To help the quantification of
the HAMP promoter activity we cloned the 942-bp fragmenttloed HAMP promoter as a
transcriptional fusion with firefly luciferase, rdsng in the pGL3/HAMP promoter construct
that was cotransfected with the pcDNAS3.1/preproftépcor the antisense construct into
WRL68 cells. Expression levels of preprohepcidinhdRwere measured by real-time PCR
and the activation of the promoter was determinetluriferase assay.

At normal prohepcidin level theAMP promoter-luciferase reporter vector exhibited
basal activity in WRL68 hepatocytes. In cells hanbg the overexpression construct the
preprohepcidin mRNA level was 435-fold higher ahé @activity of the HAMP promoter
decreased to 52% of the original level. An evenargignificant effect was detected upon
diminishing the amount of prohepcidin. When we dased the amount of intracellular
prohepcidin to 63% of the normal level, the acyiwf the HAMP promoter increased up to
5.2-fold compared to the original level.

These results are specific for the pro form of hlbemone, as overexpressing mature
hepcidin in WRL68 cells did not result in decreas¢8MP promoter activity. To verify
whether the pro region alone is sufficient to iefhge the activity of thelAMP promoter, we
created a fusion protein containing the pro regibrprohepcidin fused to a cytoplasmic
enzyme, GAPDH. Overexpression of this protein in M@& cells did not change the activity

of the HAMP promoter, indicating that the pro region alonendg sufficient for the DNA
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binding activity. Finally, the elevated or decrehsevel of prohepcidin had no effect on the
activity of the promoter region of transin genedigating that the interaction between
prohepcidin and HAMP promoter is specific. Thesaasbations suggest that prohepcidin
regulates its own gene expression by downreguldtngromoter activity.

We have previously shown that prohepcidin spedifidzéinds to A1AT in the cell and
in the serum, indicating the role of A1AT in thesptoanslational modification of prohepcidin.
In order to find out if this interaction has anylirnce on theHAMP gene expression, we
increased the amount of A1AT in WRL68 cells andlyred its effect orHAMP promoter
activity using Luciferase assay. When we overex@@sA1AT, the activity of thé¢dlAMP
promoter increased up to 3.3-fold compared to HIAMP promoter activity in cells with
normal AlAT level. The elevated promoter activityggests that the A1AT-bound
prohepcidin may not be able to downreguldfeViP gene expression.

To study the effect of ALAT on the binding of prpl&lin to theHAMP promoter, we
overexpressed A1lAT in WRL68 cells, purified the tpmo by immunoprecipitation and
analyzed the sample with dot blot using anti-hepcahtibodies. As expected, we could
detect not only the isolated A1AT, but the A1AT-bduprohepcidin as well. Next the
immunoprecipitated A1AT-prohepcidin complex wasjsated to eHAMP promoter binding
assay. Our observation was that neither prohep&id;nA1AT (bacterially expressed A1AT)
nor A1AT-bound prohepcidin (from WRLG68 cells) wexlele to bind to thélAMP promoter.

Taken together, these results suggest that onlyntreA1AT-bound prohepcidin

binds to the promoter site, and as a consequenesrdgulate$iAMP gene expression.

Summary

Hepcidin plays a crucial role in iron homeostags.date, the only well known protein which
has an interaction with hepcidin is the iron exporterroportin. The hepcidin-mediated
ferroportin internalization is well described, altlgh the role of disulfide bonds of hepcidin
peptide is still unknown.
» We proved that the first (C7-C23) disulfide bondessential in hepcidin-ferroportin
interaction.
* We demonstrated that all the four disulfide bridgee necessary for hepcidin-
mediated ferroportin internalization. The subsittatof one of the conserved cysteine

residues eliminated the biological activity of higjia.
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Taken together, these results suggest that in achige known hepcidin mutations
affecting the conserved cysteine residues (C70R @n8IT) hepcidin is able to bind to
ferroportin but not able to cause its internaliaati

We were interested in identifying new protein-pnotiteractions of preprohepcidin,
prohepcidin and mature hepcidin. These new intenatcould influence on iron homeostasis

and hepcidin regulation.

* We demonstrated that the serine protease A1AT gstesng interaction with
preprohepcidin and prohepcidin.

* We also demonstrated an interaction between prepodlin and alpha 1- acid
glycoprotein, and preprohepcidin and transthyretin.

* We proved that the mRNA expression of A1AT showgalal pattern with
preprohepcidin mRNA overexpression and silencing.

* We confirmed the specificity of ALAT-preprohepcidimeraction in hepatocyte cell
line with in vivo (crosslinking) andn vitro (GST pull down) methods.

*  We demonstrated that A1AT-prohepcidin binding ieafic in the serum (ELISA,
coimmunoprecipitation, serum ultafiltration assshyaALDI TOF).

* We proved that mature hepcidin shows strong intena€ with ferritin heavy chain
and CD74 protein.

Our results demonstrated that the serine proteaggtor ALAT binds preprohepcidin
within the cell during maturation. Furthermore, ALAinds prohepcidin in the plasma. This
observation may explain the presence of prohornmiriee circulation, as well as the post-
translational regulation of the mature hormonell@véhe blood.

Although both the regulation of tH¢éAMP gene at transcriptional level and the role of
mature hepcidin peptide have been studied extdgsilitle is known about the fate of
precursor prohepcidin within the hepatocytes antheblood. We aimed to determine the

localization of prohepcidin within the hepatocytesl reveal its function.

* We showed that prohepcidin is located in the cyt@sowell as in the nucleus of
WRL68 hepatocyte cells.

* We confirmed that prohepcidin possesses a DNA-bmanotif using SVM based
algorithm.
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* We proved that prohepcidin binds specifically ts bwn promoterHAMP by
chromatin immunoprecipitation and by a protein-DNidding method developed by
our research group.

* We demonstrated that prohepcidin is able to binidstpromoter by itself without any
other DNA-binding proteins.

* We confirmed that prohepcidin is able to regul&teivn gene expression.

* We proved that changes in the level of A1AT inflobeRlAMP gene expression.

* We demonstrated that prohepcidin bound to A1ATasable to interact wittHAMP

promoter; therefore prohepcidin is not capablestjulate its own gene expression.

These results suggest that prohepcidin is localm#dnly to the cytoplasm but also
to the nucleus of hepatocytes. The nuclearly lacateptide binds to thelAMP promoter,
causing decreased promoter activity. Moreover, kihewn interaction between A1AT and
prohepcidin inhibits this autoregulatory effect. \Wescribed a novel role of prohepcidin in
the regulation oHAMP gene expression which may contribute to betteerstdnding of the

regulation of iron homeostasis.
Acknowledgement

| would like to thank Dr. Katalin Sipos the suppand guidance | received.

| would like to thank Prof. Dr. Attila Miseta andd®. Dr. Gabor L. Kovacs for managing my
work and giving support and useful advices.

| would like to thank the technical help | recieviedm all my colleagues at the Institute of
Laboratory Medicine, the Department of Forensic Mee@ and the Department of
Biochemistry and Medical Chemistry.

| would like also thank dr. Zsuzsanna Fekete ferrtbver ending encouragement and advices.
| would like to thank Dr. Beéta Polgar for her halpd advices.

16



Publications

Publications in the topic/A témaban k6zolt publika@dk

Articles/Cikkek

E. Pandur, J. Nagy, V. S. Poér, A. Sarnyai, A. Huszar, Asita, K. Sipos:
Alpha-1 antitrypsin binds preprohepcidin intrackdhily and prohepcidin in the serum
FEBS Journal. 2009; 276: 2012-2021.3,042

J. Nagy, L. Lakner, V. S. Pod, Pandur, Gy. Mézsik, A. Miseta, K. Sipos:
Serum prohepcidin levels in chronic inflammatoryvebdiseases
Journal of Crohn's and Colitis 2010; 4: 649-6%31,729

E. Pandur, K. Sipos, J. Nagy, V.S. Podr, L. Grama, A. Misata Zs. Fekete:
Prohepcidin binds tBlAMP promoter and regulates its own gene expressivvRh68 cell line
Biochimie. 2011,

E. Pandur, J. Nagy, V.S. Podr, Zs. Fekete, A. M. Peti, Astta, K. Sipos:
The higher structure of hepcidin is essential foding to ferroportin
Peptides. 2011;

Published abstracts/Idézhet absztraktok

E. Pandur, J. Nagy, V. S. Podr, A. Miseta, K. Sipos:
In vivo interactions of preprohepcidin and matuegdidin with ferroportin
33. FEBS Congress Athens, Greece, June 28 -J@R0B. FEBS Journal. 2008; 275 s1: 3F63,14

V. S. Po6rE. Pandur, J. Nagy, K. Sipos, A. Miseta:
Protein-protein interaction screening with Bactietach system
33. FEBS Congress, Athens, Greece, June 28 -J@R0B. FEBS Journal. 2008; 275 s1: 443,14

J. NagyE. Pandur, V. S. Podr, B. Debreceni, K. Sipos:
The function of human RNase L Inhibitor in transiat
33. FEBS Congress Athens, Greece June 28 -Juj0B. ZEBS Journal 2008; 275. s1: 13,14

Oral presentations/Elbadasok

Sipos K.;Pandur E.; Nagy J.; Podr V. S.: A hepcidin, egy vasanyagisezabalyoz6 hormon
jellemzése
37. Membrantranszport Konferencia Stimeg maj. 22287

V.S. Poér,E. Pandur, J. Nagy, A. Miseta, K. Sipos: New protein-proté@iteractions of the human
hepcidin

The 5th International Conference of Postgraduatdidéé Students Hradec Kralové Czech Republic
nov. 27-29. 2008.

Miseta A.; Pandur E.; Nagy J.; Huszar A.; Sipos K.: Az alfa-1 antiggin szerepe a hepcidin
érésében

Erdélyi MUuzeum Egyesulet, Orvos és Gyogyszerésmaahyi Szakosztaly, XIX. Tudomanyos
Ulésszak Marosvasarhely Romania apr. 23-25. 2009.

17



Posters/Poszterek

Pandur E.; Nagy J.; Szabo A.; Montsk6 G.; Radnai B.; Sipgos A hepcidin expressziojanak
intracellularis szabalyozasa
V. Magyar sejtanalitikai konferencia Budapest Mag. 2006.

Pandur E.; Nagy J.; Szabd A.; Montskd G.; Peti M. A.; Sigés Ferroportin egy hepcidin hormon
altal szabalyozott vas transzporteléadasra kivalasztott poszter
36. Membran-Transzport konferencia Stimeg maj. 232066.

Pandur E.; Nagy J.; Montské G.; Peti M. A.; Sipos K.: A loiglin, egy vasanyagcserét szabalyozé
hormon vizsgélata
A Magyar Biokémiai Egyesulet 2006. évi Vandaitfse Pécs aug. 30- szept. 2. 2006.

Pandur E.; Nagy J.; Poor V. S.; Peti M. A.; Sipos K.: Hafiniinterakcidja mas fehérjékkel
37. Membran-Transzport konferencia Stimeg maj. 222067.

Podr V. S.;Pandur E.; Nagy J.; Peti M. A.; Sipos K.; Miseta A.: A héglio antimikrobidlis
hatdsmechanizmusanak vizsgalata
37. Membran-Transzport konferencia Stimeg maj. 22067.

Pandur E.; Nagy J.; Poor V. S.; Sipos K.: C/EBP alfa és SMAEanszkripids faktorok szerepe a
vasanyagcsere szabalyozdsdban WRL68 sejttenyészetbe

XVI. Nemzetkdzi Semmelweis Szimpozium és VI. Mag@ajtanalitikai Konferencia Budapest nov.
15-17. 2007.

Poor V. S.Pandur E.; Nagy J.; Sipos K.: A hepcidin és ferroportin egsziojanak véltozdsa CacCo,
WRL és HepG2 sejtekben

XVI. Nemzetkdzi Semmelweis Szimpo6zium és VI. Maggaijtanalitikai Konferencia Budapest nov.
15-17. 2007.

Nagy J.; Lakner L.;Pandur E.; Poor V. S.; Mdzsik Gy.; Sipos K.; Miseta A.: Repcidinszint
meghatarozésa gyulladasos bélbetegségekben

XVI. Nemzetkdzi Semmelweis Szimpdzium és VI. Mag$ajtanalitikai Konferencia Budapest nov.
15-17. 2007.

Pandur E.; Nagy J.; Poor V. S.; Miseta A.; Sipos K.: A hiefic és a ferroportin kapcsolatanak
vizsgalata BacterioMatch Two-Hybrid rendszerrel
38. Membran-Transzport konferencia Stimeg maj. 22QG8.

Nagy J.;Pandur E.; Po6r V. S.; Rab A.; Sipos K.; Miseta A.: C/EBPagés SMAD4 transzkripcios
faktorok hatadsa a hepcidin expressziojara
38. Membran-Transzport konferencia Stimeg maj. 22QG8.

Podr V. S.;Pandur E.; Nagy J.; Rideg O.; Miseta A.; Sipos K.: Protpitotein kapcsolatok vizsgalata
BacterioMatch rendszerrel
38. Membran-Transzport konferencia Stimeg maj. 22QG8.

Pandur E., Nagy J., Poor V. S., Sarnyai A., Rapp J., MigetaSipos K.:A hepcidin prométerének
aktivitas-vizsgélata luciferaz rendszerrel

A VIII. Magyar Genetikai Kongresszus és a XV. Séj$ Fejpdésbioldgiai Napok Nyiregyhaza 4pr.
17-19. 20009.

Poo6r V. S.Pandur E., Nagy J., Sarnyai A., Miseta A., Sipos K.: A higlit kapcsolata két akut fazis
fehérjével

18



A VIII. Magyar Genetikai Kongresszus és a XV. Séj$ Fejpdésbioldgiai Napok Nyiregyhaza 4pr.
17-19. 20009.

Pandur E.; Nagy J.; Poor V. S.; Montské G.; Sarnyai A.; 8t A.; Sipos K.: Azl-antitripszin
szerepe a hepcidin érésében
39. Membran-Transzport konferencia Simeg maj. 120a9.

Poor V. S,Pandur E, Nagy J, Rapp J, Sarnyai A, Miseta A, Sipos K: ¢igip mutaciok: a térbeli
szerkezet és a bioldgiai aktivitas 6sszefuggése
39. Membran-Transzport Konferencia SUmeg maj. 12009.

Nagy J,Pandur E, Podr V. S, Sarnyai A, Miseta A, Sipos K: A hemszzis és a hepcidin
transzkripcio szabalyozdsanak kapcsolata
39. Membran-Transzport Konferencia SUmeg maj. 12009.

Frank D, Pandur E, Poor V. S, Nagy T, Sarnyai A, Miseta A: A hepnidiimutatasa a nagy
nyalmirigyekkbl
39. Membran-Transzport Konferencia Simeg maj. 12009.

Pandur E., Nagy J., Poor V.S., Rapp J., Miseta A., Siposhé€kete Zs.: A hepcidin gén (HAMP)
expresszio szabalyozdsanak Uj mechanizmusa heptmon Eléadasra kivalasztott poszter
40. Membran-Transzport Konferencia SUmeg maj. 18010.

Podr V.S.,Pandur E., Nagy J., Racz E., Miseta A., Sipos K.: A hepcidis az alfa-1 savas
glikoprotein interakciéja
40. Membran-Transzport Konferencia SUmeg maj. 18010.

Further posters/Tovabbi poszterek

B. Sumegi; A. Palfi; K. Kovacs; K. Hantd; P. Derds; Pandur; E. Bognar; A. Toth; K. Toth:
Akt/GSK-33, PKC and MAP kinase cascades contribute to theegtive effect of PARP inhibition
PARP 2005 Symposium Newcastle England oct. 5-75200

Pandur E.; Nagy J.; Szab6 A.; Montskdé G.; Sipos K.: A miokrium jelenisége a transzlacié
szabélyozasdban human sejtekben
36. Membran-Transzport konferencia Stimeg maj. 232066.

Nagy J.;Pandur E.; Debreceni B.; Montsko G.; Sipos K.: Egy kozédekala szerepe a riboszomalis
RNS érésben élegizés embs sejtekben
A Magyar Biokémiai Egyestlet 2006. évi Vandaitfse Pécs aug. 30- szept. 2. 2006.

Nagy J.;Pandur E.; Debreceni B.; Poor V. S.; Sipos K.: Huméan- é&dabrid RNz inhibitor
funkciondlis vizsgalata
37. Membran-Transzport konferencia Simeg méj. 22067.

Polgér B.;Pandur E.; Gajdos G.; Fekete Zs.; Berki T.; Jerry N. vaikémP.; Szekeres-Bartho J.:
PIBF specifikus poli- €s monoklondlis antitestdkafthazdsa az immunbiolégiai kutatdsokban
Magyar Immunologiai Tarsasag XXXIX. Vandofidgse Szeged nov. 3-5. 2010.

Bogdan A.; Polgar B.Pandur E.; Szekeres-Barthd J.: A PIBF mRNS expresszios nuatdaak

vizsgalata terhességhez asszocialt szévetekben
A Magyar Immunolégiai Tarsasag XXXIX. Vandoiggse Szeged nov. 3-5. 2010.

19



