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ABSTRACT: Hepcidin is a peptide hormone that regulates
homeostasis in iron metabolism. It binds to the sole known
cellular iron exporter ferroportin (Fpn), triggers its internal-
ization, and thereby modulates the efflux of iron from cells.
This functional property has been adopted in this study to
assess the bioactivity and potency of a range of novel
fluorescent hepcidin analogues. Hepcidin was selectively
labeled with 6-carboxyfluorescein (CF) and 6-carboxytetrame-
thylthodamine (TMR) using Fmoc solid phase peptide
chemistry. Internalization of Fpn by hepcidin was assessed
by high-content microscopic analysis. Both K18- and M21K-
labeled hepcidin with TMR and CF exhibited measurable
potency when tested in cultured MDCK and T47D cells

Fluorescent hepcidin, R,, R, = TMR or CF

expressing human ferroportin. The bioactivity of the labeled hepcidin varies with the type of fluorophore and site of attachment

of the fluorophores on the hepcidin molecule.

B INTRODUCTION

Hepcidin, a peptide hormone produced primarily in the
hepatocyte, plays a pivotal role in the regulation of systemic
iron homeostasis in mammals."* Several studies® > have
demonstrated a reciprocal relationship between hepatic
hepcidin mRNA expression and efflux of iron into circulation
from either the intestine or the reticuloendothelial system.
Hepcidin levels increase when iron stores are elevated or during
inflammation and decrease during conditions of anemia,
hypoxia, and pregnancy, as well as in hypotransferrinemic
mice.® Hepcidin regulates serum iron homeostasis by triggering
the degradation of Fpn.” Hepcidin interacts with Fpn to induce
the latter’s internalization, followed by ubiquitination and
degradation. This role ablates the function of Fpn in the
enterocytes, macrophages, and placenta. The regulation of
hepcidin expression has been delineated from studies using
transgenic mouse models in the iron BMP/SMAD and
inflammatory JAK/STAT3 signaling pathways.*” However,
recent studies indicate Fpn internalization requires ferroportin
lysines and not tyrosine or JAK/STAT."

Hepcidin is synthesized as a preprohepcidin of 84 amino
acids, which is cleaved into the 60-amino acid prohepcidin and
processed further into an active peptide of 25 amino acids.""
The active 25-amino acid amphipathic hepcidin peptide is rich
in f-sheet structure, which is stabilized by four conserved
intramolecular disulfide bridges into a hairpin configura-
tion.'>!® At present, most studies of tissue localization and
trafficking of hepcidin rely upon fluorescently tagged Fpn or
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radioiodinated hepcidin. The intrinsic resolution limit of the
radiolabeling approach precludes monitoring these processes
with good morphological and molecular detail. In comparison,
fluorescence labeling coupled with optical imaging ofters
submicrometer level resolution and is noninvasive. In addition,
a specific spectroscopic signature of the fluorescent label allows
efficient visualization of cell morphology and autofluorescence
background, thereby elevating the sensitivity toward visible
single ligand—receptor events.

To the best of our knowledge, there are three prior reports of
fluorescent hepcidins, which were either nonselectively labeled
with Texas Red N-hydroxysuccinimide ester'® or site-
specifically labeled at position 21 with the red fluorescent dye
azido-PEG4-Fluoro525 using click chemistry'® and rhodamine
green labeled via an aminohexyl spacer to the e-amino group of
a lysine residue.'® We have previously reported the application
of fluorescent hepcidin.'®

In this paper, we report the synthesis of hepcidin selectively
labeled with 6-carboxyfluorescein (CF) at N¢'® (K18-CF) and
[Lys*'] N¥*!' (M21K-CF) or with 6-carboxytetramethylrhod-
amine (TMR) at [Lys*'] N**' (M21K-TMR), using solid phase
peptide chemistry, in addition to studies of their folding and
functional characterization.

Received: March 5, 2013
Revised:  July 1, 2013
Published: July 26, 2013

dx.doi.org/10.1021/bc400121x | Bioconjugate Chem. 2013, 24, 1527—-1532



Bioconjugate Chemistry

B EXPERIMENTAL PROCEDURES

Synthesis of Hepcidin. The Fmoc amino acid derivatives
were obtained from Bachem AG (Bubendorf, Switzerland).
Lysine was protected using (4,4-dimethyl-2,6-dioxocyclohex-1-
ylidene)ethyl (Dde) at lysine 18 (K18) or by replacement of
methionine 21 with lysine (M21K). Peptide synthesis was
conducted on a CEM Liberty 1 microwave peptide synthesizer
with Fmoc-Thr(tBu)-Trt-Resin on a 0.2 mmol scale. All
deprotection reactions were conducted with 20% piperidine in
dimethylformamide (v/v). Acylation reactions were conducted
using 2-(6-chloro-1H-benzotriazol-1-yl)-1,1,3,3-tetramethylami-
nium hexafluorophosphate (HCTU) (0.78 mmol) in the
presence of 2,4,6-collidine (1.6 mmol) for 10 min using a
microwave power of 25 W. Cysteine and histidine were
activated with diisopropylcarbodiimide (0.8 mmol) and ethyl
cyano(hydroxyimino) acetate (0.8 mmol). Boc-Asp (OtBu)-
OH was incorporated at the N-terminus."”

Upon completion of the synthesis, the peptide resin (400
mg, 69 umol) was treated with 15 mL of hydrazine hydrate in
dimethylformamide (2%, v/v) to selectively remove the Dde
group. The free amino group was acylated with either 6-
carboxyfluorescein (65 mg, 173 umol) or 6-carboxytetrame-
thylrhodamine (45 mg, 104 umol), diisopropylcarbodiimide
(27 pL, 173 umol), and ethyl cyano(hydroxyimino) acetate (25
mg, 173 pmol) in 2 mL of dimethylformamide over 18 h.

The labeled peptide resin (400 mg, 69 pmol) was cleaved
from the solid support and simultaneously deprotected using
trifluoroacetic acid, phenol, water, thioanisole, and 3,6-dioxo-
1,8-octanedithiol (82.5/5/5/5/2.5) for 4 h. The peptide was
then dissolved in 100 mL of reducing buffer consisting of Tris
hydrochloride (0.5 M), EDTA (0.1 mmol), and GdnHCI (6
M) at pH 8.8 and reduced with excess dithiothreitol (53 mg,
345 umol). The fluorescent peptide solution was acidified to
pH 2.5 and then purified by preparative high-performance
liquid chromatography (HPLC) on a Vydac 218TP54 peptide
and protein column (2.5 cm X 30 cm). The folding buffer (6.8
L) consisted of ammonium bicarbonate (100 mmol), EDTA
(0.1 mmol), guanidinium hydrochloride (GdmHCI) (2 mol),
reduced glutathione (2.10 g, 6.9 mmol), and oxidized
glutathione (0.42 g, 0.69 mmol). The purified reduced peptide
was dissolved in 100 mL of folding buffer containing 6 M
GdmHCI and added to the bulk of the folding buffer. Oxidative
folding was conducted for 48 h, and the resulting peptide was
purified by preparative HPLC. The major peaks obtained were
further purified on a Vydac peptide and protein 218 TPS54
semipreparative column (1. 0 cm X 30 cm), and the resulting
fractions were analyzed by HPLC and mass spectrometry
(MS).

Mass Spectrometry. Mass spectrometry analysis of the
peptides was conducted using matrix-assisted laser desorption
ionization on a Bruker Autoflex instrument. An Nd:YAG laser
(355 nm) was used to irradiate the sample. The instrument was
calibrated with a range of peptides covering the mass range of
500—4000 Da. Samples were prepared on an Anchor Chip with
a saturated solution of a-cyano-4-hydroxycinnamic acid as the
matrix in a mixture of acetonitrile and 0.1% trifluoroacetic acid.

Ferroportin Internalization Assay. A stable cell line
[Madin-Darby canine kidney (MDCK)] was generated, which
constitutively expressed human ferroportin (Fpn) fused at its
C-terminus to the HaloTag protein (Promega Corp.). The
internalization of Fpn was traced by labeling these cells with the
fluorescent HaloTag-TMR (tetramethylrhodamine) ligand,
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which covalently attached to the HaloTag protein; 30000
Fpn-HaloTag MDCK cells were seeded in 100 yL of DMEM
(Dulbecco’s modified Eagle’s medium with 10% fetal bovine
serum (FBS) containing 1% penicillin, 1% streptomycin, and
450 pug/mL G-418) per well of 96-well microplates (Micro-
Clear, Greiner, catalog no. 655096). After overnight incubation
at 37 °C and 5% CO,, the HaloTag-TMR ligand (Promega,
catalog no. G8251) was added to the cells to a final
concentration of 2 ymol/L and incubated for 15 min at 37
°C and 5% CO,. Cells were washed with phosphate-buftered
saline (PBS); 100 uL of DMEM was added, and the cells were
incubated for 30 min at 37 °C and 5% CO,. The medium was
replaced with 50 pL of fresh DMEM, and S50 uL of the test
compound diluted in DMEM was added. Hepcidin dose—
response experiments were conducted with either 8- or 11-
concentration dilution series of CF-hepcidin analogues and
reference hepcidin (Bachem, catalog no. H-5926) spanning
concentration ranges of 4 pmol/L to 0.2 nmol/L for CF-
hepcidin analogues and 2 pmol/L to 0.03 nmol/L for the
reference hepcidin. Dose—response experiments were con-
ducted with either three or four wells per peptide concentration
for 8- or 1l-concentration dilution series, respectively. After
overnight incubation at 37 °C and 5% CO,, 25 uL of Draq$
(Biostatus, catalog no. DRS51000) was added to a final
concentration of 2.5 umol/L and the mixture incubated for
10 min at 37 °C and 5% CO, to stain cell nuclei. After the cells
had been washed with 200 uL of DMEM without phenol red
(GIBCO, catalog no. 11880), cells were fixed in 100 uL of 4%
paraformaldehyde (PFA) (Electron Microscopy Sciences,
catalog no. 15710-S) in PBS for 15 min at room temperature.
The PFA solution was removed; cells were washed with PBS,
leaving 100 uL/well, and plates were sealed with foil plate seal.
TMR (excitation at 520—550 nm, emission at S60—630 nm,
and exposure time of 1000 ms) and Draq$ (excitation at 620—
640 nm, emission at 650—760 nm, and exposure time of 200
ms) fluorescence images were acquired using the Operetta
high-content screening system (Perkin-Elmer) using a 20X long
working-distance objective. Four pictures were acquired per
well and fluorescence channel covering ~2000 cells/well. The
acquired image data were imported into the Columbus image
data storage and analysis system (Perkin-Elmer) for analysis.
Image analysis included detection of nuclei (DraqS fluores-
cence) and definition of the cytoplasmic region followed by
application of the Ridge SER algorithm to analyze the texture of
the TMR fluorescence in the cytoplasmic region as a
quantitative measure of subcellular localization of ferroportin.
High TMR SER Ridge values correlated with Fpn localized to
the cell surface and low TMR SER Ridge values with the
absence of Fpn from the cell surface. Relative values for Fpn
internalization in percent were calculated as follows: Fpn
internalization (%) = [1 — (SER Ridge — average of SER Ridge
of 1000 nmol/L hepcidin) / (average of SER Ridge of 0 nmol/L
hepcidin — average of SER Ridge of 1000 nM hepcidin)] X
100. ECg, values were calculated with the relative Fpn
internalization data using “log(agonist) vs response” curve
fitting in Prism S (GraphPad Software Inc., version 5.02). For
each data set, the fit of the “log(agonist) vs response (three
parameters)” model was compared to the fit of the “log-
(agonist) vs response — variable slope (four parameters)”
model, and the ECs, data of the preferred model were used.
Hepcidin Internalization Assay. T47D cells (80000)
were seeded in 100 uL of DMEM/well of 96-well MicroClear
plates, and where indicated, Fe(III)-NTA (nitrilotriacetic acid)
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was added to a final concentration of 100 yM to induce
expression of endogenous human ferroportin. After overnight
incubation at 37 °C and 5% CO,, the medium was replaced
with fresh DMEM and dilution series of unlabeled hepcidin
spanning a concentration range of 2 pmol/L to 0.1 nmol/L
were added in triplicate. T47D cells were preincubated with
unlabeled hepcidin at 37 °C and 5% CO, for 15 min before
M21K-TMR- or KI18-CF-hepcidin was added to a final
concentration of 25 or 150 nmol/L, respectively. Cells were
incubated in a total volume of 50 L at 37 °C and 5% CO, for
2 h, then washed several times with DMEM without phenol
red, and fixed in 100 uL of 4% PFA in PBS for 15 min at room
temperature. After removal of the PFA solution, cells were
washed with PBS, leaving 100 pL/well, and then 5 pL of 10 ug/
mL Hoechst 33342 (Invitrogen, catalog no. H3570) was added;
cells were incubated for 10 min at room temperature to stain
cell nuclei and the plates sealed with foil plate seal. TMR
(excitation at 530—550 nm, emission at 575—625 nm, and
exposure time of 400 ms) or CF (excitation at 460—495 nm,
emission at 510—550 nm, and exposure time of 300 ms) and
Hoechst 33342 (excitation at 360—370 nm, emission at 420—
460 nm, and exposure time of 10 ms) fluorescence images were
acquired using a ScanR plate imager (Olympus) with a 20X
high NA objective. Four pictures were acquired per well and
fluorescence channel covering ~1500 cells/well. The acquired
image data were analyzed with the ScanR image analysis
software. Image analysis included detection of nuclei (Hoechst
33342 fluorescence), identification of cell-associated regions,
application of a virtual channel, and thresholding for rolling-
ball-type background reduction, followed by application of the
Sum(Mean) algorithm to measure the TMR or CF
fluorescence associated with cells as a quantitative measure of
internalized fluorescent hepcidin analogues. ICs, values were
calculated with the Sum(Mean) raw data as described for the
ferroportin internalization assay.

B RESULTS

Synthesis of Fluorescently Labeled Hepcidin. The
linear peptides were successfully prepared, and the Dde group
was selectively removed at K18 or M21K and labeled with both
fluorophores. The synthesized 6-tetramethylrhodamine- or 6-
carboxyfluorescein-labeled hepcidin was purified by preparative
HPLC, and the fractions were analyzed by HPLC and MALDI-
TOF MS (Figure 1). K18-TMR-hepcidin and M21K-CF-
hepcidin were prepared and characterized in a similar fashion.
Typically, from 70 pmol of peptide resin, we obtained 3 ymol
of the purified homogeneous peptide, a yield of 5%.

Ferroportin Internalization Activity of the Synthetic
CF-Hepcidin Analogues. Functional characterization of the
two CF-labeled forms of hepcidin, each derived from either
K18 or M21K labeling, was based on their potency to
internalize and degrade ferroportin in a cellular assay. A stable
MDCK cell line with constitutive expression of human
terroportin fused at its C-terminus to the HaloTag protein
was used. Internalization of the Fpn-HaloTag fusion protein
was followed in these cells by staining with the fluorescent
HaloTag-TMR ligand, which covalently attached to the
HaloTag protein. Imaging with fluorescence microscopy
revealed cell surface localization of Fpn in the absence of
hepcidin and a lack of Fpn surface staining in the presence of
hepcidin (see Figure 2a). Image analysis algorithms were used
to quantify the membrane fluorescence associated with the
Fpn-HaloTag fusion protein. This assay permitted a quantita-
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Figure 1. RP-HPLC and MALDI-TOF MS (inset) of (A) K18-CF-
hepcidin and (B) M21K-TMR-hepcidin. Conditions: Jupiter C18
column (2.1 mm X 150 mm, pore size of 300 A, particle size of S um),
buffer A (0.1% aqueous TFA), buffer B (0.1% TFA in CH,CN), flow
rate of 0.2 mL/min, gradient from 20 to 90% B over 30 min.

tive evaluation of Fpn internalization potencies of the two CF-
hepcidin analogues compared to that of unmodified synthetic
reference hepcidin. Representative dose—response curves for
M21K-CF-hepcidin, K18-CF-hepcidin, and unmodified hepci-
din are shown in Figure 2b. Hepcidin dose—response MDCK
assays were repeated several times with M21K-CF-hepcidin (n
= 8), K18-CF-hepcidin (n = 6), and unmodified hepcidin (n =
12). While commercially synthesized hepcidin from Bachem
effectively internalized and degraded ferroportin with an ECs,
of 8.6 + 3.8 nmol/L (average =+ standard deviation), K18-CF-
hepcidin exhibited an ECs, of 34.1 + 18.8 nmol/L. M21K-CF-
hepcidin exhibited an ECy, of 78.1 + 37.0 nmol/L. Thus, the
CF modification at M21K led to a 9-fold reduction in Fpn
internalization potency in this assay, whereas attachment of the
CF fluorophore to lysine at position 18 interfered less with
bioactivity and resulted in a 4-fold lower potency compared to
that of unmodified hepcidin.

Internalization of Synthetic CF- and TMR-Hepcidin
Analogues into T47D Cells. In the MDCK assay that was
employed to determine the potency of the two CF-hepcidin
analogues, a TMR-HaloTag ligand was used to label ferroportin
and quantify its internalization upon hepcidin treatment. The
TMR fluorescence of the M21K-TMR-hepcidin interfered with
the detection of ferroportin in the MDCK assay. Therefore,
internalization of fluorescent hepcidins into T47D cells was
assessed to determine the bioactivity of the TMR-labeled
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Figure 2. Ferroportin internalization potencies of CF-hepcidin
analogues (M21K and K18) compared to that of unmodified reference
hepcidin. (a) MDCK cells expressing a human ferroportin-HaloTag
fusion protein were used to quantify hepcidin-induced internalization
of ferroportin. Cells were stained with the HaloTag- TMR ligand
(green) and incubated overnight with 0.2 ymol/L hepcidin (B) or
were not treated with hepcidin (A). DraqS (red) was used for staining
of cell nuclei. Binding of the HaloTag-TMR ligand to the HaloTag
reporter protein visualized ferroportin localization predominantly at
the plasma membrane in the absence of hepcidin treatment (A),
whereas relocalization to intracellular compartments and degradation
of Fpn were observed for hepcidin-treated cells (B). Images were
acquired with a ScanR plate imager (Olympus) at 20X magnification.
(b) MDCK cells expressing the Fpn-HaloTag fusion protein were
exposed to increasing concentrations of M21K-CF-hepcidin (red curve
with squares), K18-CF-hepcidin (blue curve with triangles), and
unmodified reference hepcidin (black curve with circles). Subcellular
localization of ferroportin was quantified by image analysis. Mean and
standard deviation data are shown (n = 4). The relative dose—response
data were fit, and ECg, values were calculated as follows: 93.8 nmol/L
(95% confidence interval of 73.8—119.3 nmol/L) for M21K-CEF-
hepcidin, 32.7 nmol/L (95% confidence interval of 26.1—40.9 nmol/
L) for K18-CF-hepcidin, and 10.1 nmol/L (95% confidence interval of
7.5—13.5 nmol/L) for the reference hepcidin.

hepcidin and to compare it to the potency of CF-hepcidin
derivatives in the same assay. T47D is a human breast epithelial
tumor cell line that was shown to express Fpn endogenously at
the cell surface and that treatment with hepcidin led to
internalization and degradation of Fpn.'® Treatment of T47D
cells with M21K-TMR-hepcidin (Figure 3A) or K18-CF-
hepcidin (Figure 3C) resulted in the respective cell-associated
fluorescence. Part of the cell-associated fluorescence was due to
nonspecific binding and/or internalization of the fluorescent
hepcidins as revealed by preincubation of T47D cells with 2
pumol/L unlabeled hepcidin before the addition of 25 nmol/L
M21K-TMR-hepcidin (Figure 3B) or 150 nmol/L K18-CF-
hepcidin (Figure 3D). Quantification of cell-associated
fluorescence revealed signal to background ratios of 4.5 and
2.2 for TMR- and CF-hepcidin, respectively, demonstrating
that there was more unspecific binding and uptake of the CF-
labeled hepcidin and that the TMR-labeled hepcidin derivative
is therefore better suited for this type of cellular analysis.
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Figure 3. Internalization of CF-hepcidin and TMR-hepcidin analogues
in T47D cells with endogenous expression of human ferroportin.
T47D cells were grown in the presence of 100 ymol/L Fe(III)-NTA
to increase the level of expression of endogenous ferroportin and
incubated for 2 h with M21K-TMR-hepcidin (A and B) or K18-CF-
hepcidin (C and D). To determine the amount of unspecific binding
of the fluorescent hepcidins to T47D cells, cells were incubated for 15
min with 2 ymol/L unlabeled hepcidin prior to the addition of the
fluorescent hepcidins (B and D). Cell nuclei were stained with
Hoechst 33342 (blue), and TMR (red) and CF (green) fluorescence
images were acquired with a ScanR plate imager (Olympus) at 20X
magnification.

Dose—response competition experiments were conducted to
compare the bioactivities of K18-CF-hepcidin and M21K-
TMR-hepcidin. T47D cells were preincubated with dilution
series of unlabeled hepcidin prior to the addition of K18-CF-
hepcidin or M21K-TMR-hepcidin; fluorescence images were
quantitated, and ICg, competition values of unlabeled hepcidin
were calculated for both fluorescent derivatives. Both M21K-
TMR-hepcidin and K18-CF-hepcidin gave very similar
competition ICy, values of 29.2 + 7.9 nmol/L (n = 4) and
29.0 + 2.8 nmol/L (n = 2), respectively, in independent
experiments with T47D cells gown in the presence of 100
umol/L Fe(II)-NTA to increase the level of Fpn expression.
Comparable ICs, values were also obtained with T47D cells
that were grown in the absence of an additional iron source:
35.8 & 6.4 nmol/L for M21-TMR-hepcidin (n = 2) and 27.2 +
3.9 nmol/L for K18-CF-hepcidin (n = 2). A representative
hepcidin competition experiment is shown in Figure 4. Taken
together, these results indicate that M21-TMR- and K18-CF-
hepcidin have very similar bioactivities. A summary of the
potencies of the fluorescent hepcidin is shown in Table 1.

B DISCUSSION

Since the discovery of hepcidin and its function in regulating
Fpn levels, several studies have employed fluorescence imaging
to explore the association of the peptide and the iron efflux
protein. Cells expressing endogenous Fpn and transgenic Fpn-
GFP protein have been used to study the interaction of
hepcidin and ferroportin. The nature, characteristics, and
binding kinetics of hepcidin and Fpn are matters of
considerable interest in the field of iron metabolism.

This study employed Fmoc solid phase peptide chemistry to
synthesize two forms of fluorescently labeled hepcidin. The
fluorescently labeled hepcidin was unambiguously labeled by
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Figure 4. Dose-dependent competition of fluorescent hepcidin
internalization in T47D cells by preincubation with unlabeled
hepcidin. T47D cells were grown in the absence (A) or presence
(M) of 100 gmol/L Fe(III)-NTA to increase the level of expression of
endogenous ferroportin. Before the addition of M21K-TMR-hepcidin
(A) or K18-CF-hepcidin (B), T47D cells were incubated with
increasing concentrations of unlabeled hepcidin for 15 min. Two hours
after the addition of the fluorescent hepcidins, cells were washed and
fixed, and fluorescence images were taken. Cell-associated TMR (A) or
CF (B) fluorescence was quantified. Preincubation with unlabeled
hepcidin resulted in dose-dependent inhibition of internalization of the
fluorescent hepcidin derivatives. Mean and standard deviation data are
shown (n = 3).

Table 1. Summary of Bioactivities of Fluorescent Hepcidin
Derivatives in the Ferroportin and Hepcidin Internalization
Assay”

ICy, (nmol/L)“

hepcidin EC,, without Fe(III)-
peptide (nmol/L)? NTA? with Fe(IIT)-NTA?
unlabeled 8.6+ 3.8 nd®
hepcidin (n=12)
(Bachem)
M21K-CF- 78.1 + 37.0 nd®
hepcidin (n=28)
K18-CF- 34.1 + 18.8 272+39(n=2) 290+28 (n=2)
hepcidin (n=26)
M2IK-TMR-  nd® 358 +64(n=4) 292+79 (n=2)
hepcidin

“Means =+ standard deviations of independent experiments are shown,
and the number of experiments is indicated. bFerroportin internal-
ization assay (MDCK). “Hepcidin internalization assay (T47D).
“T47D cells were grown in the absence or presence of 100 micro mol/
L Fe(III)-NTA to increase the level of expression of endogenous Fpn.
“Not determined.

employing an orthogonal protecting strategy during solid phase
synthesis; the groups were selectively deprotected, and the label
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was introduced prior to peptide folding. The site of attachment
of the fluorescent label is important as this can affect the
conformation, solubility, folding, and biological activity of the
peptide. The N-terminus of hepcidin is conserved in nature
with human, chimp, porcine, and bovine hepcidin having a
DTHFPICIF N-terminal sequence. Furthermore, hepcidin 20
and hezpcidin 22, which were isolated from urine, are not
active.” Thus, the N-terminus is not a suitable site for label
attachment. In addition, the cysteines are not suitable
candidates for modification by virtue of their structural role.
Of the eight remaining amino acids, we excluded the two
glycines because they may be necessary to induce turns in the
peptide structure; for example, G20F hepcidin failed to fold,"®
although GI12D has activity comparable to that of native
hepcidin.'' Of the three remaining segments, H15—K18
(HRSK), M21, and K24 and T2S, the first of these is the
least conserved region of the hepcidin molecule, and labeling of
the basic residues was considered. However, it was reasoned
that such modification would reduce the solubility of the
peptide. In the last region, K24 and T25 are also conserved in
most species, so modification is likely to have a major influence
on activity. In contrast, M21 was considered to be a good
candidate, because although the character of this position is
conserved, it is occupied by a range of hydrophobic amino
acids, including Ile, Leu, and Trp. Furthermore, M21Y hepcidin
has activity comparable to that of native hepcidin.'"***° In this
study, M21 was replaced with K and the &-amino group was
subsequently selectively labeled so the net charge of hepcidin
would not be affected. K18 hepcidin was labeled for
comparative purposes.

The activities of the CF-labeled fluorescent hepcidins were
evaluated on the basis of their potency in internalizing Fpn into
MDCK cells. K18-CF fluorescent hepcidin was found to be
highly active in internalizing Fpn with an approximate 4-fold
decrease in potency compared to that of unmodified synthetic
hepcidin. However, attachment of the CF moiety to a lysine at
position 21 led to a 9-fold loss of internalization potency. The
internalization potencies of K18-CF- and M21K-TMR-
hepcidins were compared in a competition assay with that of
unlabeled hepcidin for uptake of the fluorescent peptides into
T47D cells. The internalization of both M21K-TMR- and K18-
CF-hepcidin was effected with very similar ICg, values,
indicating comparable bioactivity of these two fluorescent
hepcidin derivatives. It is possible that the attachment of the
carboxyfluorescein moiety to hepcidin influences the secondary
structure and the kinetics of binding to Fpn more than the
TMR fluorophore.

T47D cells have endogenous levels of Fpn expression, which
can be enhanced by pretreating the cells with iron. Incubation
overnight with iron did not have any adverse effect on either
the bioactivity or the function of fluorescent hepcidins (Figure
4). The fluorescent hepcidins described in this publication
allow the use of endogenous Fpn for the characterization of
hepcidin analogues. M21K-TMR-hepcidin is, however, benefi-
cial in microscopic analysis of the interaction of hepcidin with
endogenous Fpn because of the weaker nonspecific binding to
and internalization into T47D cells compared to those of K18-
CF-hepcidin (Figure 3).

Fluorescent hepcidin will enhance further studies of
hepcidin—Fpn binding characteristics, localization, and optical
monitoring in cells and organisms. A recent study'® used the
site-specifically labeled Fluor525-hepcidin'® to trace internal-
ization of ferroportin fused to the small luciferase protein

dx.doi.org/10.1021/bc400121x | Bioconjugate Chem. 2013, 24, 1527—1532



Bioconjugate Chemistry

NanoLuc.'” Moreover, treatment of cells expressing GFP-
tagged ferroportin with Fluor525-hepcidin revealed colocaliza-
tion of red (FluorS2S-hepcidin) and green (Fpn-GFP)
fluorescence, indicating that hepcidin and ferroportin accumu-
late in related intracellular compartments upon hepcidin-
triggered endocytosis of Fpn. However, no such colocalization
was observed after incubation of cells that expressed the
hepcidin-resistant C326S mutant version of Fpn-GFP with
Fluor525-hepcidin. Additionally, co-expression of NanoLuc-
tagged wild-type Fpn and GFP-tagged hepcidin-insensitive
mutant (C326S) Fpn revealed that the mutant had no influence
on hepcidin-induced internalization of wild-type Fpn. The exact
molecular mechanisms of hepcidin—Fpn interactions in differ-
ent tissues in vivo are still speculative and uncharacterized.
However, in a recent in vitro cell culture study,” hepcidin was
labeled with Texas Red succinimidyl ester (TR-hepcidin) to
investigate the intracellular fate of the peptide. This study
demonstrated that TR-hepcidin colocalized with Fpn-GFP in
intracellular vesicles, suggesting that hepcidin internalizes when
bound to Fpn. Furthermore, the use of TR-hepcidin revealed
that hepcidin is degraded with kinetics similar to that of Fpn-
GFP upon internalization. Addition of lysosome inhibitors
prevented the degradation of TR-hepcidin and Fpn-GFP,
indicating that the lysosome is the main site for the endocytic
proteolysis of hepcidin and ferroportin. In addition, experi-
ments with radiolabeled ['*I]M21Y-hepcidin indicated that
internalized hepcidin is released by Fpn-GFP-expressing cells
mostly as degraded forms of hepcidin-25. Thus, internalized
hepcidin rarely undergoes lysosomal recycling and reutilization.

Fluorescent hepcidin could be employed in vivo to identify
Fpn-expressing tissues and organs in whole organisms. Such
derivatives will also be beneficial in designing hepcidin agonists
and antagonists that are currently being investigated for the
management of iron loading disorders and the anemia of
chronic disease.
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