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A B S T R A C T   

Hepcidin is an iron regulatory hormone that does not bind iron directly. Instead, its mature 25-peptide form 
(H25) contains a binding site for other metals, the so-called ATCUN/NTS (amino-terminal Cu/Ni binding site). 
The Cu(II)-hepcidin complex was previously studied, but due to poor solubility and difficult handling of the 
peptide the definitive account on the binding equilibrium was not obtained reliably. In this study we performed a 
series of fluorescence competition experiments between H25 and its model peptides containing the same 
ATCUN/NTS site and determined the Cu(II) conditional binding constant of the CuH25 complex at pH 7.4, CK7.4 
= 4 ± 2 × 1014 M− 1. This complex was found to be very inert in exchange reactions and poorly reactive in the 
ascorbate consumption test. The consequences of these findings for the putative role of Cu(II) interactions with 
H25 are discussed.   

1. Introduction 

Hepcidin is the main iron regulator in most vertebrates. It binds to 
the iron exporter ferroportin (FPN) and marks it for degradation [1]. 
This stops the iron efflux from iron storing cells. Hepcidin is produced 
mainly in liver, but can be expressed also locally throughout the body in 
numerous tissues, including kidney and brain [2–8]. Its expression is to 
some extent upregulated by copper [9] and downregulated in copper 
deficient rodents [10,11]. 

In this context, the detection of full-length hepcidin (H25) in blood 
as partially bound to Cu(II) indicates a possible biological relevance of 
this interaction [12]. The accurate knowledge of the stability of the 
CuH25 complex and its kinetic properties becomes therefore important 
for further assessment of its role. Tselepsis et al. attempted to determine 
it using Fourier-transform ion cyclotron resonance mass spectrometry 
(FT-ICR MS) but were able only to provide its lower limit as much <1 μM 
[13]. Later Kulprachakarn et al. undertook similar studies, using the 
native N-terminal 3-peptide (H3) and the N-terminal 9-peptide analog 

with Cys7 replaced with Ala (H9A) in addition to the full sequence, 
using potentiometry and mass spectrometry [14]. They obtained very 
inconsistent results. They used potentiometry to study H3 and detected 
strong Cu(II) binding. We recalculated their original data using the 
competitivity index (CI) approach [15] and obtained the conditional 
affinity constant at pH 7.4, CK7.4 as 8.5 × 1012 M− 1 for H3. Much lower 
CK7.4 values were obtained by MALDI-MS [14]: 6.3 × 108 M− 1 for H9A 
and 5–6.3 × 107 M− 1 for the mature oxidized hepcidin-25 containing 
four disulfide bonds (H25). Such discrepancy of more than five orders of 
magnitude must obviously be due to a gross systematic error. We 
recently researched the sources of systematic errors in determinations of 
affinity constants of Cu(II)-peptide complexes in Electrospray Ionisation 
Mass Spectrometry (ESI-MS) technique. We found that systematically 
lower CK7.4 values reported by ESI-MS stem from the events accompa-
nying the sample transition to gas phase [16]. The analogous process 
occurs in MALDI-MS. Therefore we tend to ascribe the discrepantly low 
affinities for CuH9A and CuH25 reported in [14] to the inadequate 
methodology. 
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The Amino-Terminal Cu and Ni binding (ATCUN) family, alterna-
tively called N-Terminal Site (NTS) family, is defined by a free N-ter-
minal amine, any amino acid except of Pro at position two and His at 
position 3 [17]. The Cu(II) binding to ATCUN/NTS results in a formation 
of a characteristic square-planar complex defined by the coordination of 
the said N-terminal amine, the first two peptide nitrogens and the 
imidazole ring nitrogen, to complete a set of three fused coordination 
rings. Such sites are present in a number of human extracellular proteins 
and peptides, including the hCTR1 copper transporter, endostatin, his-
tatins, human protamine 2 and some neuropeptides, where they were 
shown to bind Cu(II) ions. [18–23]. The ATCUN/NTS motifs are also 
present in many other human proteins, which remain largely unchar-
acterized in terms of copper physiology [24]. Except of HSA, and 
perhaps histatin-5 [25] and brain peptides Aβ4–40,42 [26], the relevance 
of the Cu(II) complex formation for physiology of these proteins/pep-
tides remains to be demonstrated. The large body of quantitative data 
for Cu(II) complexes of ATCUN/NTS peptides sets the range of their 
CK7.4 values as 1012 M− 1 to 1015 M− 1 [17]. 

Copper is an essential, but also a very reactive microelement. 
Therefore, it has to be tightly regulated on its way from the digestive 
tract to target enzymes in tissues. Copper trafficking in blood is a key 
step in this process but remains a largely unresolved issue. According to 
several reports reviewed by Kardos et al., the total concentration of 
copper in blood serum of a healthy person is slightly below 1 μg/ml, 
which corresponds to ca. 15 μM [27]. The majority, ca. 50–70% is 
contained in ceruloplasmin (CP), a ferroxidase involved in iron meta-
bolism. The CP copper is not exchangeable in circulation, as the Cu ions 
are buried deep inside the folded protein and are only released at the cell 
surface [28,29]. Several other proteins have been proposed to carry 
exchangeable Cu(II) ions. Human serum albumin (HSA), the most 
abundant blood serum protein, has a dedicated Cu(II) ATCUN/NTS site 
with the occupancy of about 2–3 μM of Cu(II) (0.3–0.5% of total blood 
HSA) [30,31], although a higher value was also reported: 4.2 μM of Cu 
(II) (0.65% of total blood HSA) [28]. α2-macroglobulin (α2M) was 
indicated as another important copper-carrying protein at about 2 μM 
copper load [32], but this observation was recently contested as another 
study found no Cu(II) bound to α2M [28]. Hemopexin was also proposed 
recently to be a relevant copper-carrying protein, but its binding prop-
erties remain to be established [33]. However, all authors agree that 
there is a significant fraction of copper which is bound to smaller mol-
ecules (<30 kDa) in blood. It is sometimes called “free” copper although 
it is worth noting that no such thing as free Cu2+ ions circulating in 
blood. According to various sources this low molecular weight copper 
pool can vary from 0.4 to 1.57 μM, depending probably on the method of 
detection used and on the age of test participants (this copper pool 
apparently decreases with age) [31,34–37]. 

The verified CK7.4 value for the Cu(II) ATCUN/NTS complex of HSA is 
1 × 1013 M− 1 at pH 7.4 [38]. Assuming that the ratio of Cu(II) loads of 
HSA vs α2M is 1.25 [32] and the HSA concentration is ca. 40–50 times 
higher than that of α2M (counting per α2M monomer) [39], the condi-
tional stability constant at pH 7.4 (CK7.4) of the putative α2M binding 
site would have to be 30–40 times higher than that of HSA, that is 3–4 ×
1014 M− 1 at pH 7.4. Interestingly, no structural proposal for such site 
was made for α2M. The only direct evidence for Cu(II) binding to α2M 
comes from EPR spectra of chromatographic fractions, which were 
distinctly different from the ATCUN/NTS spectra. Their parameters 
suggested a three‑nitrogen/one oxygen coordination site [40]. 

Divalent metals have some similar properties and biological ma-
chinery not always can distinguish among them. In particular, copper 
and iron homeostasis are intertwined on many levels. Iron transporter 
DMT1 can transport Cu(II) ions under certain circumstances [41,42]. 
Ferric oxidases including CP are copper proteins. The expression of 
ATP7A, the transmembrane copper transporter in enterocytes is strongly 
upregulated by iron depletion [43]. Tissue copper level was reduced in 
flatiron (ferroportin 1 (FPN1) mutant) mice, suggesting that FPN1 could 
transport copper [44]. H25 is a direct partner of FPN1, which might be a 

yet another such point of cross-influence. 
Recently, we demonstrated by potentiometry and spectroscopic 

studies that the N-terminal 6-peptide of hepcidin, DTHFPI-NH2 (H6) 
binds Cu(II) with extremely high affinity, CK7.4 = 4.6 × 1014 M− 1 which 
is the highest value reported so far for Cu(II) complexes with natural 
ATCUN/NTS sequences. We also showed that H6 can compete Cu(II) 
from HSA relatively fast [45]. The high stability of this complex is 
further supported by the fact that it was resistant to collision induced 
dissociation in the MS instrument [46]. However, the accurate affinity 
constant is needed for the native H25 in order to reliably assess the 
biological relevance of the studied interaction. 

Extrapolating the CK7.4 values for the long ATCUN/NTS peptides/ 
proteins from their C-terminally truncated analogs is generally not 
reliable [47]. The direct potentiometric approach that was employed for 
H6 is not feasible since H25 aggregates and precipitates at millimolar 
concentrations required by potentiometric protocols [48]. For the same 
reason it was not possible to perform competition experiments 
employing a direct detection of d-d bands of Cu(II) complexes, as was 
used for the H6 competition with HSA [45]. Instead, we developed a 
fluorimetric assay. We synthesized the DTHFPIW-NH2 (H7W) peptide as 
a fluorescent Cu(II) competitor. We used the same sequence as in H6 to 
assure the effectiveness of competition experiments by the expected 
similar Cu(II) affinities of both peptides. We then used the competition 
between H6 and H7W to determine the Cu(II) affinity of the latter in the 
fluorescence assay and confirmed this affinity using potentiometric ti-
trations. H7W was used next to determine the Cu(II) affinity of H25. The 
ROS production by redox activity of CuH25 was recently cited as 
mechanism of antibiotic activity of H25 [49]. For this reason, we also 
investigated the ability of the CuH25 complex to consume ascorbate. 
The results are presented below. 

2. Materials and methods 

2.1. Materials 

Amino acid building blocks for Fmoc solid phase synthesis were 
purchased from Iris Biotech (Marktredwitz, DE), N,N-dimethylforma-
mide (DMF) was from Carl Roth (Karlsruhe, DE). Trifluoroacetic acid 
(TFA), triisopropyl silane (TIS), ethanedithiol (EDT), HEPES, HSA, 
ascorbic acid and EDTA were purchased from Merck (Darmstadt, DE). 
Diethyl ether and methanol were purchased from ChemPur (Pierkary 
Śląskie, PL). Acetonitrile (ACN) was purchased from Avantor Perfor-
mance Materials Poland (Gliwice, PL). Clear-Ox resin was obtained from 
Peptides International (Louisville, KY, USA). 

2.2. Peptide synthesis and derivatization 

H25 and its analogs, H6 and H7W were synthesized using standard 
solid-phase peptide synthesis [50]. Cleavage of H25 was achieved by 
incubation of the resin with TFA/H2O/thioanisole/phenol/EDT 
82.5:5:5:5:2.5 (v/v) for 3 h. All other peptides were cleaved by TFA/ 
H2O/TIS 95:2.5:2.5 (v/v) for 3 h. Oxidative folding of H25 was achieved 
using Clear-Ox resin from Peptides International, according to the pro-
cedure described previously [51]. The formation of S-S bonds was 
monitored using ESI-QToF MS Premier (Waters) (Fig. S1) and visually 
due to different coloring of the resin (orange during the oxidation re-
action and yellow after the reaction completion). Sequences of all pep-
tides are presented in Table 1. 

2.3. Peptide purification 

H6 and H7W peptides were dissolved in pure H2O and purified on 
RP-HPLC using the Ascentis RP-Amide 250 × 10 mm column (Sigma- 
Aldrich), in the H2O:Acetonitrile gradient 5–40% ACN over 70 min. H25 
was dissolved in 5% acetic acid and purified on RP-HPLC using column 
C18-PFP 250 × 7.75 mm (ACE) in the H2O:Acetonitrile gradient 25–50% 
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ACN over 50 min. TFA was a counterion in all purifications and final 
peptide products. It was not exchanged for competition experiments. 
The purity of all peptides was confirmed on ESI-QToF MS Premier 
(Waters). Fig. S2 presents the chromatogram of H25 after the disulfide 
bond formation procedure. 

2.4. Potentiometry 

Potentiometric titrations of the H7W peptide were performed on a 
Titrando 907 automatic titrator, using Biotrode electrode (Metrohm), 
which was calibrated daily by nitric acid titrations [53]. 0.1 M NaOH 
(carbon dioxide free) was used as titrant. Sample volumes of 1.2–1.5 ml 
were used. The samples contained 0.5 mM peptide, dissolved in 4 mM 
HNO3/96 mM KNO3. The Cu(II) complex formation was studied for the 
1:1 stoichiometry using a 5–10% excess of peptide over Cu(II). All ex-
periments were performed under argon at 25 ◦C, in the pH range of 
2.7–10.8. The collected data were analyzed using the SUPERQUAD and 
HYPERQUAD programs [53,54]. Two titrations were included simulta-
neously into calculations, separately for protonation and Cu(II) 
complexation. 

2.5. Fluorimetry 

The competition experiments monitored using fluorescence were 
recorded on a Cary Eclipse (Varian) spectropolarimeter in 50 mM HEPES 
(I = 0.1 M) pH = 7.4, according to the following order of reagent ad-
ditions: peptide one, CuCl2, peptide two. The fluorescence spectra were 
measured after the first two additions, and the time-course experiment 
was started immediately after the last addition to monitor the reaction 
over time up to 150 h. Additional titration experiments were performed 
using 30 s incubation times per each titration step. All fluorescence 
experiments were performed using excitation at 280 nm and emission at 
355 nm. 

2.6. Ascorbate consumption test 

The kinetics of ascorbic acid (AA) oxidation was studied in 50 mM 
HEPES buffer, pH 7.4, on a Varian Cary Bio 50 spectrophotometer at the 
fixed wavelength of 265 nm. The stock of ascorbic acid concentration 
was determined using the extinction coefficient (ε) of 1.5 × 104 M− 1 

cm− 1 at 265 nm [55]. In order to ascertain the activities of individual Cu 
(II) species, the reaction was studied for 0.8:1, 1:1, 1.6:1 and 4:1 pep-
tide/Cu(II) ratios, using Cu2+ ions in HEPES buffer (that is, a redox- 
prone Cu(HEPES) complex [56] and free peptide as a positive and 
negative control, respectively. The total Cu(II) concentration was 5 μM 
and the initial AA concentration was 100 μM in all cases. The reactants 
were added after the 10 min. Incubation of the AA solution and the 
reactions were monitored for further 30 min. 

2.7. Generation of tree of Life for mammalian hepcidins 

In order to collect protein sequences of hepcidins, the jackhammer 
search in UniProtKB with human hepcidin (UniProtACC: P81172) was 

used as input [57,58]. Proteins other than hepcidin and proteins deleted 
in the new version of UniProtKB (version 2023_03) were removed from 
the dataset [59]. Next, the information was collected about source genes 
from UniProtKB, only one isoform was selected per organism. Each 
sequence was then manually cut according to the real furin processing 
site. To register mutations in positions of interest, RefSeq references 
about mRNA were collected and regions of active hepcidin were found 
[60]. Finally, the ETE3 package in Python was used to show protein 
positions, with numbers of proteins containing a histidine in the third 
position marked on the Tree of Life [61]. 

3. Results 

3.1. Solubility of H25 and choice of methodology 

The mature hepcidin, H25 as well as its Cu(II) complex are poorly 
soluble in water. Its solution structure was determined previously in a 
phosphate-buffered solution, which improved the solubility [62]. 
However, buffering precluded the use of potentiometry to study the 
strength of Cu(II) binding to H25. Preliminary attempts to perform 
spectroscopic titrations based on the Cu(II)-related chromophore (d- 
d and charge-transfer absorption bands) indicated the peptide aggre-
gation, apparently not detected in the published NMR study [62]. 
Calorimetry and microscale thermophoresis (MST) could not be used, 
because the expected complex affinity ~1014 M− 1 is well beyond the 
range available to these methods [63,64]. Fluorescence spectroscopy 
remained as the only readily available technique with sufficient sensi-
tivity to detect changes in complexes at micromolar concentrations of 
peptides. This, however, depended on the presence of a suitable fluo-
rophore. For this purpose, we chose to synthesize the H7W peptide 
(Table 1). H7W is the closest possible analog of H6 in terms of Cu(II) 
binding, while the addition of the Trp fluorophore at position seven was 
considered distant enough from the ATCUN/NTS site to limit the 
interference with the Cu(II) binding mode, but close enough to remain 
susceptible to quenching by the Cu(II) ion coordinated at the ATCUN/ 
NTS site. These notions were based on a previous study of the Tyr 
quenching by Cu(II) coordination to the Aβ4–16 peptide in which the Tyr 
residue was also at position seven from the N-terminus containing the 
ATCUN/NTS motif [65]. 

3.2. Validation of H7W as Cu(II) competitor for fluorescence detection 

In the first experiment we investigated the effect of Cu(II) binding on 
Trp fluorescence in H7W. As presented in Fig. 1, the fluorescence 
emission signal was quenched by Cu(II) complexation by up to 50%, 
with a linear relationship between the fluorescence intensity and the 
molar fraction of the complex. The fluorescence maximum at 355 nm 
was not shifted by complexation. Further fluorescence decrease was 
caused by incremental dilution of the sample by the titrant CuCl2 solu-
tion. Therefore, the fluorescence signal at 355 nm could be used to 
monitor the Cu(II) binding to H7W in competition experiments. 

Next, competition experiments between H6 and H7W were per-
formed. Preliminary experiments indicated that the Cu(II) exchange 
between these two peptides was slow. Therefore, the progress of reac-
tion was monitored for four days (Fig. 2). The reaction equilibrium was 
achieved after ~90 h. Two modes of experiment were used. In one the 
pre-formed CuH6 complex (10 μM) was mixed with the equimolar H7W, 
and in another the 10 μM CuH7W complex was mixed with the equi-
molar H6. As seen in Fig. 2, very similar final fluorescence intensities 
were reached in these independent experiments. The Trp fluorescence 
could, however, be quenched by two mechanisms. In addition to static 
quenching by Cu(II) binding to H7W, dynamic quenching by the fluo-
rophore collisions with paramagnetic Cu(II) complexes could be effec-
tive. In order to investigate this possibility, we performed partial 
titrations of 10 μM H7W with CuH6 with short incubation times, about 
1 min. The extent of Cu(II) exchange between these peptides was 

Table 1 
Sequences of hepcidin-25 and its analogs used or discussed in this study.  

Label Sequence 

H25 

H9A DTHFPIAIF-amide 
H7W DTHFPIW-amide 
H6 DTHFPI-amide 
H3 DTH-amide 

a The disulfide bonds pattern is: Cys7-Cys23, Cys11-Cys19, Cys10-Cys13 and 
Cys14-Cys22 [52]. 
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negligible at such times, which empowered us to generate a titration 
curve describing the dynamic quenching process (Fig. 3). The extent of 
quenching was 11% for 10 μM CuH6 (beginning of the H7W + CuH6 
reaction), down to 6% for 5 μM CuH6 (roughly corresponding to the 
reaction endpoint). These small effects did not affect the shape of first 
order exchange kinetics in the competition experiment. Therefore, we 
could use the kinetic experiments to determine the CK values at pH 7.4 

for CuH7W (CKCuH7W, formally defined by Eq. (1)), using the known 
constant for CuH6 (CKCuH6, Eq. (2)) [45], and the experimental deri-
vation of the equilibrium constant of the Cu(II) competition reactions, 
Keq, defined by Eq. (3), to obtain the numeric value of CKCuH7W from Eq. 
(4). In these eqs. [H6], [CuH6], [H7W] and [CuH7W] represent all 
protonation forms of the respective peptides and complexes at pH 7.4. 

CKCuH7W = [CuH7W]
/( [

Cu2+]× [H7W]
)

(1)  

CKCuH6 = [CuH6]
/( [

Cu2+]× [H6]
)

(2)  

Keq =
CKCuH7W

/CKCuH6 = ([CuH7W] × [H6] )
/( [

Cu2+]×
( [

CuH6× [H7W]
)

(3)  

CKCuH7W = CKCuH6 ×Keq (4) 

The equilibrium values of [CuH7W] and [H7W] were obtained from 
the fitted kinetic curves, using the fluorescence intensities of H7W and 
CuH7W, obtained from the calibration experiment presented in Fig. 1, 
and corrected for the dynamic quenching according to Fig. 3. The kinetic 
parameters and CKCuH7W values (Eq. (4)) are presented in Table 2. The 
average CKCuH7W value, 5.3 ± 0.7 × 1014 M− 1 (log value 14.72 ± 0.06) is 
not significantly different from the value of CKCuH6 (4.6 ± 0.5 × 1014 

M− 1, log value 14.66 ± 0.05). 

3.3. Competition for Cu(II) between H25 and H7W peptides 

The validation of the fluorescent H7W peptide as a Cu(II) chelator 
suitable for competition experiments with other hepcidin peptides 
empowered us to perform them for H25. An example of such set of ex-
periments, which included two complementary exchange reactions 
(H7W + CuH25 ⇔ CuH7W þ H25 and CuH7W þ H25 ⇔ H7W +

Fig. 1. Quenching of fluorescence of 14.5 μM DTHFPIW-NH2 peptide (H7W) by increasing μM concentrations of Cu(II) ions (indicated on the plot). The excitation 
wavelength was 280 nm. Inset shows the emission intensity changes at 355 nm. 

Fig. 2. Evolution of Trp fluorescence in Cu(II) competition experiments be-
tween H6 and H7W peptides monitored by emission at 355 nm: 10 μM H7W +
10 μM CuH6 (black dots); 10 μM CuH7W + 10 μM H6 (blue dots); and 1st order 
kinetic fits (red and green lines, respectively). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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CuH25) and two control incubations (H7W and CuH7W) is presented in 
Fig. 4. Other reaction sets are provided in Fig. S3. In all reactions the 
kinetic curves were monoexponential, corresponding well to the pseudo- 
1st order rate law. 

The rate of Cu(II) transfer from H7W to H25 (black symbols in Figs. 4 
and S3) was concentration dependent. The reaction half-times (t½) of ca. 
18 h and 12.5 h for ~5 μM and ~ 10 μM reactants, respectively, were 
shorter than that for the Cu(II) transfer from H7W to H6, ca. 19 h. The 
reverse reaction t½ (red symbols) were much slower in all cases and did 
not reach equilibrium even after 10 days of incubation. The reaction 
endpoints had to be extrapolated instead. The obtained t½ values varied 
between 23.3 ± 0.3 and 99 ± 3 h, in all cases being higher than that 
observed for the Cu(II) transfer from H6 to H7W, 21.2 ± 0.4 h. 

The results of the equilibrium constant calculations based on all eight 
independent experiments are presented in Table 3, while the underlying 
kinetic curve fit parameters are given in Table S1. The K’eq values 

presented in Table 3 were obtained according to Eqs. (1 and 5). The 
average of these determinations was used to obtain the value of CKCuH25 
according to Eq. (6). The average value calculated for all experiments 
and that for only the lower concentration experiments are provided. 

K’
eq =

CKCuH7W
/CKCuH25

= ([CuH7W] × [H25] )
/( [

Cu2+]×([CuH25] × [H7W] ) (5)  

CKCuH25 =
CKCuH7W

/
K’

eq (6) 

In experiments starting from CuH7W and H25 the sample fluores-
cence increased due to the liberation of more strongly fluorescent H7W 
by formation of CuH25. In reverse experiments the sample fluorescence 
decreased due to the quenching of H7W fluorescence upon the Cu(II) 
interception from CuH25. In equimolar systems, such as experiments 2, 
3 and 4 described in Tables 3 and S1 these two effects should add up to 
match the difference between the initial fluorescence of the corre-
sponding CuH7W and H7W samples. This was the case for the H7W/H6 
couple (Fig. 2) but not for the experiments with H25. The deficit ranged 
between 13 and 21% (Fig. S3, Table S1). It could not be explained by 
photobleaching or dynamic scattering, because these phenomena would 
rather lower the overall fluorescence, but this was observed neither in 
competition experiments nor in controls. It seems that the Cu(II) ex-
change reaction was stopped before reaching equilibrium, thus ac-
counting for the systematic discrepancies of K’eq values between the two 
experiment modes. A clue for explaining this effect may be hidden in the 
rates of respective reactions. The rates of Cu(II) dissociation from the 
CuH7W complex depended on both the initial complex concentration 
and the exchange partner, being slower for H6. This means that H25 

Fig. 3. 10 μM H7W fluorescence quenched by titration with Cu(II) (A, B) and Cu(II):H6 1:1 complex (C, D) monitored by emission at 355 nm, λex = 280 nm: A, C are 
raw spectra; B, D are Stern-Volmer plots of respective reactions. 

Table 2 
Kinetic and thermodynamic parameters of Cu(II) competition reactions between 
the H6 and H7W peptides. Statistical errors on the last significant digits are 
given in parentheses.  

Reaction Reaction half-time 
(h) 

Keq 
CKCuH7W Log 

CK7.4 

CuH7W þ
H6 

19.0(3) 1.00 
(1) 

4.60(5) × 1014 

M− 1 
14.67(1) 

CuH6 þ
H7W 

21.2(2) 1.32 
(6) 

6.1(2) × 1014 M− 1 14.78(2) 

Average 14.72(6)  
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interacted with CuH7W. The reverse reaction was much slower, but 
very poorly reproducible in terms of the reaction rate. Together with the 
tendency of H25 to aggregate, these facts suggest that co-aggregates of 
CuH7W, H25 and CuH25 may be formed in the course of the exchange 
reaction, eventually stopping it prematurely. For this reason, the reac-
tion with H25 performed at lower peptide concentrations may be more 
reliable. In additional support for the above consideration, we demon-
strated that both H25 and CuH25 had a small, but nearly identical 
quenching effect towards 5.7 μM H7W (Fig. S4). This experiment was 
performed for short, 30 s sample incubation times, in order to avoid the 
effect of Cu(II) transfer from CuH25 to H7W. As additional control, 

H7W was titrated with Cu(II) ions under the same conditions, which 
resulted in the expected strong and quantitative fluorescence quenching. 

3.4. Ascorbate consumption by CuH25 

The consumption of ascorbate (AA) is a facile test of oxidative ca-
pacity of Cu(II) complexes under physiological conditions, and is related 
to the ability of the given complex to maintain the Cu(II)/Cu(I) redox 
couple [66]. As seen in Fig. 5, the CuH25 complex showed very low 
ascorbate consumption activity of 20 nM AA/s, about 1% of that pre-
sented by Cu2+ ions in HEPES. Table S2 presents the individual reaction 
rates. 

3.5. Potentiometric determination of Cu(II) affinity to H7W (DTHFPIW- 
amide) 

The potentiometric titrations were aimed at validating the per-
formed for 0.5 mM H7W, due to the sensitivity of the method. The ob-
tained protonation constants and log β values for Cu(II) complexes are 
presented in Table S3. We used these data to calculate the CK7.4 value for 
CuH7W according to the CI methodology [15]. The obtained value was 
5.2 ± 0.7 × 1013 M− 1, 10-fold lower from the values obtained in 
competition titrations for CuH7W and in previous validated potentio-
metric studies of CuH6 [45]. 

3.6. His-3 evolutionary conservation in hepcidins 

In order to place the above findings in the biological and evolu-
tionary context we investigated the emergence of His-3 in mature hep-
cidins across the mammals. Most fish hepcidins perform antimicrobial 
function, birds seem to lack hepcidin as a mechanism of iron regulation 
[67] and the data for amphibians and reptiles are too scarce to draw 
meaningful conclusions despite all of them apparently containing His-3. 

Fig. 4. Set 4 (Table 3) of competition experiments for Cu(II) transfer between H7W and H25. Black: 5.3 μM of H25 was added to 5.3 μM of CuH7W. Red: 5.3 μM of 
H7W was added to 5.3 μM of CuH25. Green: control 5.3 μM CuH7W sample. Blue: control 5.3 μM H7W sample. Both controls were diluted with water to obtain the 
same final concentrations of reagents in all four cases. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Table 3 
Equilibrium constant values for Cu(II) competition between H7W and H25 
peptides. Equimolar peptides were used in all four sets of experiments. CKCuH7W 
= 5.3 ± 0.7 × 1014 M− 1.  

Experiment 
set 

K’eq according to Eq. (5) Concentrations of H7W 
and H25 (μM) 

Average 
log CK7.4 

CuH7W þ
H25 

H7W þ
CuH25   

1 7.13 ±
0.21 

2.78 ±
0.19 

8.2 / 9.2 14.1 ±
0.2 

2 7.57 ±
0.39 

1.58 ±
0.03 

10.6 / 10.6 14.2 ±
0.3 

3 3.38 ±
0.51 

0.67 ±
0.04 

5.4 / 5.4 14.5 ±
0.3 

4 2.04 ±
0.14 

0.74 ±
0.04 

5.3 / 5.3 14.6 ±
0.2 

Average 3.2 ± 2.7a / 1.4 ± 1.0b  14.4 ±
0.2/ 
14.6 ±
0.2  

a From all experiments. 
b From experiments performed for 5.3–5.4 μM peptides. 
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To facilitate the search, we assumed the propeptide cleavage site 
recognized by furin, canonically RXK/RR, with few exceptions. The 
fragment always included the cationic region ending with Arg. The 
search data are presented in detail in Supplementary File 2, while the 
presence of His-3 in hepcidins is visualized by the tree-of-life diagram in 
Fig. 6. One can immediately recognize that His-3 positively differenti-
ates Eutheria from the evolutionarily older Marsupia and Monotremata. In 
the latter, it is apparently present in position 4 after the cleavage site, 
with an aromatic amino acid inserted directly after the cleaved Arg 
(alternatively the furins of these organisms could have an altered 
cleavage site, but there is no data on this issue). His-3 is strictly 
conserved in most higher mammals including all primates. There are 
only two types of exceptions: about the half of sequenced rodent species, 
including Mus muculus and Rattus norvegicus have His-3 replaced with 
Asn, while Mus caroli (Ryukyu mouse) as well as the sole sequenced 
hedgehog have His-3 replaced with Tyr. 

4. Discussion 

4.1. Cu(II) binding to H25 

The prime objective of this study was to establish the H25 affinity for 
Cu(II) in an unbiased fashion under conditions as close to the natural 
ones as possible. This included working at pH 7.4 characteristic of blood 
serum and using the lowest possible concentrations that allowed for 
reliable detection of the studied species. The latter condition was 
required by the natural low abundance of H25 in blood serum and by the 
propensity of this peptide to aggregate at millimolar and submillimolar 
concentrations observed in the course of our experiments. Therefore, a 
stepwise procedure was applied, making use of the ability of fluores-
cence spectroscopy to detect and quantify micromolar amounts of the 
tryptophan fluorophore present in the competitor peptide. In this pro-
cedure the H6 peptide was used as benchmark because its binding 
constant for Cu(II) ions was established previously with high accuracy 
by independent methods [45]. Then, the set of competition experiments 
was performed for the H6/H7W couple, where the partial quenching of 
the H7W fluorophore due to Cu(II) binding was used to report the state 
of equilibrium (Fig. 2). Together with the validation of proportionality 

of H7W static quenching to the fraction of Cu(II) bound to the peptide 
(Fig. 1) and the estimation of the contribution of dynamic quenching to 
the overall fluorescence of CuH7W (Fig. 3), the reliable value of 
CKCuH7W was obtained (Table 2), which did not differ significantly from 
that for CuH6. Next, H7W was used in analogous Cu(II) competition 
experiments with H25. As described in the Results section and illus-
trated in Figs. 4 and S3 these experiments exhibited a small but sys-
tematic bias, depending on the direction of competition reaction. The 
log CK7.4 values from reactions in which CuH25 was formed were on 
average 0.55 ± 0.15 log units lower from the reverse case. Also, 
comparing the fluorescence evolution in these two complementary re-
actions, they seemed to find different endpoints. This was not the case 
for the H6/H7W. Also, the log CK7.4 values for experiments performed at 
10 μM concentrations yielded the log CK7.4 values 0.4 ± 0.1 log units 
lower than those at 5 μM. Furthermore, the equilibration processes 
which included dissociation of CuH25 were slower and much less 
reproducible in terms of t½ values than the reverse processes. We 
interpret these effects collectively as evidence for the concentration- 
dependent formation of H25/CuH25 aggregates in which Cu(II) ions 
cannot access all H25 molecules. In such case the higher log CK7.4 values 
should be the more reliable one, placing the final log CK7.4 value for 
CuH25 around 14.6. This value is given in Table 4 along with the 
average value over all experiments. Altogether, with all the above ca-
veats, we proved H25 to be a very strong Cu(II) chelator, and the derived 
affinity constant can be used in predictions of additional biological roles 
of H25. 

The analogous problem manifested itself in a potentiometric deter-
mination of CuH7W stability. Working at 0.5 mM concentrations we 
obtained the log CK7.4 value one order of magnitude lower than expected 
(Table 4). Upon careful inspection of titration curves we noticed a sys-
tematic worsening of the fit in the segments of titration curves corre-
sponding to the ATCUN/NTS complex. Such effect, which can be 
attributed to the increased glass electrode drift, was not present in ti-
trations of H7W alone. These titrations yielded protonation constants 
being in a fair agreement with those presented for H6 [45] (see 
Table S3). We interpret these effects to be due to slow aggregation of 
CuH7W at concentrations 100 times higher from those used in fluo-
rescence experiments. Indeed, a similar but more pronounced effect was 
noted in our attempts of potentiometric titrations of CuH9A and CuH25, 
but in both cases it resulted in a failure of stability constant calculations 
and in the latter case the aggregation was visible with naked eye at pH 6 
and higher (data not shown). It seems that H6 is the longest fairly sol-
uble hepcidin peptide, and the extension of the hydrophobic patch 
starting at residue 4 yields an efficient template for peptide aggregation. 

4.2. Biological relevance of high H25 affinity for Cu(II) 

The tree-of-life analysis presented in Fig. 6 and Supplementary File 2 
provided an interesting but unequivocal view on the appearance of His-3 
in H25 sequence of mammals, hence the relevance of Cu(II) binding 
ability of H25. We were able to find and analyze 120 sequences from 13 
orders, but not all of these orders had sufficient coverage, with as few as 
single cases in four of them. The His-3 appears in placental animals in 
contrast to Monotremata and Metatheria which have a Phe residue 
inserted between the furin cleavage site, making the His residue present 
there His-4 rather than His-3. Peptides containing His-4 form much 
weaker Cu(II) complexes [17], which are not likely to have a biological 
function. We have no data on Monotremata and Metatheria propeptide 
convertase specificity, so it is even possible that their hepcidins have 
His-3 as well. 

Nevertheless, the certain His-3 sequence is perfectly well conserved 
in most eutherian orders. However, this conservation is lost in rodents 
(replaced by Asn, or Tyr), where only seven out of 13 known H25 se-
quences have it. This includes such scientifically important species as 
Rattus norvegicus and Mus musculus. His-3 is also missing (replaced by 
Tyr) in the only studied case of Eulipotyphla, the European hedgehog. 

Fig. 5. Dependence of ascorbate oxidation rate on the H25/Cu(II) ratio. Upon 
the exposure to 5 μM Cu(II) and varying concentrations of H25. The reaction 
was monitored at 265 nm. Red line marks the linear dependence of ascorbate 
consumption on the amount of Cu(II) not complexed to H25. Blue line marks 
the average ascorbate consumption by the CuH25 complex, 20 nM AA/s. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

D. Płonka et al.                                                                                                                                                                                                                                  



Journal of Inorganic Biochemistry 248 (2023) 112364

8

These facts indicate that strong Cu(II) binding may be important for 
most mammals, but this function may not be indispensable, or else there 
is a compensatory innovation in some rodents (and hedgehogs). This 
way or another, the total conservation of His-3 in primates empowers us 
to speculate on its relevance in humans. 

His-3 is one of the most important residues for hepcidin function as a 
ferroportin partner [68]. However, its replacement with Phe worked 
almost just as well, which allows us to state that Cu(II) binding cannot be 
essential for the iron regulatory activity. However, the Cu(II) binding 
was found to slightly enhance the antibacterial activity of H25, which 
depended on the correct formation of the disulfide bonds [69]. More-
over, the anticandidal activity demonstrated for H25 apopeptide was 
decreased in the presence of Cu(I) chelator bathocupreinedisulfonic acid 
(BCS) and enhanced by co-exposure with ascorbate. The authors cited 
previous studies which related ATCUN/NTS model peptides with Cu(I)/ 
Cu(II) cycling and ROS production and concluded that the binding of 
endogenous copper and ROS activation was responsible for this activity 
[49]. Indeed, slow ascorbate-induced ROS production was demon-
strated, among others, by the CuDAHK complex representing the 
ATCUN/NTS site of HSA [66]. In ATCUN/NTS peptides this is related to 
the relative stability/lifetime of the intermediate 2 N complex [70]. 
However, we found that CuH25 was not able to consume ascorbate 
effectively, which means that it would rather not be able to produce ROS 
under physiologic conditions. Therefore, the actual biocidal mechanism 
of H25/CuH25 remains to be established. One possibility is that H25 
sequesters Cu(II) ions required for the pathogen growth. A similar 
mechanism was postulated previously for other antimicrobial peptides 
[71]. 

Copper distribution and transport in blood is not a completely 
resolved issue, and there still are many uncertainties. A sizeable portion 

Fig. 6. Evolution of hepcidin in mammals tested for His 3 in mature peptide (H25).  

Table 4 
Copper(II) affinity constants (CK7.4 expressed logarithmically) for different 
hepcidin peptides and methods used to determine them. See Table 1 for peptide 
abbreviations.  

Peptide Log CK7.4 Method Reference 

H3 12.9 Potentiometry and 
UV–vis 

[14] 

H6 14.66 ± 0.06 Potentiometry and 
UV–vis 

[45] 

H7W 14.72 ± 0.06 Competition This work 
H7W 13.72 ± 0.06 Potentiometry This work, unreliable due 

to aggregation 
H25 7.8 MALDI-MS serial 

dilution 
[14] 

H25 > > 6 FTICR-MS [13] 
H25 14.4 ± 0.2a/ 

14.6 ± 0.2b 
Competition This work  

a Average value of all determinations for 10 μM and 5 μM H25 concentrations. 
b Recommended value based solely on experiments for 5 μM H25 

concentrations. 

D. Płonka et al.                                                                                                                                                                                                                                  



Journal of Inorganic Biochemistry 248 (2023) 112364

9

of blood copper is bound to ligands below the 10 kDa threshold [28]. 
The molecular weight of H25 is 2789.35, well within this limit. 
Depending on the purification method, some of H25 could be detected in 
blood as Cu(II) complex. In [46] blood serum was filtrated with a 30 kDa 
cut-off, followed by the enrichment of the filtrate sample with a Cu(II) 
salt. In such conditions 100% of hepcidin was found as CuH25. Even 
collision induced dissociation in mass spectrometer did not remove the 
Cu2+ ion from the peptide. Instead, the main fragment ion was CuDTH. 
These data indicate that H25 might participate in Cu(II) homeostasis. 

The CK7.4 value determined in this work can be used to assess the 
putative equilibrium ratio of CuH25 to H25, using the data available for 
HSA. The maximum H25 blood concentration reported for a patient 
with inflammation was reported as 1.5 μM [72], but in healthy subjects, 
mean H25 blood concentration is ~7.2 nM [73]. Taking log CK7.4 values 
of 14.6 and 13.0 for H25 and HSA, respectively, their concentrations as 
7.2 nM and 650 μM [74] and the HSA saturation with Cu(II) ions as 
0.65% [28], one can quickly calculate the concentration of Cu(II) bound 
to H25 as ~1.5 nM, i.e. ca. 20% of total H25. 

On the other hand, the turnover of H25 in blood is fast. Its half-life in 
blood was reported as 2.3 min in Cynomolgus monkeys [75]. Therefore, 
CuH25 formed by sequestering Cu(II) from weaker ligands by H25 may 
not have time to exchange Cu(II) ions with HSA, and rather would carry 
Cu(II) elsewhere, upon its clearance, in an off-equilibrium fashion. As 
indicated above, the proteolysis of CuH25 e.g. to CuH6 would not 
decrease the Cu(II) affinity of the DTH ATCUN motif. These observations 
may be worthy of a further study in the context of the reported anti-
microbial activity of H25. scavenger, diminishing copper bioavailability 
to infectious microbes. This would be possible, because the extremely 
slow rate characterizes only the ATCUN-to-ATCUN Cu(II) exchange. 
This, according to our other studies, is dictated by very low koff values 
for the hepcidin’s ATCUN motif. The kon has not been determined, but 
the formation of CuH25 4 N complex may take significantly <1 s, 
possibly sufficiently fast to maintain for a Cu(II) scavenger role [76,77]. 

Upon a rigorous in vitro test, the ability of pure α2M to bind Cu(II) 
ions was neglected [28]. On the other hand, depending on the source, as 
much as 89% [78] or as low as 3% [79] of circulating H25 can be bound 
to α2M. Inspired by the high stability of CuH25, we are prompted to 
speculate that α2-macroglobulin is not a Cu(II) carrier per se, but can 
rather carry CuH25 and other low molecular weight Cu(II) chelators. 
Also, this hypothesis could be tested in carefully performed analytical 
and in vitro experiments. We are aware of the fact the only available 
data on the chemical nature of Cu(II) ions present in α2M complexes 
indicate the non-ATCUN/NTS structure [40], but these two points are 
not as contradictory as it might seem. The relative Cu(II) occupancy of 
α2M and HSA was obtained from a different series of experiments and a 
different technique [32] and α2M could as well carry other Cu(II) 
complexes in that case. 

The inertness of CuH25 in Cu(II) exchange reactions is another factor 
enhancing the likelihood of its contribution to Cu(II) blood homeostasis. 
Recent findings regarding kinetic properties of ATCUN/NTS complexes 
indicate the relevance of second-to-minute time windows in copper 
distribution from the intestine through blood to liver and other organs 
[76,77]. Under such conditions the CuH25 complex once formed may be 
sufficiently long-lived to exert its hypothetical copper-related functions 
before being cleared from the bloodstream or exchanging the Cu(II) ion. 
To briefly test one such hypothetical function, we tested whether H25 
could theoretically protect against redox properties of Cu(II). In equi-
molar concentrations, ascorbate as a substrate was consumed slower by 
two orders of magnitude with the Cu(II) ion trapped in the CuH25 
complex (Fig. 5, Table S2), indeed supporting such role. 

5. Conclusions 

Hepcidin-25 was demonstrated to be a very strong chelator for Cu(II) 
ions, likely to be at least partially Cu(II) bound in the bloodstream. The 
distinct inertness of the CuH25 complex in Cu2+ exchange reactions 

suggests that the complex should be considered as a distinct entity, 
rather than a Cu(II) delivery agent, in analyzing its physiological role. 
The lack of ascorbate reactivity precludes its participation in physio-
logical redox processes and also the redox-based toxicity. The sequence 
analysis revealed that the ATCUN site in mammalian hepcidins is 
significantly, but not universally conserved. This suggests a secondary or 
complementary physiological role in mammals altogether, but does not 
preclude such role e.g. in primates. Altogether, the results presented and 
discussed above warrant further investigations into the biological rele-
vance of such distinct Cu(II) binding ability of human H25. 
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