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Abstract
Under hemolytic conditions, toxic heme is scavenged by hemopexin. Recently, the heme-binding properties of hemopexin 
have been reassessed, which revealed a  KD of ~ 0.32 nM as well as a stoichiometry of one to two heme molecules binding to 
hemopexin. A 66mer hemopexin-derived peptide that spans over three heme-binding motifs was used to verify the earlier 
suggested heme-recruiting mechanism. Herein, we employed spectroscopic and computational methods to substantiate the 
hypothesis of more than one heme molecule binding to hemopexin and to analyze the heme-binding mode. Both, hemopexin 
and the 66mer peptide, were found to bind heme in mixed penta- and hexacoordinated states, which strongly indicates that 
heme binding follows distinct criteria and increases rigidity of the peptide-heme complex. Additional in silico molecular 
dynamics simulations support these experimental findings and, thus, contribute to our understanding of the molecular basis 
of the heme-hemopexin interaction. This analysis provides further details for consideration of hemopexin in biomedical 
applications.
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Introduction

Under hemolytic conditions, the plasma level of labile heme 
(Fe(II/III) protoporphyrin) can reach tremendous pathologi-
cal concentrations due to premature lysis of red blood cells 
and subsequent heme release from hemoglobin (Hb) after its 
oxidation to met-Hb (ferrihemoglobin) (Kumar and Bandyo-
padhyay 2005; Dutra et al. 2014; Roumenina et al. 2016). 

The released heme is first bound to albumin, as it is the most 
abundant protein in human plasma (~ 600 μM), and is then 
transferred to hemopexin (Morgan et al. 1976; Peters 1996; 
Paoli et al. 1999; Tolosano et al. 2010). In most severe cases 
of hemolysis, heme levels overwhelm the heme-scavenging 
capacity of plasma, thus provoking proinflammatory, pro-
coagulant, and cytotoxic effects either due to heme-driven 
production of reactive oxygen species and damage of pro-
teins, lipids, and nucleic acid, or through direct interaction 
with proteins of the complement and the blood coagulation 
system (Kumar and Bandyopadhyay 2005; Roumenina et al. 
2016; Frimat et al. 2019; Hopp and Imhof 2021).

Circulating in the blood stream in a concentration 
of ~ 17 µM, hemopexin serves as the high-affinity heme scav-
enger in the blood stream. Human hemopexin is a ~ 57 kDa 
glycoprotein consisting of 439 amino acids organized in 
two domains that are connected via a flexible linker peptide 
(Hrkal et al. 1974; Takahashi et al. 1985; Paoli et al. 1999; 
Tolosano and Altruda 2002). It enables the transport of heme 
to its degradation site, i.e. hepatocytes (Smith and Morgan 
1981; Hvidberg et al. 2005; Tolosano et al. 2010). There, the 
hemopexin-heme complex binds to the low density lipopro-
tein receptor-related protein 1 (LRP1/CD91) and is taken up 
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by the cells (Smith and Morgan 1981; Hvidberg et al. 2005; 
Tolosano et al. 2010). Based on this function of the protein, 
exogenously administered hemopexin has just recently been 
proven to protect from the toxic heme-triggered effects and 
their consequences (e.g., vasoocclusion, kidney and brain 
injury) in hemolytic and hemorrhagic disorders, such as 
sickle cell disease and intracerebral hemorrhage, respec-
tively (Belcher et al. 2018; Poillerat et al. 2020; Chen-Roe-
tling et al. 2021; Buehler et al. 2021; Buzzi et al. 2021). 
Thus, a plasma-derived form of hemopexin (“CSL889”) as 
developed by CSL Behring is currently in phase 1 clinical 
trial (ClinicalTrials.gov identifier: NCT04285827) for the 
treatment of sickle cell disease in adults.

The interaction between hemopexin and heme has been 
characterized almost 50 years ago and defined as one of the 
high-affinity protein–ligand complexes with a  KD < 1 pM 
(Hrkal et al. 1974). Recent investigations employing surface 
plasmon resonance (SPR) spectroscopy, however, revealed 
a much lower affinity  (KD ~ 0.32 nM) (Detzel et al. 2021). 
By using SPR analysis and ultraviolet–visible (UV/Vis) 
spectroscopic titration a binding stoichiometry of 1:1 to 1:2 
(hemopexin:heme) has been determined (Detzel et al. 2021), 
which was later discussed by Karnaukhova et al. as well 
(Karnaukhova et al. 2021). As explored in the crystal struc-
ture of the rabbit hemopexin-heme complex, hemopexin 
binds heme in a hexacoordinated state by two histidine resi-
dues  (H236 and  H293) (Paoli et al. 1999). However, in total, 
a number of five heme-binding sites were suggested by dif-
ferent groups until 1999 (Morgan et al. 1993; Satoh et al. 
1994; Paoli et al. 1999). Recently, these potential heme inter-
action sites, hereinafter referred to as heme-binding motifs 
(HBMs), were narrowed down to four histidine residues 
 (H79,  H105,  H236, and  H293) (Detzel et al. 2021). In addition, 
a HeMoQuest analysis revealed so far unconsidered histi-
dine residues (i.e.  H238 and  H260) for potential heme binding 
(Paul George et al. 2020; Detzel et al. 2021). As already 
demonstrated and proven for several other proteins (Kühl 
et al. 2013; Brewitz et al. 2016; Peherstorfer et al. 2018; 
Wißbrock et al. 2019a; Hopp et al. 2021), the heme-binding 
capacity of the suggested HBMs (in form of nonapeptides) 
was analyzed by UV/Vis spectroscopy, which provided 
experimental verification of heme binding to these HBMs 
for the first time (Detzel et al. 2021). The presence of HBMs 
with an even higher heme-binding affinity than the earlier 
described HBM in the crystal structure, suggested an intra-
molecular recruitment mechanism of heme from the pro-
tein’s surface to the actual heme-binding site between  H236 
and  H293 (Detzel et al. 2021). Thus, the two “big unknowns” 
in hemopexin-related research include (a) the structure of 
the human hemopexin-heme complex (so far only an incom-
plete structure of rabbit hemopexin is available from 1999 
(Paoli et al. 1999)), and (b) the confirmation of the suggested 
heme-recruitment mechanism (Detzel et al. 2021). This lack 

of information prompted us to examine the binding mode 
of the heme molecules in hemopexin more closely. From a 
clinical point of view, this information is also highly relevant 
for biomedical applications of hemopexin in the context of 
a supplemental therapy in hemolytic conditions associated 
with high heme levels.

Herein, we used an in-house synthesized 66mer 
hemopexin-derived peptide  (P232 to  I297) representing the 
linker peptide  (P232 to  P252) and a part of the C-terminal 
domain  (E253 to  I297) of hemopexin, which spans over the 
confirmed heme-binding sites  H236 and  H293 as well as the 
suggested  H260 (Paoli et al. 1999; Detzel et al. 2021). The 
heme-binding behavior was investigated at different ratios 
of peptide and heme using resonance Raman (rRaman) and 
circular dichroism (CD) spectroscopy. In addition, we per-
formed the rRaman study with full-length human hemopexin 
to compare the results obtained on the peptide level with 
those from the protein level. Substantial molecular dynam-
ics (MD) simulations provide insights into the structure of 
the complex and its binding mode. The results of the pre-
sent study further substantiate the fact that hemopexin can 
bind two heme molecules at the same time, which is relevant 
concerning clinical dose calculations prior to application in 
patients in the future.

Materials and Methods

Characterization of the 66mer Hemopexin‑Derived 
Peptide

The earlier synthesized 66mer hemopexin-derived peptide 
(Detzel et al. 2021) was analytically characterized by means 
of reversed-phase high-performance liquid chromatography 
(RP-HPLC) on a LC-10AT system (Shimadzu) equipped 
with a Vydac 218 TP column (C18, 250 × 4.6 mm, 5 µm 
particle size, 300 Å pore size), electrospray ionization mass 
spectrometry (ESI–MS) with a micrOTOF-QIII system 
(Bruker Daltonics), and amino acid analysis using a LC 
3000 (Eppendorf-Biotronik) with a cation exchange col-
umn (CK10 M resin, 4 µm particle size, 10% cross-linkage, 
type H; Mitsubishi) and post-column derivatization with 
ninhydrin.

rRaman Spectroscopy

The rRaman spectra were acquired with a micro-Raman 
setup (CRM 300, WITec GmbH, Germany). The prepara-
tion of the respective peptide-heme complexes has been 
described earlier (Detzel et al. 2021). The exact concentra-
tion of the freshly prepared heme stock solutions (1 mM in 
30 mM NaOH) was determined after dilution to 10 µM in 
HEPES buffer (100 mM, pH 7.4) using the molar extinction 
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coefficient ε398 = 32.6   mM−1   cm−1 (Hopp et  al. 2020). 
Hemopexin, isolated from human plasma, was purchased 
from Athens Research & Technology. rRaman measure-
ments were performed as previously described (Kühl et al. 
2013; Brewitz et al. 2016; Syllwasschy et al. 2020), except 
for the fact that herein a peptide:heme ratio of 1:2 was 
applied. The samples were measured in liquid phase using 
a Zeiss 10 × objective (NA 0.2, laser power 22 mW). The 
hemopexin sample was placed on an in-house built rotating 
sample holder (speed: 1 rotation/min). Precipitated sam-
ples were resuspended before measurement. The excitation 
wavelength was 405 nm. A CCD camera (DV401A BV‐532, 
ANDOR, 1024 × 127 pixels) and a grating of 1800 g/mm 
was used for the fitting of the spectrometer. rRaman spectra 
were collected in triplicates with 30 s integration time per 
spectrum and the background noise was corrected using the 
statistics-sensitive non-linear iterative peak-clipping (SNIP) 
algorithm (Ryan et al. 1988). For analysis, the GNU R plat-
form (R Core Team 2021) and an in-house built script were 
applied. The spectral regions of interest (600–900  cm−1 and 
1400–1800  cm−1) were plotted with GraphPad Prism 9.1.0.

CD Spectroscopy

CD spectroscopy measurements were performed on a 
JASCO J-715 spectropolarimeter at a constant temperature 
of 20 °C. The spectra were recorded with a scan speed of 
100 nm/min, a band width of 1.00 nm, an accumulation of 
5 scans, and a resolution of 0.20 nm. A 1 mm quartz cuvette 
was used, and the spectra were recorded from 180 to 350 nm. 
Basis line correction was performed with the spectrum of a 
50 mM sodium phosphate buffer (pH 7.4) and the ellipticity 
of the CD spectra was expressed in millidegrees and later 
converted to molar ellipticity (θ) in deg*cm2 *dmol−1. A 
stock solution of hemin (2 mM in 30 mM sodium hydrox-
ide) was diluted to 75 μM (for peptide:heme ratio 1:1) and 
150 μM (for peptide:heme ratio 1:2) in 50 mM sodium 
phosphate buffer (pH 7.4), respectively. 200 μL of each of 
the diluted solutions were added to an aliquot of the 66mer 
peptide (final concentration: 75 µM). Experimental set-up 
was adapted from earlier performed measurements (Kühl 
et al. 2011; Fleischhacker et al. 2020). The spectra were 
recorded after 30 min incubation time and evaluated as well 
as presented with GraphPad Prism 9.1.0.

In Silico Docking and Molecular Simulation Studies

The 66mer peptide was subjected to an all-atom MD sim-
ulation study. The earlier reported structure of the 66mer 
peptide (Detzel et al. 2021) was used as the starting struc-
ture for the MD simulation. The resulting initial struc-
ture was obtained with a good overall Z-score of 0.60 in 
YASARA (version 20.4.20) (Krieger and Vriend 2014). 

This structure was subjected to a 2000 ns MD simulation at 
pH 7.4 and 298 K using the AMBER14 force field (Maier 
et al. 2015) and the md_run.mcr macro with default values 
in YASARA. The force field parameters for the heme mol-
ecule were applied as described earlier (Detzel et al. 2021). 
The results were analyzed using the md_analyze.mcr macro 
in YASARA. The final snapshot from the MD simulation 
was used as receptor in a set of focused molecular docking 
of heme molecule onto the histidine residues  H236,  H238, 
 H260, and  H293, respectively. In each run, a 15 Å cubic cell 
was defined around the histidine residue of interest as the 
docking search space. The resulting poses, filtered by the 
lowest histidine-iron-ion distance, were used for a 50 ns MD 
simulation using the Amber14 force field (Tian et al. 2020) 
in YASARA with the md_run.mcr macro with default values 
and heme as a ligand. A qualitative estimation of the heme-
binding affinities on docked and MD-refined complexes 
were carried using the HYDE scoring function (Reulecke 
et al. 2008; Schneider et al. 2013), as implemented in the 
SeeSAR molecular modeling platform. Molecular graphics 
were created using SeeSAR (version 11.1.1; BioSolveIT 
GmbH, Sankt Augustin, Germany, 2021, www. bioso lveit. 
de/ SeeSAR), UCSF Chimera (version 1.13.1) (Pettersen 
et al. 2004), and YASARA (version 20.4.20) (Krieger and 
Vriend 2014).

Results and Discussion

Analytical Characteristics of the 66mer 
Hemopexin‑Derived Peptide

The analytical data for the hemopexin-derived model peptide 
is provided in the supplemental information (Table S1; Fig. 
S1–S2). Amino acid analysis revealed a peptide content of 
79.9%, which was considered for the concentration in all 
in vitro experiments herein.

Spectroscopic Studies of the Heme‑Peptide/
Hemopexin Complex

Currently, there is no experimentally determined structure 
available for the heme-bound full-length human hemopexin 
and respective histidine mutants. We thus characterized the 
heme binding to both, a 66mer hemopexin-derived peptide 
 (P232 to  I297; Fig. 1A) and human hemopexin using spec-
troscopic methods to substantiate our hypothesis that more 
than one heme can bind to the protein (Detzel et al. 2021). 
The 66mer peptide was originally designed to include the 
heme-binding sites  H236 and  H293, and the suggested  H260 
and  H238 (Fig. 1A). In the recent report by Karnaukhova 
et al., induced CD changes (ICD) of the Soret band in a 
heme titration experiment were investigated (Karnaukhova 

http://www.biosolveit.de/SeeSAR
http://www.biosolveit.de/SeeSAR
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et al. 2021). Low heme concentrations provoked not only 
a monolobe Cotton effect CD spectrum at 420 nm, but 
an additional weak effect at 404 nm. Higher heme con-
centrations induced a bisignate ICD pattern, whose pres-
ence was attributed to exciton coupling between two at the 
same time hemopexin-bound heme molecules (Karnauk-
hova et al. 2021). The CD experiments performed in the 
present study were initiated to investigate conformational 
changes of the secondary structure elements of the 66mer 
peptide upon addition of heme [66mer peptide only, 66mer 
peptide:heme (1:1 and 1:2)]. This was based on the obser-
vation that the 66mer peptide adopts the same structural 
features as the respective part in full-length hemopexin 
(Fig. 1B). However, the 66mer peptide obviously exhib-
ited too high flexibility, and thus, the CD signals were too 
low (< 1 θ) to calculate distinct changes in the secondary 
structure elements (Fig. 1C), preventing us from providing 
a CD study of the 66mer peptide. This means that heme 
binding to this anyways highly flexible part of hemopexin 
cannot stabilize the protein. Thus, rRaman experiments 

were performed instead to contribute to the analysis of a 
possible second heme-binding site in hemopexin using a 
different approach. The experimental setup was inspired by 
earlier investigations on heme-peptide/protein interactions 
(Kühl et al. 2013; Brewitz et al. 2016; Wißbrock et al. 
2019a; Syllwasschy et al. 2020; Detzel et al. 2021), except 
that the hemopexin/66mer peptide-heme ratio was chosen 
as 1:2 for each interaction. Therefore, freshly prepared 
heme was added to the 66mer peptide and hemopexin, 
respectively, to avoid heme aggregation in aqueous solu-
tion during long-lasting in vitro rRaman experiments (Das 
et al. 1970; de Villiers et al. 2007). According to earlier 
studies concerning the analysis of the rRaman spectra 
(Spiro 1985; Wißbrock et al. 2019b), the iron coordina-
tion state can be derived from the ν3 band formed upon 
complex formation. Thereby, a pentacoordinated complex 
provokes a ν3 band at ~ 1491  cm−1 (Spiro 1985; Wißbrock 
et al. 2019b), whereas in case of a hexacoordinated com-
plex this band appears at ~ 1505  cm−1 (Spiro and Burke 
1976; Wißbrock et al. 2019b). Mixed complexes occur 

Fig. 1  A The hemopexin-derived 66mer peptide sequence (grey box) 
comprises the linker peptide (magenta) and a part of the sequence of 
the second β-propeller domain (blue) of wild-type mature hemopexin 
(complete sequence). The confirmed heme-binding sites  H236 and 
 H293 as well as the potential heme-binding sites  H238 and  H260 are 
highlighted (black bold). B The peptide shares the structural fea-
tures of the C-terminal β-propeller domain (blue in peptide, turquoise 
in hemopexin) of full-length hemopexin (grey; homology model by 
AlphaFold 2 (https:// alpha fold. ebi. ac. uk/ entry/ P02790); signal pep-
tide not entirely shown), whereas the N-terminus of the peptide (pink; 
derived from the linker peptide of hemopexin (rosa)) exhibits a high 
degree of flexibility. C CD spectra of the 66mer peptide (blue), the 

66mer peptide-heme complex (1:1; red), and the 66mer peptide:heme 
complex (1:2; green). None of the spectra showed secondary struc-
ture elements possibly due to the high flexibility of the peptide. D 
Heme was added in a 1:2 (peptide/protein:heme) ratio to either the 
66mer peptide or hemopexin and analyzed by rRaman spectroscopy. 
The spectral regions of interest (600–900  cm−1 and 1400–1800  cm−1) 
are depicted. Upon complex formation, precipitation was observed. 
While the isolated precipitate contained heme complexed in the pen-
tacoordinated (5c) state, there was evidence for a hexacoordinated 
(6c) state in the supernatant. In contrast, for the hemopexin-heme 
complex (1:2 ratio) mixed penta- and hexacoordination (5c/6c) was 
observed for both, the precipitate and the supernatant. Hx hemopexin

https://alphafold.ebi.ac.uk/entry/P02790
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as a double band, as can be seen in Fig. 1D (Kühl et al. 
2013; Brewitz et al. 2016; Wißbrock et al. 2019a). The 
1:2 (66mer peptide:heme) complex precipitated during the 
incubation time in the experiment. The same was observed 
for the proinflammatory cytokine interleukin-36α (IL-36α) 
and several other peptides (Brewitz et al. 2015; Wißbrock 
et al. 2019a). For IL-36α, two heme-binding sites could 
be confirmed, as well (Wißbrock et al. 2019a). This cor-
relation prompted us to assume that the precipitation is 
a consequence of complex formation and does not result 
from heme aggregation. Hence, the supernatant and the 
resuspended precipitate were measured separately, yet 
under the same conditions. It was found that the precipi-
tate represents a pentacoordinated complex (Fig.  1D), 
whereas in the supernatant a hexacoordinated complex was 
observed. This might indicate that the pentacoordinated 
complex precipitates, while the hexacoordinated remains 
soluble. It is highly probable that one heme molecule is 
hexacoordinated within the  H236/H293 binding cleft and 
the other bound to either  H238 or  H260, resulting in a pen-
tacoordinated state for the latter. Due to the unavailabil-
ity of an experimentally determined structure of human 
hemopexin, evidence for a 1:1 binding could so far only 
be derived from the rabbit hemopexin structure (PDB ID: 
1QJS) (Morgan and Müller-Eberhard 1972; Hrkal et al. 
1974; Paoli et al. 1999). In our study, the heme-protein 
complex precipitated at a ratio of 1:2 (hemopexin:heme) 
under the conditions required for rRaman spectroscopy. 
Thus, the supernatant and the resuspended complex were 
again measured separately. Both fractions showed a mixed 
penta- and hexacoordination. In the protein context, and 
different from the situation of the 66mer peptide, these 
results could be interpreted as two different heme-bind-
ing sites: One representing the hexacoordinated heme-
binding site  H236/H293 identified for the rabbit hemopexin 
(Paoli et al. 1999) and a second heme-binding site, which 
interacts with heme in a pentacoordinated fashion, i.e. 
either  H79,  H238 or  H260. The latter two histidine residues 
were proposed by our HeMoQuest analysis (Paul George 
et al. 2020; Detzel et al. 2021) and were not considered 
as heme-binding sites in the literature so far, while  H79 
has been suggested as a heme-binding site by Satoh et al. 
(1994).  H79, however, has been earlier excluded due to 
its insufficient surface exposure, and  H238 was consid-
ered unsuitable due to sterical hindrance (see below). In 
addition to the aforementioned scenario,  H236 or  H293 of 
another hemopexin molecule could coordinate heme in a 
pentacoordinated state (Fig. 1D), yet this is more likely at 
lower heme concentrations than at heme excess conditions. 
The heme recruitment mechanism could thus start with the 
binding of heme to  H260, which transfers it to the binding 
site  H236/H293 via a conformational change. The transfer, 
finally, releases the  H260 binding site again and provides 

the same as a potential candidate for pentacoordination as 
the second binding event at high heme levels (Karnauk-
hova et al. 2014; Wißbrock et al. 2019a; Syllwasschy et al. 
2020).

In Silico Study of the Free and Heme‑Complexed 
66mer Peptide by MD Simulation

The results of our recent in vitro study and a later submitted 
publication (Karnaukhova et al. 2021; Detzel et al. 2021) 
independently suggested higher hemopexin-heme binding 
ratios and a substantial conformational change after heme 
binding compared to earlier reports (Hrkal et  al. 1974; 
Morgan et al. 1993; Satoh et al. 1994; Paoli et al. 1999). 
However, a clear structural proof can still not be given due 
to the limitations of the techniques used so far. A recently 
established model structure, initially predicted with SWISS-
MODEL (Waterhouse et al. 2018; Detzel et al. 2021) of the 
66mer peptide and the homology model of the human full-
length protein (Detzel et al. 2021) were used to analyze the 
heme binding by molecular docking approaches, followed 
by molecular dynamics (MD) simulations, based on mutual 
comparison concerning structural stability and integrity. 
We recently could successfully support our in vitro findings 
via MD simulations with several peptides and proteins, and 
applied this method herein (Peherstorfer et al. 2018; Wiß-
brock et al. 2019a; Hopp et al. 2021; Detzel et al. 2021). 
The 66mer peptide was modeled with the pairwise structure-
based MUSTANG alignment (Konagurthu et al. 2006) based 
on the available rabbit hemopexin structure (PDB ID: 1QJS) 
using YASARA (Paoli et al. 1999; Krieger and Vriend 2014; 
Detzel et al. 2021). An overlay of the 66mer peptide model 
structure with the full-length hemopexin homology model 
showed earlier high accuracy, with a backbone root-mean-
square deviation (RMSD) of 0.772 Å (Detzel et al. 2021). 
The quality of our modelled structure was now addition-
ally validated by comparing it against the full-length model 
of human hemopexin, which has recently been established 
by AlphaFold 2 (https:// alpha fold. ebi. ac. uk/ entry/ P02790) 
(Jumper et al. 2021; Varadi et al. 2022). A MUSTANG align-
ment of the 66mer peptide against the AlphaFold 2 structure 
as reference showed an RMSD of a meagre 0.92 Å, which 
was a strong indicator that we have an excellent model wor-
thy of being subjected to additional computational experi-
ments (Fig. 1B). The prime aim behind the computational 
efforts in this work was to retrospectively verify and visual-
ize the hypotheses proposed by the experimental results of 
heme binding to the 66mer peptide. Therefore, to replicate 
a physiological environment, we subjected the peptide to 
a 2000 ns, explicit-solvent, all-atom MD simulation. This 
simulation provided a comprehensive idea of the conforma-
tional landscape that the peptide undergoes to get towards 
its stable folded conformation. The peptide underwent an 

https://alphafold.ebi.ac.uk/entry/P02790
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overall backbone RMSD change of 9.46 ± 1.64 Å (Fig. 2A). 
A large amount of the conformational change (~ 5 Å) was 
observed in the very first nanoseconds of the simulation as 
part of the solvent in the MD simulation equilibrating around 
the peptide, provoking this numerical bump in the RMSD 
value (Fig. 2A). Beyond this initial equilibration, the over-
all RMSD change of the peptide for the remainder of the 

simulation was gradual and the peptide settles in a stable 
conformation in the final 400 ns of the simulation with an 
RMSD of only 2.60 ± 0.30 Å. By the end of this simula-
tion, the peptide attained a well-folded, compact conforma-
tion as indicated by the drop in the radius of gyration from 
14.30 to 11.42 Å in the final snapshot. Interestingly, it is only 
towards the end of the simulation that the peptide sampled 

Fig. 2  A The overall backbone RMSD plot from a 2000 ns MD simu-
lation of the hemopexin-derived peptide is depicted. A total change 
of ~ 9.46 Å has been recorded. The starting structure (left, above) and 
the final 2000 ns simulated structure (right, below) are shown as well. 
The parts derived from the hemopexin’s linker peptide and from the 
C-terminal β-propeller domain are highlighted in magenta and blue, 
respectively. B Based on the in silico studies, binding to  H236 is pos-
sible in a pentacoordinated fashion. C However, a bishistidyl heme 
hexacoordination by the earlier described residues  H236 and  H293 

(Paoli et  al. 1999) is only possible after structural rearrangement 
following the initial heme-binding event to  H236. D After structural 
incorporation of the heme molecule into the binding pocket of  H235 
and  H293, binding of a second heme molecule to  H260 was observed. 
E, F Estimated by applying the HYDE scoring function in SeeSAR, 
the heme bound in a hexacoordinated state between  H236 and  H293 
shows higher binding affinity (picomolar range) than the heme in pen-
tacoordination to  H260 (nanomolar range)
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conformations suitable for heme binding. The distance 
between the deprotonated nitrogen atoms of the residues 
 H236 and  H293 in the peptide was monitored over the course 
of the simulation, since it is assumed that these two resi-
dues bind heme in a hexacoordinated fashion. In the starting 
conformation of the simulation this distance was as large as 
10.13 Å, which is a clear indicator that this conformation 
is not suited to bind heme especially in a hexacoordinated 
manner. Blind docking of heme on these initial conforma-
tions did not result in favorable heme-bound poses in any of 
the potential residues. In the final stages of the simulation 
(1500–2000 ns), when the peptide had equilibrated to sam-
ple a less diverse ensemble of conformations, this distance 
dropped drastically, maintaining an average distance of ~ 5 Å 
and going as low as 3.18 Å. Multiple structures from the last 
500 ns of the trajectory were extracted and used as recep-
tors for the docking of heme. Starting from these structures, 
heme binding to the peptide via  H236 could be successfully 
modeled (Fig. 2B). However, at this stage the  H293 residue, 
though still in the vicinity, was 7.16 Å away from iron ion of 
the heme molecule and the other side of the heme was coor-
dinated by a water molecule from the MD system. Further 
conformational rearrangement was required to allow for hex-
acoordination. Thus, the peptide-heme complex (with heme 
bound to  H236) was subjected to an additional 50 ns all-atom 
MD simulation. Within the first 10 ns of this simulation, 
the heme–iron-H293 distance dropped dramatically and at 
around 18 ns, the  H293 residue displaced the water molecule 
coordinating the heme iron and locked itself electrostati-
cally onto the heme iron to form a perfectly hexacoordinated 
heme binding between  H236 and  H293 (Fig. 2C). On this com-
plex (heme bound via  H236 and  H293), an additional round 
of docking simulations was carried out to scan for further 
heme-binding sites on this complex. Interestingly, docked 
poses were clustered around the  H260 residue with distances 
between the heme iron and the deprotonated nitrogen of the 
histidine residue less than 3 Å. A further round of energy 
minimization of the pose resulted in stabilizing the heme 
binding to  H260 in a pentacoordinated manner (Fig. 2D). 
In order to qualitatively estimate the binding affinities of 
the two heme molecules bound in different regions of the 
peptide, the HYDE scoring function (Reulecke et al. 2008; 
Schneider et al. 2013) was used, as implemented in See-
SAR (version 11.1.1; BioSolveIT GmbH, Sankt Augustin, 
Germany, 2021, www. bioso lveit. de/ SeeSAR). The HYDE-
estimated affinity for the heme molecule hexacoordinated 
between  H236 and  H293 was clearly much higher than the 
one that was pentacoordinated at  H260, clearly reflecting the 
trend observed in the experimental study (Fig. 2E, F). Our 
computational investigations have conclusively verified the 
earlier hypothesis that the 66mer sequence stretch derived 
from hemopexin can bind more than one heme molecule at 
the same time, and further confirmed the trend in binding 

quality between the two heme molecules with evidence from 
the modelled complexes. Although it should be emphasized 
that the peptide only represents a small part of the complete 
protein, it comprisesall earlier confirmed heme-binding 
motifs and seems to exhibit comparable folding to the cor-
responding sequence stretch in hemopexin. Together with 
our earlier results on the protein level (Detzel et al. 2021), 
it is highly probable that the herein proposed binding mech-
anism also applies to human full-length hemopexin. It is 
thus important to recognize the heme-binding capacity of 
the 66mer hemopexin-derived peptide for potential further 
use in drug research and development.

Conclusion

To gain additional structural insights into the heme-
hemopexin interaction we herein applied spectro-
scopic and in silico techniques to analyze heme bind-
ing to a 66mer hemopexin-derived peptide (PGRG 
H236GH238RNGTGHGNSTHHGPEYMRCSPH260LVL-
SALTSDNHGATYAFSGTHYWRLDTSRDGWH293SWPI). 
Both, the 66mer peptide and the hemopexin protein, bind 
heme in mixed states of penta- and hexacoordination, as 
demonstrated by rRaman spectroscopy. The observed hexa-
coordinated binding mode confirms the bishistidyl heme 
binding between  H236 and  H293, as earlier described for the 
crystal structure of rabbit hemopexin (Paoli et al. 1999). 
The pentacoordinated heme is highly probable binding to 
 H260. Beyond the earlier published (Detzel et al. 2021) and 
the herein reported experimental studies with hemopexin 
and the 66mer hemopexin-derived peptide, computational 
studies using the 66mer peptide now further supported 
the suggested heme recruitment mechanism for two heme 
molecules binding to hemopexin. Estimation of the heme-
binding affinity to these sites revealed a significant higher 
heme-binding affinity for the bishistidyl binding site in com-
parison to  H260, providing further hints that, after the first 
heme molecule has been escorted to the hexacoordination 
site of  H236 and  H293, residue  H260 is again available for bind-
ing of the second heme molecule in pentacoordination. The 
herein described stepwise convoy of heme from  H260 to  H236 
and  H293 is also supported by the earlier described differ-
ent heme-binding affinities of the respective HBMs (Detzel 
et al. 2021). Furthermore, this recruitment mechanism seems 
plausible if considering the recently described heme binding 
to the heme-degrading enzyme heme oxygenase-2, where 
heme is first bound to a surface-exposed HBM  (C265/H256 or 
 C282) and subsequently transferred into the core of the pro-
tein to  H45 (Fleischhacker et al. 2020). Meanwhile, several 
proteins were identified to transiently bind more than one 
heme molecule (e.g., α1-microglobulin (Siebel et al. 2012), 
IL-36α (Wißbrock et al. 2019a), and activated protein C 

http://www.biosolveit.de/SeeSAR
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(Hopp et al. 2021)). Thus, it might be interesting to follow 
whether other proteins will be added to this group of heme-
binding proteins in the future.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10989- 022- 10441-x.
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