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Abstract 
 
In addition to copper and zinc, heme is thought to play a role in Alzheimer’s disease and its 

metabolism is strongly affected during the course of this disease. Amyloid β, the peptide 

associated with Alzheimer’s disease, was shown to bind heme in vitro with potential catalytic 

activity linked to oxidative stress. To date, there is no direct determination of the structure 

of this complex. In this work, we studied the binding mode of heme to amyloid β in different 

conditions of pH and redox state by using isotopically labelled peptide in combination with 

advanced magnetic and vibrational spectroscopic methods. Our results show that the 

interaction between heme and amyloid β leads to a variety of species in equilibrium. The 

formation of these species seems to depend on many factors suggesting that the binding site 

is neither very strong nor highly specific. In addition, our data do not support the currently 

accepted model where a water molecule is bound to the ferric heme as sixth ligand. They 

also exclude structural models mimicking a peroxidatic site in the amyloid β-Fe-protoheme 

complexes. 
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Introduction 

 

Alzheimer's disease (AD) is a neurodegenerative disorder that causes the progressive and 

irreversible loss of brain functions including memory. This is the most common 

neurodegenerative disease. It is characterized by the appearance of senile plaques 

corresponding to aggregation of the amyloid beta (Aβ) peptide. The most prevalent forms of 

this peptide contain 40 (Aβ40) or 42 (Aβ42) aminoacid residues and consist of a largely 

hydrophilic N-terminal domain (first 16 residues Aβ16), and a C-terminal hydrophobic tail 

(17–40∕42). The Aβ16 peptide contains all the ligands necessary for metal binding sites [1]. 

Indeed, in addition to aggregated Aβ peptides, the senile plaques include high 

concentrations of copper, zinc and iron [1]. In neurodegenerative diseases, the metabolism 

of these transition metals is largely affected and associated with oxidative stress phenomena 

[2]. Copper has been the metal most studied with respect to its interaction with the Aβ 

peptide due to its affinity in the 1010 M-1 range [3]. At physiological pH, the Cu(II)-Aβ 

complex exists under two forms, so-called low-pH and high-pH forms, which are in 

equilibrium with each other with the low-pH form being predominant [4]. Both forms exhibit 

square-planar geometry. By contrast, Cu(I)-Aβ exhibits a digonal binding environment with 

two histidines as ligands [5].  

In the past fifteen years, the interaction of heme with Aβ has also attracted attention. This 

followed reports that the deficiency of heme in brain cells led to decay reminiscent of what 

is observed in AD and indeed the metabolism of heme is altered in the brain of patients with 

AD [6, 7]. Some heme proteins such as hemoglobin or neuroglobin are overproduced in AD 

patients’ brain and they co-localize with senile plaques [8, 9]. In vitro, heme can bind to the 

Aβ peptides [10-13] and the heme-Aβ complex has been shown to exhibit peroxidase activity 

[10, 11, 14, 15], to catalyze the oxidation of neurotransmitters such as serotonin [10, 16, 17], 

the nitration of tyrosines [15, 18, 19], and the reduction of nitrite [20]. There is no 

crystallographic structure of the heme-Aβ complex. Based on the peroxidase activity 

observed and spectroscopic studies with human and rodents Aβ [11] as well as mutants 

targeting the histidine residues [13], a structural model for heme binding to Aβ was 

proposed [11, 13]. According to this model, the ferric heme is coordinated in proximal 

position preferentially by His13 and a water molecule occupies the distal position. This water 
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molecule is hydrogen bonded to the Arg5 residue of the peptide [11, 13] that seems critical 

for peroxidase activity. This should be the resting state of the complex for its catalytic 

activity. However, an increasing ratio Aβ:heme was actually found to lead to better 

peroxidase activity [11]. As the increase of the Aβ concentration with respect to heme lead 

to the formation of low-spin complexes [6, 13], most likely bis-His coordinated, this is 

somewhat counterintuitive. In addition, some studies have questioned the biological 

relevance, active site structure and the specificity of heme-Aβ peroxidase activity towards 

external substrates [15, 21-24]. It should also be noted that if mutations can help the ligands 

determination of metal site, it remains an indirect way since they can induce structural 

rearrangements that could also explain the experimental observations.  

In this work, we have used advanced techniques such as pulse electron paramagnetic 

resonance (EPR) and resonance Raman (RR) spectroscopies in combination with specific 

isotopic labelling of the Aβ16 peptide to better probe its interaction with heme. We have 

also studied this interaction in presence of copper since its coordination to Aβ is well 

characterized and therefore enabled us to use it as a probe. Our results show that the 

interaction between heme and Aβ leads to a variety of species with different coordination 

states. In particular, we could exclude the presence of a water molecule as a sixth ligand in 

the ferric state for the high-spin species. We also exclude the formation of a peroxidase-like 

site in the Aβ-heme complexes. The formation of these species seems to depend on many 

factors suggesting that the binding site is relatively weak and unspecific. In the presence of 

copper, we did not detect a preferential binding site for heme as its presence did not affect 

the coordination of Cu(II) for the predominant species at physiological pH. 

 

Materials and Methods 

 

Materials. Unlabeled human Aβ16 peptide (DAEFRHDSGYEVHHQK) and Aβ40 peptide 

(DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV) were purchased from GeneCust 

(Dudelange, Luxembourg). Labeled histidine (L-histidine-N-fmoc, 15N, 98%) was bought from 

Eurisotop (Saclay, France). Aβ16 peptides including one labeled histidine at position 6, 13 or 

14 were synthesized by GenePep (Prades-le-Lez, France). Peptide concentrations in solution 

were determined by UV–visible absorption spectroscopy. Human Aβ40 peptide was 
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prepared by freshly dissolving the powder in 0.1 M NaOH (pH≈13) to give a stock solution of 

1 to 5 mM. The treatment with NaOH was done to minimize oligomerization of the peptide 

[25] and the stock solution was subsequently diluted for sample preparation. All samples 

were visually checked for precipitation. In this line, the Raman investigations did not show 

any anomalously wide Rayleigh band that could be indicative of large diffusions of the 

samples. In the case of EPR, samples were freshly prepared and immediately frozen in liquid 

nitrogen preventing any evolution of the sample. Chemicals were purchased from Sigma. 

Different buffers were used at different pH ranges: 3-(N-Morpholino)propanesulfonic acid 

(MOPS) for pH 6.7 and N-Cyclohexyl-2-aminoethanesulfonic acid (CHES) for pH 9. Hemin 

solution was freshly prepared by dissolving the powder in 0.1 M NaOH. A solution of 0.1 M 

sodium monophosphate was added to adjust the pH value at 7.5. 

 

Electronic absorption spectroscopy. UV-visible spectra were measured using a Uvikon XL 

spectrophotometer (Sekoman).  

 

Electron paramagnetic resonance spectroscopy. Continuous-wave EPR spectra were 

recorded using a Bruker Elexsys E500 spectrometer equipped with a continuous flow 

cryostat (Oxford). Pulse EPR experiments were performed with a Bruker Elexsys E580 

spectrometer at liquid helium temperatures. 4-pulse hyperfine sublevel correlation 

(HYSCORE) spectra were recorded with the usual four-pulse sequence π/2-τ-π/2-t1-π-t2-π/2 

with a length of 24 ns for all pulses and the power of the π pulse was adjusted accordingly. 

The size of the data was 256x256, the time intervals t1 and t2 were varied from 88 to 4168 ns 

in steps of 16 ns. The τ value was fixed (136 ns). A four-step phase cycle was used to 

eliminate unwanted echoes. The time domain spectra were baseline corrected, apodized 

with a Hamming window and zero-filled. Pulse EPR data were processed by using routines 

locally written with Matlab (The Mathworks, Inc.). 

 

Resonance Raman spectroscopy. RR spectra were recorded using a Jobin-Yvon spectrometer 

(either U1000 or T64000 model), equipped with a liquid nitrogen cooled charge-coupled 

device detector (Spectrum One, Jobin-Yvon). The ferric samples were excited in the Soret 

region with the 363.8 nm line of an Ar laser (Coherent Innova), the 413.1 nm line of a Kr+ 
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laser (Coherent Innova) and the 441.6 nm line of a He/Cd laser (Liconix). The ferrous forms 

were investigated with the 413.1- and 441.6-nm excitations. Low laser powers (5-15 mW), 

neutral filters and/or defocalisation of the laser beams were used to minimize either the 

photoreduction of the ferric samples or the photodissociation of the ferrous CO compounds. 

The signal-to-noise ratios were improved by spectral collections of 6-8 cycles of 30 seconds 

accumulations time. The reported spectra were the results of averaging 5-6 single spectra. 

The spectral analysis was made using the Grams 32 sofware (Galactic Industries). The 

frequency precision was 0.5-1 cm-1 for the most intense bands and 1.5-2 cm-1 for the 

weakest bands. 

 

Results 

 

At physiological pH (7.4), the binding of Cu(II) to Aβ yields a mixture of two complexes, a low 

pH form and a high pH form, in equilibrium [26]. Each of these complexes is largely 

predominant at pH 6.7 and 9.0, respectively. In order to separate contributions and better 

study the impact of copper binding on the heme-Aβ interactions, our experiments were 

mainly performed at these two pH values. 

 

Electronic absorption spectroscopy. At pH 6.7, mixing Fe(III)-protoheme IX (Fe(III)PP) with 

Aβ peptide at a molar ratio of 1:1 induced a redshift and an intensity increase of the Soret 

band above 400 nm (see Figure 1, left panels). This indicates that the ferriheme binds to the 

peptide. The shape of the bands suggests a mixture of species with the formation of a minor 

low-spin (LS) species. The contribution of the LS complex is higher for the Aβ40 peptide than 

for the Aβ16 compound. The results are similar to previous observations at physiological pH 

[11, 13]. The addition of one equivalent (eq) of Cu(II) ions to the heme-Aβ mixture at this pH 

provokes the removal of the LS contribution and yields a broad spectrum compatible with 

heme bound to the peptide in a high-spin (HS) complex. Mixture with free hemin cannot be 

excluded. At pH 9, the changes observed by the addition of hemin and Cu(II) are much less 

drastic (Figure 1, right panels). The shape of the spectrum is not affected, there is only a 

small increase in intensity. The only significant change is observed for the heme-Aβ40 

complex (broadening of the spectrum and decrease in absorbance) and is reversed by the 
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addition of 1 eq of Cu(II) ions. Based on these spectra, it is not possible to conclude about a 

specific interaction between heme and Aβ peptide at this pH. Further investigations are 

needed with other spectroscopies. 

 

EPR spectroscopy. To further examine the interaction between ferriheme and Aβ peptide, 

we collected X-band EPR data on the complex in the presence or absence of Cu(II) ions. At 

pH 6.7, the hemin sample exhibits its axial high-spin (HS) signal characteristic of the S=5/2 

state. In presence of the Aβ peptide, the HS signal is not modified (see also Figure S1). It is 

therefore difficult to conclude whether it still corresponds to free hemin or to a HS complex 

between heme and the peptide. By contrast, a low-spin (LS) ferric heme signal is observed in 

the high-field region with g-values of 2.95 and 2.26 (the third g-value is not clearly detected 

which is usual for this type of species), indicating an interaction between heme and the Aβ16 

or Aβ40 peptide. The LS signal is saturated under the recording conditions used here for the 

HS signal but it is clearly visible nonetheless. Upon addition of 1 eq of Cu(II), the heme-

peptide LS signal disappears and only the HS signal is observed for the ferric heme. In the 

g=2 region, the EPR spectrum of the complex between Cu(II) and Aβ peptide is observed and 

is identical to that observed in the absence of hemin (A//  540MHz, g// 2.26, and g  2.06) 

[27-29].   

At pH 9.0, the hemin sample exhibits a more complex HS signal due to the alkaline 

conditions. This EPR spectrum is not modified by the addition of 1 eq of Aβ peptide and no 

LS signal is observed contrarily to what is detected at pH 6.7. This suggests that either i) 

there is no interaction between the heme and the Aβ peptides, or ii) this interaction is not 

specific enough to significantly modify the EPR properties of the HS species formed. The 

addition of 1 eq of Cu(II) yields the corresponding EPR spectrum of the Cu(II)-Aβ complex at 

this pH in the g=2 region. Once again, the presence of hemin does not affect the EPR 

properties of the Cu(II)-Aβ complex at pH 9.0 (A//  495 MHz, g// 2.23, and g   2.06) [27]. 

In addition, the low field spectrum corresponding to the HS heme moiety is also not affected 

by the presence of Cu(II). 

In order to better probe the reciprocal influences of the interactions between Aβ peptide, 

ferriheme and Cu(II), we performed pulse EPR experiments to specifically address the 

binding of histidine (His) residues from the peptide to Cu(II) and heme. For this purpose, we 
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used Aβ16 peptides specifically labelled with 15N on either His6, His13 or His14 as was done 

previously to determine the coordination sphere of Cu(II) in the Aβ peptide [27]. Due to the 

relaxation properties of the HS ferric species, we could not obtain data from HYSCORE 

measurements on our setup to directly study the interaction between heme and the Aβ16 

peptide. Therefore, we could not probe whether there was a preferential binding of one of 

the His as has been proposed in the literature [13]. However, we could probe the 

coordination sphere of the Cu(II) ion and check whether the presence of heme had any 

effect on its binding with the available His residues. The use of a labelled peptide is a better 

approach than that using mutants, because modifying aminoacids in the sequence could 

have effects on the structural properties of the peptide as well as on the binding properties 

towards metal ions. 

The HYSCORE contour plots obtained on Aβ16 peptide mixed with 1 eq of ferric heme and 1 

eq of Cu(II) ions are presented in Figure 3. The characteristic cross-peaks at [(4; 1.5),(1.5; 4)] 

MHz arise from the remote 14N nucleus (nuclear spin I=1) from the His imidazole ring 

coordinated to the Cu(II) ion in equatorial position [27].  When labelled with 15N (I=1/2), the 

corresponding cross-peaks appear at [(0.3; 2.6),(2.6; 0.3)] MHz. These peaks are visible for 

each labelled His residue (His6, His13 or His14) indicating they all participate in Cu(II) 

coordination. At pH 6.7, the cross-peaks for labelled His6 are more intense compared to 

His13/His14 which is similar to what was observed for the Cu(II)-Aβ16 complex [27]. The 

presence of heme does not affect the coordination of the Cu(II) ion. At pH 9.0, the cross-

peaks for labelled His6 are also more pronounced compared to His13/His14. This differs 

slightly from the Cu(II)-Aβ16 complex for which all signals were roughly equivalent. 

Therefore, at this pH, the presence of heme has some influence on which His residue 

coordinates the Cu(II) ion. 

 

RR Spectroscopy. Fe(III)-protoheme complexes. The broad absorption spectra of the Aβ-

ferriprotoheme (Aβ-Fe(III)PP) complexes suggest a mixing of various species (see above, Fig. 

1 and [10, 11, 13, 15, 30]). In order to characterize these forms, we used RR spectroscopy 

with three Soret excitations (363.8, 413.1 and 441.6 nm). For the Aβ16- and Aβ40-Fe(III)PP 

complexes formed with a stoichiometry of 1 eq of peptide/heme at pH 6.7, the high-

frequency RR spectra (1300-1650 cm-1) excited with the 413.1 and 441.6 nm lines exhibit a 
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pair of bands of variable intensity in the ν10, ν2 and ν3 regions (1626/1640, 1570/1580 and 

1490/1505 cm-1, respectively) (Figure 4 spectrum(a), Figure S2 and spectra not shown). The 

363.8 nm-excited spectrum mainly shows the 1626, 1570 and 1490 cm-1 components (Figure 

S2). The ν3 regions (1480-1510 cm-1) clearly show that the LS contribution is mostly RR-

active with the 413.1-nm excitation (Figure S2). Table 1 lists the frequencies of the observed 

main modes of the Aβ40- and Aβ16-Fe(III)PP complexes at pH 6.7. The RR spectra of the 

Aβ16-Fe(III)PP complexes prepared under the same experimental conditions (1 eq 

Aβ16/heme, pH 6.7) are highly similar in terms of band frequencies (Figure S3; Table 1).  

However, the major spectral contribution concerns the LS form for Aβ40 while the contrary 

occurs for Aβ16 (Figure S3, spectra (a) and (c)). All these observations establish the co-

existence of five-coordinated (5c) HS and six-coordinated (6c) LS forms [31-33]. When the 

concentration of the Aβ40 or Aβ16 peptide is increased at 2 eq/heme, the spectral 

contributions of the 6cLS form are increased (spectra not shown). This is in line with what 

was observed by UV-visible spectroscopy [11]. Changes in pH values from 6.7 to 9.0 increase 

the relative intensities of the skeletal modes of the 5cHS species. This effect is particularly 

marked for the Aβ40 peptide (Figure S3). Addition of 1 eq of Cu(II) ions to the Aβ-Fe(III)PP 

complex preformed at pH 6.7 or 9.0 apparently abolishes the contributions of the RR bands 

arising from the 6cLS species in the 441.6-nm excited spectra (see Figure S4 for the Aβ16 

peptide). However, the 413.1-nm excited spectra show the conservation of minor 

contributions of this 6cLS species (Figures S5 and S6). It is important to note that in the 

course of the various performed titrations (peptide/heme ratio, pH change, and Cu(II) 

addition), we observe different enhancement patterns of the 5cHS and 6cLS species but no 

contribution of any 6cHS form for which RR bands are expected at 1480-1483 (ν3), 1559-

1563 (ν2) and 1608-1610 (ν10) cm-1 [31-33]. 

Fe(II)-protoheme complexes. The high-frequency RR spectra of the Aβ40-Fe(II)PP complexes 

also indicate a mixture of two species (Figure 4 spectrum (b), Table 1). On the one hand, 

bands observed at 1357 (ν4), 1469 (ν3), 1545 (ν11), 1561 (ν2), and 1602 (ν10) cm-1 are 

characteristics of a 5cHS form [31-33]. On the other hand, a 6cLS complex is present as 

judged by the spectral contributions detected at 1366 (ν4), 1496 (ν3), 1532 (ν11), 1580 (ν2), 

and 1617 (ν10) cm-1 (Figure 4 spectrum (b)) and spectra not shown, Table 1) [31-33]. 
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A mode involving major stretching of the axial Fe-N(His) bond of His-coordinated 5cHS 

ferrous hemoproteins is observed in the 200-260 cm-1 region and is RR-enhanced with the 

441.6-nm excitation [34-43]. In the low-frequency RR spectrum of the Aβ40-Fe(II)PP 

complexes excited at this wavelength, we observed a specific line at 221 cm-1 (Figure 5 

(spectrum (a)).  This band is absent in the 413.1 nm-excited spectrum (spectrum not shown). 

We thus assign this 221 cm-1 band to the ν(Fe-His) mode of the 5cHS species of the Aβ40-

Fe(II)PP complexes. A band observed at 238 cm-1 could be assigned to a ν(Fe-His) mode of a 

minor 5cHS component (Figure 5, spectrum (a)). The RR spectrum excited at 413.1 nm 

however presents a similar 240 cm-1 feature accompanied by bands of the 6cLS species at 

348, 381 and 417 cm-1 (Table 1). If one consider that the 238-240 cm-1 features are RR-active 

at both 413.1 and 441.6 nm, these bands are rather assigned to the ν52 mode observed at 

235-242 cm-1 in the RR spectra of various 6cLS compounds [44-47].   

Carbonyl Fe(II)-protoheme complexes (Aβ-Fe(II)PPCO). The high-frequency RR spectra of the 

Aβ40-Fe(II)PPCO species excited at 441.6 and 413.1 nm show skeletal modes at 1372 (ν4), 

1501 (ν3), 1583 (ν2) and 1630 (ν10) cm-1 (Figure 4, spectrum (c) and spectra not shown). These 

frequencies are typical of CO-bound ferrous complexes [32]. The weak features observed at 

1357, 1469 and 1603 cm-1 represent a 5cHS photodissociated form (Figure 4), the intensities 

of these bands increase when the photolysis level is increased. The high-frequency RR 

spectra of the Aβ16-Fe(II)PPCO complexes are very similar to those of the Aβ40-Fe(II)PPCO 

species, both in terms of band intensities and band frequencies (Spectra not shown, Table 

1). 

The Fe-CO stretching (ν(Fe-CO)) modes of the hemoproteins and model compounds were 

observed in the 460-550 cm-1 region of RR spectra [48-52]. The low-frequency RR spectra of 

the Aβ40-Fe(II)PPCO species excited at either 413.1 or 441.6 nm are presented in Figure 5. In 

these spectra, two bands are assignable to ν(Fe-CO) modes. The 441.6 nm-excitation indeed 

enhances a ligand-specific band at 496 cm-1 while the 413.1 nm-excitation activates not only 

this band but also a 526 cm-1 band. An increase in peptide concentration at 2 eq/heme 

increases the relative contribution of the 526 cm-1 line by ca. 30 % when the spectra are 

normalized on the intensities of the bands at 677 cm-1 (ν7) and 349 cm-1 (ν8) (spectra not 

shown). Therefore, the 526 cm-1 band cannot be assigned to a ν(Fe-CO) mode originating 

from a free Fe(II)PP-CO complex. The low-frequency RR spectra of the Aβ16-Fe(II)PPCO 
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complexes exhibit close features with ν(Fe-CO) modes at 496 and 529 cm-1 (spectra not 

shown, Table 1). However, the relative contributions of the 529 cm-1 component of Aβ16-

Fe(II)PPCO are increased twofold when compared to those of the 526 cm-1 component of 

Aβ40-Fe(II)PPCO. This indicates that the minor B form has a more important relative 

population in the Aβ16-Fe(II)PPCO complexes. 

The 441.6- and 413.1-nm excitations of the Aβ-Fe(II)PPCO complexes enhance the CO 

stretching (ν(CO)) modes (Figure 6, Table 1). In the 1920-2000 cm-1 regions of the RR spectra 

of Aβ40-Fe(II)PPCO at pH 7.4, we observe two overlapping bands at 1957 and 1964 cm-1. The 

1964 cm-1 line is mostly enhanced with the 441.6-nm excitation while the 1957 cm-1 line is 

mainly RR-activated with the 413.1-nm laser line (Figure 6). The RR spectra of the Aβ16-

Fe(II)PPCO complexes at pH 7.4 exhibit similar features with ν(CO) modes at 1956 and 1963 

cm-1 (Table 1). Changes in pH value (6.7 or 9.0) and/or presence of Cu(I) ion (1eq/heme) to 

the Aβ16-Fe(II)PPCO complexes produce small changes in relative intensity and frequency of 

the ν(Fe-CO) and ν(CO) bands (spectra not shown, Table S1). 

Peripheral Aβ-heme interactions. The RR spectra of heme proteins include a number of 

modes involving the tetrapyrrole substituents. These modes allow the investigations of the 

peripheral heme-protein interactions [32, 53]. Table 1 lists the frequencies of the most 

intense bands involving the vinyl, methyl and/or propionate groups of FePP. In particular, we 

observed a single band at 1620-1621 cm-1 for the ν(Ca=Cb) vinyl mode (Figure 4, Table 1). 

Significant frequency differences concern the δ(Cβ(pyrrole)-CaCb (vinyl)) and δ(Cβ(pyrrole)-

CaCb(propionate)) modes of the 5cHS species when compared to those of the 6cLS species 

(411-413/417-419 and 377-378/381-383 cm-1, respectively) (Table 1). 

 

Discussion 

 

Ferric forms. UV-visible absorption data indicates a mixture of HS and LS species when ferric 

heme is mixed with Aβ peptide at pH 6.7. The LS species is not predominant at equimolar 

concentration. This is also supported by EPR data which exhibit a LS signal whose g-values 

are in agreement with a bis(His) ligation for the heme. The amount of LS species increases 

with the peptide/heme ratio (not shown and [11]). Therefore, it can be attributed to a 

complex in which two Aβ peptides coordinate the heme by one His residue each. This also 
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implies that there is an equilibrium with free hemin in the sample. There must also be a 5cHS 

complex between heme and one peptide providing a His ligand. However, in this case the HS 

EPR signal of the complex and of free hemin cannot be distinguished but further information 

is obtained by RR spectroscopy (see below). What is clear is that the formation of the LS 

signal is inhibited by the addition of 1 eq of Cu(II). HYSCORE experiments performed on the 

Cu(II)-Aβ16-heme complex labelled with 15N on either histidine residues yields results quite 

similar to what was obtained in the study of the Cu(II)-Aβ16 complex [27]. The affinity of 

Cu(II) for the Aβ peptides is at least 3 orders of magnitude higher than that of Fe(III)PP [3, 54, 

55]. Cu(II) forms a 1/1 complex with the Aβ peptide but its intramolecular coordination is 

heterogeneous, depending on pH [3, 4, 29, 54-59]. At pH 6.7, Cu(II) is coordinated in a 

square planar geometry by four ligands among which His6 on one position and His13 or 

His14 on another while at pH 9.0 only one His (either His6, His13 or His14) participates to the 

coordination sphere [4, 27]. In the presence of heme, the spectra at pH 6.7 are unaffected. 

Since only two His residues are involved in Cu(II) coordination, this leaves one free to bind 

heme. However, there is apparently no preferential binding of His13 or His14 to heme since 

both equally participates in the coordination of Cu(II). On the contrary, the coordination of 

His6 to Cu(II) at pH 9.0 seems to be favored in the presence of heme thus leaving a 

preferential binding of His13 or His14 to the heme. The latter His residues are detected as 

Cu(II) ligands and therefore the coordination of heme is expected to be a mixture in 

equilibrium of the 5cHS Fe(III)PP-His13(Aβ) and Fe(III)PP-His14(Aβ) forms. 

In the RR spectra, the behavior of the spin-state markers bands ν2, ν3 and ν10 of the Aβ-

Fe(III)PP complexes as a function of the heme-peptide stoichiometry provide evidence for 

the formation of 5cHS and 6cLS species, the latter species being stabilized when the 

peptide/heme molar ratio is increased. The 5cHS species exhibits the ν3, ν2 and ν10 modes at 

1490, 1570 and 1626 cm-1, respectively, and shows no marked pH-dependence. This 

observation suggests the absence of H2O or HO- binding in 6th coordination position. The 

5cHS frequencies of the Aβ16- and Aβ40-Fe(III)PP complexes fall close to those determined 

for 5cHS Fe(III)PP complexes with a neutral imidazole ring (1490-1494, 1563-1569 and 1624-

1628 cm-1) [60, 61]. When the fifth axial ligand has an imidazolate character, the strong σ-

bonding interaction of this anionic ligand with the Fe(III) ion induces frequency upshifts  

(1494-1500, 1570-1575 and 1629-1631 cm-1, respectively) [62, 63]. Therefore, the 5cHS 
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species can be described as an equimolar Aβ-ferriheme complex in which the 5th axial ligand 

of heme is a neutral imidazole from a His residue, most likely His13 or His14 (Fe(III)PP-

His13(Aβ) and/or Fe(III)PP-His14(Aβ)) [11, 13, 21, 64, 65]. Structural models in which the HS 

species of the Aβ-ferriheme complexes is 6c with a water molecule as a sixth ligand are thus 

irrelevant [15, 64]. In the frame of a 1/1 Aβ-heme complex, the formation of a 5cHS species 

could result from a polypeptide fold that could not provide a distal aminoacid able to 

stabilize a bound H2O via H-bonding. Given the number of polar side chains and the flexibility 

of the hydrophilic 1-16 fragment of the Aβ peptides, this scenario seems unlikely, in 

particular for the short Aβ16 compound. It is however well known that the Aβ peptides and 

Fe(III)PP in aqueous solutions exist in various levels of aggregation [45, 66, 67]. A 2/2 Aβ-

heme 5cHS complex could be therefore built from a π-stacking of two hemes included in a 

cleft formed by two Aβ peptides  (Aβ-[Fe(III)PP]2-Aβ). Upon increase in relative Aβ 

concentration at a 2/1 Aβ/heme ratio, the heme π-dimer could be dissociated and each 

heme monomer could bind a second Aβ molecule according to the following reaction : 

(Aβ-[Fe(III)PP]2-Aβ)(5cHS) + 2 Aβ   →   2 (Aβ-Fe(III)PP-Aβ)(6c LS) 

The 6cLS species exhibits the skeletal ν3, ν2 and ν10 modes at 1505, 1580 and 1640 cm-1, 

respectively (Table 1). These frequencies are very close to those of Fe(III)PP complexed with 

two neutral imidazole rings (1505, 1579 and 1641 cm-1) [45]. The RR spectra of the 6cLS 

species are in agreement with a heme coordination via the His side chain of two Aβ units. 

Our RR spectra also showed that the Cu(II) ion inhibited the formation of the 6cLS species 

but did not affect that of the 5cHS species. Considering that His6 is the most involved His 

residue in the Cu(II) sites, the bis(His6) as well as the mixed His6/His13 and His6/His14 

ligations of Fe(III)PP are not allowed when the Cu(II) ion is bound to the Aβ peptides. The 

minor contributions of 6cLS bands in the RR spectra of the Aβ-Fe(III)PP-Cu(II) complexes 

indicate a limited formation of bis(His13), bis(His14) and mixed His13/His14 coordinations. 

This is too low to be detected in the EPR experiments. A particular conformation of the Aβ-

Cu(II) peptides apparently prevents an appropriate presentation of two axial 

histidylimidazole side chains for Fe(III)PP insertion. 

 

Ferrous forms. The high-frequency RR spectra of the Aβ40-Fe(II)PP complexes clearly 

established the formation of 5cHS and 6cLS species (Table 1) [31-33]. By analogy with 
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previous studies on deoxyhemoproteins and model compounds [38-40, 42], the specific 221-

225 cm-1 band seen in the 441.6-nm excited RR spectra of Aβ40-FePP and of the 

photodissociated state of the Aβ40-FePPCO and Aβ16-FePPCO complexes can be assigned to 

a ν(Fe-His) mode of the 5cHS species of the Aβ-ferroheme complexes (Table 1). 

Deoxymyoglobins which have a weak H-bond on the axial His ligand show a ν(Fe-N(His)) at 

220-224 cm-1 [39, 53]. In the 5cHS Aβ- Fe(II)PP complexes, the link between Fe(II)PP and 

peptide is thus constituted by a neutral axial imidazole ligand weakly H-bonded to its protein 

environment. 

In the RR spectra of a reduced Aβ-FePP complex, Gosh et al. [64] observed a band at 241 cm-

1 and assigned it to a Fe-His stretching mode. However, this investigation used a 413.1 nm 

excitation that is not favorable for the observation of such an axial mode of a Fe(II)-

protoheme. Indeed, the ν(Fe-His) mode is coupled to imidazole and porphyrin deformation 

modes and draws its RR activity from the planar π-π* Soret transition [34-37, 41, 43]. 

Excitation profiles of deoxymyoglobin showed that the intensity of the mode involving the 

axial Fe-His bond follows the shape of the Soret absorption band that peaks at 434 nm [35, 

36]. For reduced peroxidases, the anionic character of the axial His results in high v(Fe-His) 

frequencies (243-255 cm-1) and redshifts of the Soret maximum at 437-446 nm [42, 53, 62, 

68-71]. A 413.1 nm-excitation is clearly unappropriate for the observation of a ν(Fe-

N(Histidinate)) mode [72, 73]. 

As far as the 6cLS ferrous form is concerned, we did not detect any stretching mode 

involving the axial ligands. However, the ν11 mode of the 6cLS bis(imidazole) complexes of 

ferrohemes is a π-electron marker band sensitive to the donor strength of the axial ligands 

[45]. For the corresponding species of Aβ-Fe(II)PP, we observed this mode at 1532 cm-1 

(Table 1). This frequency is very close to that determined for Fe(II)PP coordinated by two 

neutral imidazole rings (1533 cm-1) [45]. 

The frequencies of the modes involving stretching of the vinyl heme groups indicate 

equivalent and unstrained conformations for the 2- and 4- vinyl substituents (Table 1). The 

frequency differences observed for the Cβ(pyrrole)-CaCb(vinyl) and Cβ(pyrrole)-

CcCd(propionate) deformation modes of the ferric and ferrous 5cHS species when compared 

to the ferric and ferrous 6c LS species are likely due the 5c state that induces a porphyrin 
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doming and thus changes in steric and/or electrostatic interactions between the peripheral 

protoheme substituents and the Aβ polypeptides. 

 

Ferrous CO forms. Carbon monoxide is a ligand that provides information about the ligand-

ferroheme environment in heme proteins [48-52]. The RR spectra of the Aβ40-Fe(II)PPCO 

and Aβ16-Fe(II)PPCO showed two sets of ν(Fe-CO) and ν(CO) modes. On the basis of the 

variations in band intensity as a function of the exciting wavelength, the ν(Fe-CO) bands at 

495-498 cm-1 are associated to the ν(CO) components at 1961-1964 cm-1 (A form) while the 

ν(Fe-CO) bands at 526-532 cm-1 are related to the ν(CO) bands at 1953-1957 cm-1 (B form) 

(Table 1, Table S1). It is well established that the ν(Fe-CO) and ν(CO) frequencies of heme 

proteins and their model compounds display inverse linear correlations. This effect is due to 

a back-donation of Fe(II) dπ electrons to the CO π* orbitals [48-52]. For ligand-Fe(II)PPCO 

systems, these linear correlations primarily depend on the nature and electronegativity of 

the ligand trans to the CO grouping (Figure 7) [48-51, 72, 74-91]. The sets of frequencies of 

the major A component (495-498/1961-1964 cm-1) fall on the correlation line of heme-CO 

complexes with a neutral histidine or neutral imidazole as a 5th ligand (Figure 7).  Moreover, 

the position of a given point on a correlation line reflects the polarity of the CO environment. 

Positive dipoles or H-bonds generate high ν(Fe-CO) and low ν(CO) frequencies. In these 

cases, the points are located toward the left end of the correlation line. Negative dipoles do 

the opposite and locate the ν(Fe-CO)/ν(CO) frequencies on the right side of the correlation 

line. The points corresponding to the A form of the Aβ40- and Aβ16- Fe(II)PPCO complexes 

(495-498/1961-1964 cm-1) indicate a distal environment that is essentially hydrophobic 

(Figure 7). Carbonyl ferromyoglobins for which a distal His residue forms a weak H-bond with 

the bound CO exhibit ν(Fe-CO) and ν(CO) modes at 507-512 and 1941-1947 cm-1, 

respectively [85, 91]. When this distal His is replaced by a hydrophobic residue (His → Gly, 

Leu, or Ile), the ν(Fe-CO)/ν(CO) frequencies are observed at 490-492/1965-1968 cm-1 and 

approach those of the A form of the Aβ-Fe(II)PPCO complexes [84, 87, 90]. The CO ferrous 

derivatives of Glycera dibranchiata hemoglobin and of the oxygen-sensor Fix L exhibit ν(Fe-

CO)/ν(CO) modes at 496/1967 cm-1 and 498/1962 cm-1, respectively [83, 89]. The crystal 

structures of these proteins confirm this trend since they indicate a hydrophobic distal part 

of the heme pocket and a lack of a residue able to form a H-bond with a 6th ligand [92, 93]. 
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All these comparisons allow us to conclude that the heme of the major A form of the Aβ40- 

and Aβ16- Fe(II)PPCO complexes is coordinated, on the one hand, by a neutral His and, on 

the other hand, by a CO ligand immersed in a hydrophobic environment unable to make a H-

bond. The weak peroxidase activity of the Aβ-FePP complexes was reported to be supported 

by a heme coordination by a proximal histidinate-like ligand and the proximity of a distal 

arginine residue interacting with the sixth ligand [65]. Such a model cannot be retained on 

the basis of the present RR data. The observation of a neutral His ligand in the major A form 

of the Aβ-Fe(II)PPCO complexes is consistent with the detection of a ν(Fe-His) mode at 221-

225 cm-1 for the 5cHS ferrous form as well as the ν11 mode at 1532 cm-1 for the 6c LS ferrous 

form. 

The second series of ν(Fe-CO)/ν(CO) frequencies at 526-532 and 1953-1957 cm-1 (B form) is 

located on a correlation line corresponding to a neutral oxygenated 5th ligand (Figure 7). The 

best RR activity of these modes with the 413.1 nm excitation is associated with a blue shifted 

Soret band when a weak ligand replaces a neutral imidazole ring [78, 81]. The ν(Fe-

CO)/ν(CO) frequencies of the B form are close to those recorded for the H23G mutant of 

myoglobin (522/1960 cm-1) and the H25Y mutant of heme oxygenase-1 (529/1962 cm-1) in 

which the proximal His ligand of heme is replaced by either a water molecule or a hydroxyl 

group of a Tyr residue [74, 78, 88]. The positions on the medium part of the correlation line 

are indicative of a H-bonded CO ligand like that observed for the H23G mutant of myoglobin 

which retains a distal histidine (His64). The spectral contribution of the B form is increased 

when the Aβ/heme ratio is increased from 1/1 to 2/1. These observations suggest that the 

Fe(II)PPCO moiety of the B form is accomodated by two peptides units, one Aβ providing the 

proximal O-ligand and the second Aβ molecule stabilizing the bound CO via an H-bond 

donor. The side chain of Tyr10 or a water molecule could be a good candidate for the axial 

O-ligation. Further studies are required to fully characterize the B form of the Aβ-Fe(II)PPCO 

complexes. 

The binding of Cu(I) ion to the Aβ16-FePPCO complexes did not strongly affect the intensities 

and frequencies of ν(Fe-CO) and ν(CO) modes (Table S1). Cu(I) has a very high affinity for 

Aβ16 and coordinates to the peptide under a linear geometry through two of the three 

available histidine residues [5, 94, 95]. Our RR data show that the bis(His) coordination of 
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Cu(I) has no major influence on the formation and structure of the A and B forms of the 

Aβ16-Fe(II)PPCO complexes. 

 

Conclusion  
 
This work demonstrates that the Aβ-heme complexes adopt various structures, depending 

on the Aβ/heme stoichiometry, the oxidation state of the FePP as well as the presence and 

the nature of a sixth heme ligand. Overall, the nature of the peptide (Aβ16 or Aβ40) did not 

have a strong effect on the results, supporting the fact that the Aβ40 peptide was mostly 

monomeric in the experiments. The equilibria of these structures are in addition dependent 

on the pH value and the presence of Cu. The absence of well-defined structures in the Aβ-

heme complexes suggests weak and/or strained peptide-Fe(III/II)PP interactions. In this line, 

when the Aβ/hemin ratio is equal to 1, no water molecule is bound to the Aβ-Fe(III)PP 

complexes. For the ferrous CO complexes, no folding of the Aβ peptides permits both the 

coordination of a proximal His residue and an H-bonded CO ligand. These two examples 

illustrate the difficulties of structuration of the Aβ peptides around the heme. Finally, the 

coordination of the iron center by a His residue close to an arginine or a tyrosine residue has 

motivated the proposal of an active site in Aβ-heme complexes similar to that characterized 

in heme peroxidases. Our spectroscopic results exclude such a structural scheme in the Aβ-

heme complexes. Due to the influence of many factors on the Aβ-heme complex formation 

and state, as well as contradictory results from the literature on in vitro studies, it is likely 

that an increase in in vivo studies [96] will lead to better biologically relevant conclusions.  
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Table 1. Observed frequencies (cm -1) of selected RR modes of Aβ40- and Aβ16- FePP 

complexes. 

Modes Fe(III)PP complexes 
(pH 6.7) 

Fe(II)PP complexes
(pH 7.4) 

Fe(II)PPCO complexes 
(pH 7.4) 

 Aβ40 

6cLS  5cHS 

Aβ16 

6cLS  5cHS 

Aβ40

6cLS  5cHS 

Aβ16

6cLS 5cHS 

Aβ40

6cLS  5cHS 

Aβ16 

6cLS  5cHS 

ν(C=O) - - - - 1964/1957 1963/1956 

ν10 1640/1626 1641/1627 1617/1602 1617/1603 1630/1603* 1630/1602* 

ν(Ca=Cb)Vn 1621 1620 1621 1621 1621 1622 

ν2 1580/1570 1580/1571 1581/1561 1581/1560 1583/1562* 1583/1561* 

ν11 1562/1556 1561/1555 1532/1545 1532/1547 1555/1545* 1556/1545* 

ν3 1505/1490 1505/1491 1496/1469 1497/1469 1501/1469* 1501/1470* 

δ(=CbH2)Vn 1452 1453 1450 1453 1450 1451 

δ(=CbH2)Vn 1430 1431 1430 1429 1431 1431 

ν4 1373/1372 1373/1372 1366/1357 1367/1356 1372/1357* 1372/1357* 

δ(CaH=)Vn 1311 1311 1311 1312 1312 1311 

δ(CaH=)Vn 1304 1302 1304 1305 1305 1305 

ν(Cβ-C)Me (ν14) 1128 1126 1129 1130 1132 1132 

 (ν(Cβ-C)Me (ν5) 1119 1118 1120 1120 1123 1123 

ν(Cβ-C)Vn (ν45) 1005 1005 1006 1005 1005 1006 

ν7 677/675 677/675 675 675 677 677 

ν(Fe-CO) - - - - 526/496 529/496 

δ(CβCaCb)Vn 419/411 418/411 417/413 417/412 418/413* 418/414* 

δ(CβCcCd)Pr 381/377 381/378 381/378 379/374 383 382 

ν(Fe-NPyr) (ν8) 350/347 351/347 348/346 348/343 349 349 

ν(Fe-NHis) - - 221 225 222* 225* 

 

* Photodissociated product 

  



25 

 

 
 
 
 
 
 
 

 
 
Figure 1. UV-visible spectra of the complexes between heme and Aβ peptides at pH 6.7 
(right panels) or 9.0 (left panels). Peptide, hemin and Cu concentrations: 200 µM. 
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Figure 2. EPR spectra of the complexes of Aβ with heme in the presence (top spectra) or in 
the absence (bottom spectra) of 1 equivalent of Cu(II) at pH 6.7 (left) and at pH 9 (right). 
Experimental conditions: microwave frequency 9.4956 GHz, field modulation amplitude 2 
mT, microwave power 0.5 mW, T 10 K. Spectra have been baseline corrected and normalized 
on the high spin signal maximum for display. 
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Figure 3. 4-pulse HYSCORE contour plots for Aβ16-Cu(II)-heme complex at pH 6.5 (top 
spectra) and 9.0 (bottom spectra). The Aβ peptide was specifically labelled with 15N on His6 
(left panels), His13 (middle panel) or His14 (right panels). Experimental conditions: 
microwave frequency 9.66 GHz, B = 336 mT, T 4.2 K, τ = 136 ns. 
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Figure 4. High-frequency regions of RR spectra of Aβ40-FePP complexes at pH 6.7. (a) ferric 

form excited at 441.6 nm; (b) ferrous form excited at 441.6 nm; (c) ferrous carbonyl form 

excited at 413.1 nm .  
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Figure 5. Low-frequency regions (190-570 cm-1) of RR spectra of ferroprotoheme (Fe(II)PP) 

complexes of Aβ40. (a) Aβ40-Fe(II)PP complex excited at 441.6 nm; (b) Aβ40-Fe(II)PPCO 

complex excited at 413.1 nm; (c) Aβ40-Fe(II)PPCO complex excited at 441.6 nm. 
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Figure 6. ν(CO) regions of RR spectra of Aβ40-Fe(II)PPCO complexes excited at 413.1 (a) and 

441.6 (b) nm.  
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Figure 7. Plot of the observed frequencies of ν(Fe-CO) vs ν(CO) frequencies of CO 

derivatives of ferrous hemoproteins and model compounds. Red triangles: neutral 

N(imidazole) ligand; Magenta triangles: anionic N(imidazolate) ligand; Green triangles: 

anionic S(thiolate) ligand; Blue triangles: neutral O ligand. The open black squares 

represent the data obtained for the Aβ40- and Aβ16-Fe(II)PPCO complexes. The ν(FeCO) 

and ν(CO) frequencies are taken from references [48-52, 72, 74-91] and references cited 

therein.  
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Table S1. Observed Frequencies (cm-1) of the ν(Fe-CO) and ν(Fe-CO) modes of Aβ-FePPCO 

complexes 

 

Complexes 

ν(Fe-CO)

A form 

ν(Fe-CO)

B form 

ν(C=O) 

A form 

ν(C=O)

B form

Aβ16-Fe(II)PPCO pH 6.7 496 530 1962 1955 

Aβ16-Fe(II)PPCO pH 6.7 +  Cu(I) (1eq/heme) 495 531 1961 1954 

Aβ16-Fe(II)PPCO pH 7.4 496 529 1963 1956 

Aβ40-Fe(II)PPCO pH 7.4 496 526 1964 1957 

Aβ16-Fe(II)PPCO pH 9.0 496 532 1961 1955 

Aβ16-Fe(II)PPCO pH 9.0 +  Cu(I) (1eq/heme) 498 528 1963 1953 
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Figure S1. Zoom on the low field/high spin region of the EPR spectra of the complexes of Aβ 
with heme in the presence or in the absence of 1 equivalent of Cu(II) at pH 6.7 (left) and at 
pH 9 (right). Experimental conditions: microwave frequency 9.4956 GHz, field modulation 
amplitude 2 mT, microwave power 0.5 mW, T 10 K. Spectra have been normalized on the 
high spin signal maximum. 
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Figure S2. High-frequency region of RR spectra of Aβ40-Fe(III)PP complex at pH 6.7. 
Excitation at (a) 363.8 nm, (b) 413.1 nm, and (c) 441.6 nm  

 

 

Figure S3. High-frequency region of RR spectra of Aβ40- and Aβ16-Fe(III)PP complexes. (a) 
Aβ40, pH 6.7; (b) Aβ40, pH 9.0; (c) Aβ16, pH 6.7; (d) Aβ16, pH 9.0. Excitation: 413.1 nm
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Figure S4. High-frequency region of RR spectra of Aβ16-Fe(III)PP complexes. (a) pH 6.7; (b) 
pH 6.7 + 1 eq Cu(II); (c) pH 9.0; (d) pH 9.0 + 1 eq Cu(II). Excitation: 441.6 nm 

 

 

Figure S5. High-frequency region of RR spectra of Aβ16-Fe(III)PP complexes (a) pH 6.7; (b) pH 
6.7 + 1eq Cu(II); (c) pH 9.0; (d) pH 9.0 + 1 eq Cu(II). Excitation: 413.1 nm 
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Figure S6. High-frequency region of RR spectra of Aβ40-Fe(III)PP complexes. (a) pH 6.7; (b) 
pH 6.7 + 1 eq Cu(II); (c) pH 9.0; (d) pH 9.0 + 1 eq Cu(II). Excitation : 413.1 nm 
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