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Abstract 

A method permits semiquantitative estimation of partitioning of solutes between pairs of media. The 

organic solvent-water partition coefficients P  are calculated. For Fe4S4Cysn, the organic solvent–water partition 

coefficients for 1-octanol Po, cyclohexane Pch and chloroform Pcf decrease 4.46, 6.25 and 4.60 per Cys, 

respectively. Po are in line with CDHI calculations, and Pch–cf, with calculations performed with a method by 

Leo–Hansch. LogPo–ch–cf mean relative errors are –17%, 25% and –17%, which represent mean and unsigned 

relative errors of –3% and 20%. On varying the number of Cys, the structures show hydrophobic moments 

indicative of amphipathic structures. For Se substitutions in Fe4Se4Cysn Po–ch–cf decrease 4.52, 6.30 and 4.66 per 

Cys. With the references Po–ch–cf decrease 4.03, 4.80 and 5.76 per Cys. The similar calculated partition 

coefficients and hydrophobic moments for Fe4S4–mSemCys4 suggest a role of FeSe clusters in physiological 

processes. 

 

Keywords:  Solvation parameter model; Partition coefficient; Hydrophobic moment; Iron-sulphur protein; Iron-

selenium protein; Mixed-valence non-integer oxidation number; Cysteine ligand. 

 

Introduction 

Ferredoxin is an example for many redox enzymes present in living organisms containing Fe–S 

clusters, which mediate electron-transfer reactions. The enzyme nitrogenase, which catalyzes the reduction of N2 

to NH3, contains such clusters as well, but in its structure some of the Fe atoms have been replaced by Mo. 

Some other enzyme systems, which contain Fe–S clusters, are rubredoxin, adrenodoxin and putidaredoxin. In 

general, Fe–S clusters in these types of enzymes possess two or four atoms of Fe and equal number of inorganic 

sulphide ions, which are called labile sulphur  because, on treatment with acid, H2S gas is produced. However, 

those enzymes also contain organic S in the structures of ligands of Fe atom, which are cysteinyl (Cys)–
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sulphydryl (–SH) groups of the protein. Ferredoxin is a non-heme Fe protein and stands for the best-known 

examples of Fe–S proteins found in bacteria and chloroplast. However, several different proteins are known by 

this name, e.g. soluble ferredoxins or bound ferredoxin (FDX, FDA and FDB), etc. Some of the soluble 

ferredoxins obtained from some bacteria contain two of the [F4S4] units. However, the structures of some 

ferredoxins are still obscure. Some experimental and theoretical studies have been published on [F2S2] and 

[F4S4] type Fe–S clusters or ferredoxin/ferrodoxin from living organisms [1–10]. Partly, the experimental work 

was concentrated on structure elucidation of Fe–S containing natural products [11]. On the other hand, the 

theoretical studies were mainly on modelling of ferrodixin/ferredoxin-like systems. Due to the complexity of the 

biochemistry behind these Fe–S clusters present in living organisms, some sort of model studies are necessary to 

understand the basic behaviour of these systems or part of them. 

High-potential Fe–S proteins (HiPIPs) are a class of small electron-transfer metalloproteins, 

predominantly found in purple S bacteria [12-19]. The [Fe4S4] is widespread in nature, functioning in electron 

transfer, catalytic or other roles in various proteins including ferredoxins, hydrogenase, aconitase and gene 

regulatory proteins; [Fe4S4] is an element of complex centres, e.g. the P-cluster of nitrogenase. The HiPIPs are 

studied by a variety of biophysical techniques and are important paradigms in elucidating the structural 

determinants of the physicochemical properties of both [Fe4S4] and biological metallocentres. The HiPIPs have 

relatively high midpoint reduction potentials of 50–450mV. The cluster of the reduced HiPIP has a charge of +2 

and spin of zero. Mössbauer spectra indicate that the Fe atoms are in equivalent, Fe2.5+, oxidation states. The 

oxidized HiPIP cluster, with a charge of +3 and spin of 1/2, is made up of two antiferromagnetically coupled 

spin pairs. One spin pair consists of two Fe3+ whereas the other, of two Fe2.5+, which is consistent with the 

chemical shift of the βCH2 Hs of the cluster Cys and their temperature dependence. Nuclear magnetic resonance 

(NMR) work demonstrates that the position of the spin pairs within the protein framework varies from one 

HiPIP to another and may be determined by the relative reduction potentials of the individual Fe atoms. A third 

oxidation state of [Fe4S4] possesses a charge of +1, which corresponds to the reduced ferredoxin cluster, and has 

been observed in HiPIPs only when the protein is partially denatured. The cluster contains two Fe3+ ions and a 

mixed-valence Fe2.5+ pair [20,21]. The cluster of HiPIP II from Ectothiorhodospira halophila  is the best 

understood system: its electron spin resonance spectrum at 4K is consistent with an S = 1/2 ground state [22], 

and magnetic Mössbauer data indicate that this state is the result of antiferromagnetic coupling between the 

mixed-valence pair and the Fe3+ pair, the former having a larger subspin than the latter [23,24]. The 

interpretation of the electronic structure of the oxidized cluster of HiPIP II from E. halophila  is consistent with 

NMR data [25,26]. The NMR spectrum of this protein possesses two clearly divided sets of four signals arising 
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from Cys βCH2 H signals, one set being upfield and the other downfield [27]. The spectrum was interpreted by 

assigning a negative <Sz> to the Fe2.5+ pair, accounting for the downfield hyperfine shifts of the βCH2 Hs of the 

Cys ligated to the Fe2.5+ pair, and a positive <Sz> to the Fe3+ pair, accounting for the upfield hyperfine shifts of 

the βCH2 Hs of the Cys ligated to the Fe3+ pair [28,29]. A pseudo-Curie behaviour is observed because the 

excited states of the Fe3+ ions have negative <Sz> [30]. In all other characterized HiPIPs, only one of the two 

Cys bound to the Fe3+ ions has upfield-shifted βCH2 Hs, while the βCH2 Hs of the other Cys are downfield 

shifted, albeit to a lesser extent than those of the Cys bound to the Fe2.5+ ions [31-33]. The data were interpreted 

by assuming the existence of an equilibrium between two electronic distributions in the cluster [34]. It was 

performed the sequence-specific assignment of Cys Hs of oxidized, recombinant HiPIP I from E. halophila  

[35], investigated the unfolding properties of HiPIP from Chromatium vinosum  [36] and compared them with 

those of other proteins representative of various classes of Fe–S proteins [37]. 

The present model is an extension of the solvent-dependent conformational analysis program (SCAP) 

1-octanol–water model to organic solvents, using extended versions of the functional forms [38]. In earlier 

publications, the method was applied to the calculation of the organic solvent–water partition coefficients of 

porphyrins, phtahlocyanines, benzobisthiazoles, fullerenes, acetanilides, local anaesthetics [39], lysozyme [40], 

barbiturates, hydrocarbons [41], polystyrene [42] and Fe4S4Cysn of HiPIP [43]. In the present report Fe4S4–

mSemCysn (0≤m≤4, 0≤n≤4) models have been studied. Section 2 presents the improvements in the solvation 

model. Section 3 is devoted to the results. Section 4 summarizes the conclusions. 

The hydrophobic moment calculation is based on the Eisenberg et al. formula (Equation 7), where the 

gyration angle δi is the successive angle between an atom and the next, around the z  axis; e.g., δ  increases 97 

degrees in the successive Cα atoms of an α-helical structure (cf. Figure 1). 
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Figure 1. Top view of an α-helix showing the gyration angle (δ = 97º) in the successive Cα atoms of the first 

four amino acids. 

 

Results and discussion 

Iron–sulphur clusters with cysteine ligands 

The free energies of solvation, partition coefficients and hydrophobic moment for Fe4S4Cysn (0≤n≤4) 

models of HiPIP (cf. Table 1) show that the organic solvent–water partition coefficients for 1-octanol Po, 

cyclohexane Pch and chloroform Pcf decrease monotonically 4.46, 6.25 and 4.60 log units per Cys ligand, 

respectively. Notice that for values of logP < 3, more than 99.9% of the solute is in the aqueous phase. 

Therefore, some results predict a negligible quantity of solute in the organic phase. One minus logPch value is 

greater than the Avogadro number exponent 23 (Pch < 10–23). The corresponding interpretation is that no solute 

molecule would be present in the organic solvent, to allow experiments for validation. Furthermore, all the logP  

figures are kept with the only purpose of comparison along the series. The Po results are of the same order of 

magnitude as CDHI computations [55]. Both Pch and Pcf results are of the same order of magnitude as 

calculations carried out with a method by Leo and Hansch [56]. With the reference methods, Po, Pch and Pcf 

decrease monotonically 4.12, 4.75 and 5.70 log units per Cys. The logPo, logPch and logPcf mean relative errors 

(MREs) are –17%, 25% and –17%. These represent globally an MRE of –3%. However, this result should be 

taken with care because the mean unsigned relative error (URE) is 20%. 
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Table 1 

Free energy of solvation, partition coefficient and hydrophobic moment results for iron–sulfur protein models 

Cluster ΔGºsolv,w
a ΔGºsolv,o

b ΔGºsolv,ch
c ΔGºsolv,cf

d log Po 

(SCAP)e 

log Po 

(CDHI)f 

Fe4S4     -2.6     -2.8   -1.4     -2.0     0.03     0.28 

Fe4S3Se     -1.4     -3.0   -1.6     -2.4     0.29     0.59 

Fe4S2Se2     -0.1     -3.2   -1.8     -2.8     0.55     0.90 

Fe4SSe3       1.1     -3.5   -2.0     -3.2     0.81     1.21 

Fe4Se4       2.4     -3.7   -2.2     -3.5     1.07     1.52 

Fe4S4Cys   -53.6   -28.2 -16.6   -26.6   -4.47   -5.60 

Fe4S3SeCys   -52.3   -28.4 -16.8   -27.0   -4.19   -5.08 

Fe4S2Se2Cys   -51.3   -28.6 -17.0   -27.3   -3.99   -4.62 

Fe4SSe3Cys   -50.1   -28.8 -17.1   -27.7   -3.75   -4.10 

Fe4Se4Cys   -48.8   -29.0 -17.3   -28.1   -3.47   -3.76 

Fe4S4Cys2 -103.9   -53.6 -31.8   -51.1   -8.83   -7.21 

Fe4S3SeCys2 -102.8   -53.8 -31.9   -51.4   -8.61   -6.86 

Fe4S2Se2Cys2 -101.7   -54.0 -32.1   -51.8   -8.39   -6.54 

Fe4SSe3Cys2 -100.7   -54.2 -32.3   -52.1   -8.17   -6.13 

Fe4Se4Cys2   -99.2   -54.3 -32.4   -52.4   -7.89   -6.12 

Fe4S4Cys3 -154.3   -79.0 -46.9   -75.6 -13.2 -14.3 

Fe4S3SeCys3 -153.2   -79.1 -47.1   -75.9 -13.0 -13.8 

Fe4S2Se2Cys3 -152.2   -79.3 -47.3   -76.3 -12.8 -13.2 

Fe4SSe3Cys3 -151.2   -79.4 -47.4   -76.6 -12.6 -12.7 

Fe4Se4Cys3 -149.9   -79.5 -47.5   -76.8 -12.4 -12.4 

Fe4S4Cys4 -205.5 -104.0 -62.0 -100.1 -17.8 -16.2 

Fe4S3SeCys4 -204.4 -104.2 -62.2 -100.5 -17.6 -15.7 

Fe4S2Se2Cys4 -203.1 -104.2 -62.3 -100.7 -17.4 -15.0 

Fe4SSe3Cys4 -202.4 -104.4 -62.5 -101.0 -17.2 -14.8 

Fe4Se4Cys4 -201.2 -104.4 -62.5 -101.2 -17.0 -14.6 
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Cluster log Pch 

(SCAP)g 

log Pch
h log Pcf 

(SCAP)i 

log Pcf
h μj 

Fe4S4   -0.21   -0.71   -0.11     0.21 0.26 

Fe4S3Se     0.04   -0.43     0.18     0.54 0.09 

Fe4S2Se2     0.30   -0.15     0.47     0.87 0.02 

Fe4SSe3     0.55     0.12     0.75     1.20 0.27 

Fe4Se4     0.80     0.40     1.04     1.54 0.21 

Fe4S4Cys   -6.51   -5.48   -4.75   -5.53 4.46 

Fe4S3SeCys   -6.23   -5.19   -4.44   -5.17 4.70 

Fe4S2Se2Cys   -6.04   -4.98   -4.22   -4.92 4.73 

Fe4SSe3Cys   -5.80   -4.72   -3.94   -4.61 4.93 

Fe4Se4Cys   -5.53   -4.42   -3.64   -4.26 5.03 

Fe4S4Cys2 -12.7 -10.1   -9.28 -11.1 3.52 

Fe4S3SeCys2 -12.5   -9.89   -9.02 -10.8 3.81 

Fe4S2Se2Cys2 -12.2   -9.65   -8.78 -10.5 4.07 

Fe4SSe3Cys2 -12.0   -9.42   -8.53 -10.3 4.40 

Fe4Se4Cys2 -11.7   -9.12   -8.23   -9.90 4.11 

Fe4S4Cys3 -18.9 -14.8 -13.8 -16.7 0.77 

Fe4S3SeCys3 -18.6 -14.6 -13.6 -16.4 1.08 

Fe4S2Se2Cys3 -18.4 -14.4 -13.3 -16.2 0.77 

Fe4SSe3Cys3 -18.2 -14.1 -13.1 -15.9 0.78 

Fe4Se4Cys3 -18.0 -13.9 -12.8 -15.6 0.79 

Fe4S4Cys4 -25.2 -19.7 -18.5 -22.6 2.64 

Fe4S3SeCys4 -25.0 -19.5 -18.3 -22.3 2.84 

Fe4S2Se2Cys4 -24.7 -19.2 -18.0 -22.0 2.75 

Fe4SSe3Cys4 -24.6 -19.0 -17.8 -21.8 2.97 

Fe4Se4Cys4 -24.4 -18.8 -17.6 -21.5 2.82 

a Gibbs free energy of solvation in water (kJ·mol-1). 

b Gibbs free energy of solvation in 1-octanol (kJ·mol-1). 

c Gibbs free energy of solvation in cyclohexane (kJ·mol-1). 

d Gibbs free energy of solvation in chloroform (kJ·mol-1). 
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e Po is the 1-octanol–water partition coefficient. 

f CDHI: calculations carried out with a method developed by Kantola et al. 

g Pch is the cyclohexane–water partition coefficient. 

h Calculations carried out with a method developed by Leo et al. 

i Pcf is the chloroform–water partition coefficient. 

j μ is the hydrophobic moment. 

 

On the other hand, the hydrophobic moment μ  differentiates well the Fe4S4Cysn structures. On varying 

the number of Cys units, the structures show μ  values indicative of particularly amphipathic structures as 

Fe4S4Cys. 

 

Iron–selenium clusters 

The free energies of solvation, partition coefficients and hydrophobic moment for substitutions of S by 

Se in Fe4S4–mSem (0≤m≤4) models are included in Table 1. The organic solvent–water partition coefficients Po–

ch–cf increase monotonically with the number of Se atoms. Again, Po and both Pch–cf results are of the same order 

of magnitude as CDHI calculations performed with a method by Leo and Hansch. Notice the variation in the 

three logP  values from Fe4S4 to Fe4Se4. In particular for Fe4S4 the three Ps are ca. zero log unit and, for Fe4Se4, 

the three Ps are ca. one log unit. The logPo–ch–cf absolute errors are –0.4, 0.5 and –0.4 log units, which represent 

globally an error of –0.1 and an unsigned error of 0.4 log units. 

On the other hand, for Fe4S4–mSem the similar hydrophobic moments μ  (within 0.1 log unit) suggest 

once more the possible role of Fe–Se clusters in physiological processes. 

 

Iron–selenium clusters with cysteine ligands 

 The free energies of solvation, partition coefficients and hydrophobic moment for substitution of S by 

Se in Fe4S4–mSemCysn (0≤m≤4, 0≤n≤4) models are included in Table 1. The Po–ch–cf decrease for Fe4S3SeCysn 

4.47, 6.26 and 4.62, for Fe4S2Se2Cysn 4.49, 6.25 and 4.62, for Fe4SSe3Cysn 4.50, 6.29 and 4.64, as well as for 

Fe4Se4Cysn 4.52, 6.30 and 4.66 log units per Cys, respectively. With the reference methods Po–ch–cf decrease for 

Fe4S3SeCysn 4.07, 3.98 and 4.00, for Fe4S2Se2Cysn 4.77, 4.76 and 4.78, for Fe4SSe3Cysn 5.71, 5.72 and 5.75, as 

well as for Fe4Se4Cysn 4.03, 4.80 and 5.76 log units per Cys. For Fe4S4–mSemCysn Po–ch–cf increase monotonically 

with the number of Se atoms. Again, Po–ch–cf results are of the same order of magnitude as CDHI calculations 

executed with a method by Leo and Hansch. The logPo–ch–cf MREs are for Fe4S4–mSemCys –14%, 22% and –14% 
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(global MRE = –2%, URE = 16%), for Fe4S4–mSemCys2 28%, 27% and –17% (global MRE = 13%, 

URE = 24%), for Fe4S4–mSemCys3 –3%, 28% and –18% (global MRE = 2%, URE = 16%), as well as for Fe4S4–

mSemCys4 14%, 29% and –18% (global MRE = 8%, URE = 20%). Furthermore, for Fe4S4–mSemCys4, the similar 

calculated partition coefficients (3% or 4% in the reference calculations) suggest that, possibly, Fe–Se clusters 

like Fe–S clusters may take role in important physiological processes. 

On the other hand, for Fe4S4–mSemCys4 the similar hydrophobic moments μ  (8%) suggest, one more 

time, the possible role of Fe–Se clusters in physiological processes. 

The relative permittivities and molecular volumes of the studied solvents at T = 298K (cf. Table 2) 

shows the greatest similarity in relative permittivity between chloroform and 1-octanol (4.806 and 10.34, 

respectively), when compared with cyclohexane (2.023) and 1-octanol. This is in concordance with the fact that 

for both Fe–S and –Se clusters with Cys ligands, the logP  absolute error for chloroform (27%) is smaller than 

that for cyclohexane (17%, Table 1). 

 

Table 2 

Relative permittivity and molecular volume of the solvents at T = 298K 

Solvent Relative permittivity ε Molecular volume (Å3) 

water 78.54   21.2 

1-octanol 10.34 155.0 

cyclohexane   2.023   93.4 

chloroform   4.806   72.1 
 
 

The classification by information entropy  and equipartition conjecture  [57] is represented in Figure 2. 
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Figure 2. Radial tree for the Fe4S4–mSemCysn (0 ≤ m ≤ 4, 0 ≤ n ≤ 4) models. 
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From the previous results the following conclusions can be drawn. 

1. The three organic solvent–water Ps for Fe4S4Cysn (0≤n≤4) models of HiPIP decrease ca. 5.1 log 

units per Cys ligand. With reference methods the three Ps  diminish 4.9 log units per Cys. The logPo–ch–cf mean 

relative errors are –17%, 25% and –17%, respectively, representing mean and unsigned relative errors of –3% 

and 20%. For Fe4Se4Cysn, the three logP  drop 5.2 log units per Cys. With the references the three Ps  reduce 

4.9 log units per Cys. The logPo–ch–cf mean relative errors are 14%, 29% and –18%, expressing mean and 

unsigned relative errors of 8% and 20%. The organic solvents similar to 1-octanol in relative permittivity are 

those that are best modelled by SCAP. The relative permittivity results a physicochemical property more 

important than molecular volume in characterizing different solvents. 

2. The hydrophobic moment differentiates well Fe4S4Cysn structures. On varying the number of Cys 

units, the structures show hydrophobic moments indicative of particularly amphipathic structures as Fe4S4Cys. 

An extension of the present study to other proteins would give an insight into a possible generality of this 

conclusion. Further work is in progress on the characterization of lysozyme. 

3. The Po results are in line with CDHI calculations, as well as Pch and Pcf results, with calculations 

carried out with a method by Leo and Hansch. The similar calculated partition coefficients and hydrophobic 

moments for Fe4S4–mSemCys4 suggest that possibly Fe–Se clusters, like Fe–S clusters may take role in important 

physiological processes. 

 

Experimental Procedures 

SCAP is based on the model of Hopfinger parameterized for the 1-octanol–water solvent pair with 

solute molecules composed of H, C, N, O, F, S, Cl and Br, and containing a wide variety of functional groups 

[44,45]. SCAP was initially used to calculate the Gibbs free energy of solvation of molecules. From these data 

and with the equation 

RT ln P = ΔGsolv  
o water( )− ΔGsolv  

o 1- octanol( )        (1) 

one can calculate the logarithm logP  at a given T, which is taken as 298K. R  is the gas constant, and 

ΔGsolvº(1-octanol) and ΔGsolvº(water), in kJ·mol–1, are the standard-state free energies of solvation of a given 

solute considered in 1-octanol and water, respectively. SCAP manages up to 4 fitting parameters for a given 

solvent: (1) n = maximum number of solvent molecules allowed for filling the solvation sphere; (2) 

Δgº = variation of Gibbs free energy associated with the extraction of one solvent molecule out of the solvation 

sphere; (3) Rv = radius of the solvation sphere and (4) Vf = free volume available for a solvent molecule in the 

solvation sphere. In order to generalize SCAP for a different organic solvent, it was decided not to fit new 
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parameters, because of the lack of available experimental data for many solvents. Instead, the four parameters of 

1-octanol have been used, but modified taking into account the effect of only the new permittivity and molecular 

volume on the original parameters of 1-octanol. 

For a general organic solvent, e.g., cyclohexane, the maximum number of solvent molecules allowed to 

fill the solvation sphere is related to the molecular volume of the solvent molecule as 

ns = no
Vs
Vo

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

log
no
nw

log
Vo
Vw

          (2)

 

where Vo, Vw and Vs are the molecular volumes of 1-octanol, water and a general organic solvent, respectively. 

The no, nw and ns are the maximum numbers of molecules of 1-octanol, water and a general organic solvent, 

respectively, allowed to fill the solvation sphere. The variation in the standard Gibbs free energy associated with 

the extraction of one solvent molecule out of the solvation sphere Δgs
o  is calculated using the generalized Born 

equation,

 

Δgs
o = Δgo

o
1− 1

ε s

1 − 1
εo

= Δgo
o εo εs − 1( )

εs εo − 1( )
        (3)

 

where εo and εs are the relative permittivities [46]. The radius of the solvation sphere is related to the molecular 

volume of the solvent molecule as 

Rv ,s = Rv,o
Vs
Vo

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

1 3

          (4)

 

Finally, the free volume available for a solvent molecule in the solvation sphere is related to the molecular 

volume of the solvent molecule as 

Vf ,s = Vf ,o
Vs
Vo            (5) 

The only parameters needed are the relative permittivity ε  and molecular volume Vs of the organic solvent. Vs 

values have been calculated with our program TOPO [47]. In the present study, the following values have been 

used: ε = 10.34 (1-octanol), 2.023 (cyclohexane) and 4.806 (chloroform); VS = 155.0Å3 (1-octanol), 93.4Å3 

(cyclohexane) and 72.1Å3 (chloroform) [48]. The 1-octanol is a linear molecule, very mobile thus it has different 

volumic properties than the cyclohexane and the chloroform. 

The algorithm of Kyte and Doolittle has been used to calculate the hydropathy profile of the structures 

[49]. The hydrophobicity of each molecule is calculated from its atomic contributions as: 
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H = hi
i =1

M

∑
           (6)

 

where hi is the hydrophobicity of atom i  and the sum extends to the number of atoms in the molecule, M. The 

hydrophobic moment calculation is based on the Eisenberg et al. formula: 

μ = hi cos δi
i =1

M

∑
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2

+ hi sin δ i
i =1

M

∑
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2⎡ 

⎣ 
⎢ 
⎢ 

⎤ 

⎦ 
⎥ 
⎥ 

1 2

        (7)

 

where the gyration angle δi is the successive angle between an atom and the next, around the z  axis [50-52]. For 

instance, δ  increases 97 degrees in the successive Cα atoms of an α-helical structure (cf. Figure 1). This 

hydrophobic moment is a widely used method for determining amphipathic helices in a protein [53,54]. 
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