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Davor  Jureti61 

Natural Sciences and Arts Department, University of Split, N. Tesle 12, 58000 Split, Croatia 

Nenad  Trinajsti6 and Bono Lu~i6 

Rugjer Bo~kovidInstitute, 41000 Zagreb, Croatia 

We have developed conformational preference functions and a hierarchy of algorithms 
that can evaluate the success of each hydrophobicity scale in predicting protein secondary con- 
formation. The results of such evaluation are shown for fiftyfive different scales with respect 
to their ability to predict a-helix, 13-sheet and coil structure in three testing sets of proteins: five 
integral membrane proteins, twelve a-class and sixteen 13-class soluble proteins. Our scale of 
conformational parameters is the best predictor of secondary structure segments in membrane 
proteins and a-class proteins. The success rate and correlation coefficient for a-helix conforma- 
tion in membrane proteins are 76% and 0.46 respectively, which is superior to the performance 
measures attained with other prediction schemes. Evaluation of solution hydrophobicity 
scales, often used to predict transmembrane segments in membrane proteins, indicated absence 
of correlation in prediction of helix segments and experimental results for the conformation 
of membrane proteins. Such scales have better performance (correlation coefficient around 
0.30) in predicting sheet conformation in the 13-class proteins. 

1. Introduction 

H y d r o p h o b i c  energies or solvent effects are a major  cont r ibutor  to the ener- 
getics of  protein  folding [1]. M a n y  different assignments of  hydrophobic i ty  values 
to amino acids (hydrophobic i ty  scales) have been proposed  in the l i terature [2]. 
Some of  them have been used in a t tempts  to improve accuracy of  secondary  struc- 
ture predict ion algorithms [3-6] or to identify t ransmembrane  segments of  mem- 
brane proteins [7-10]. It is unlikely that  one scale will be the best  for all protein 
classes and for all secondary  structure conformat ions  [11,12], bu t  a systematic eva- 
luat ion of  scales has not  been done before. 

In this repor t  we present the results of  such an evaluat ion for fiftyfive different 
scales of  conformat ional  parameters  with respect to their ability to predict  a-helix, 
13-sheet and coil structure, not  only in soluble proteins of  ct and 13 class, bu t  also in 
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several integral membrane proteins. One of our own scales is the best for predicting 
the structure of integral membrane proteins and soluble a-class proteins. 

2. M e t h o d s  

We use the method of conformational preference functions for predicting sec- 
ondary structure conformation [13,14]. It is based on a modified sliding window 
procedure [15,16], that for each amino acid from the protein data base (same 100 
soluble proteins of known structure that were used in ref. [14]) collects the informa- 
tion about its type, its secondary conformation and its "hydrophobic environ- 
ment". The environment of a residue n in the sequence is defined as the average of a 
selected property over residues n - 4 to n + 4, excluding residue n. The frequency 
distributions over different environments for each amino acid type and in each sec- 
ondary structure is approximately normal in accord with the central limit theorem 
[17]. A set of Gaussian functions that replaces all histograms over environments is 
used to construct preference functions [13]. 

In a protein of unknown structure, sequence dependent preferences for different 
conformations are compared for each residue and conformation is assigned to the 
highest preference. In a protein (or protein list) of known structure the correlation 
coefficient Cs [18] is used to report prediction accuracy for each secondary struc- 
ture type s. The success rate, Q3, which is the percentage of correctly predicted resi- 
dues is also reported. The percentage of correctly predicted residues of structure 
type s: Q3s for a-helix, 13-sheet and coil conformation is reported too. 

All programs are written in Fortran and are available from the first author. 
Three testing sets of proteins: five integral membrane proteins, twelve a-class pro- 
teins and sixteen 13-class proteins are listed below. The structures and the sequences 
of a-class and 13-class proteins known with 3 A or better resolution were obtained 
from the Brookhaven Protein Data Bank (PDB) [19], while references used for the 
primary and secondary structure of membrane proteins are enclosed. 

Integral membrane proteins: bacteriorhodopsin [20], bacterial photosynthetic 
reaction center L subunit [21,22], bacterial photosynthetic reaction center M sub- 
unit [21,22], lactose permease [23], and rhodopsin [24]. 

a-class soluble proteins (PDB file name): 155c, 156b, lccr, leco, lmbd, 2cpp, 
21h7, 21hb, 3cpv, 3icb, 451c, lhho. 

13-class soluble proteins (PDB file name): lgcr, lhip, 2stv, 3cna, lacx, lfbj, 
1 gpl, 1 hmg, 2act, 2alp, 2est, 2rhe, 2sbt, 2sga, 2tbv, 4sbv. 

3. Resul ts  and discuss ion 

The main results are presented in table 1. Scales of chemical, physical or statisti- 
cal properties of amino acids are listed there and in the appendix, in the order of 
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Table 1 
Performance parameters for membrane proteins, a-class soluble proteins and 13-class soluble 
proteins. 

Scale Membrane a-class 13-class 

Q3 Ca Cc O3a Q3c Q3 ca Cc Q3~ Q3c Q3 c!3 Cc Q313 Q3e 

JTL 67 0.46 0.50 76 56 67 0.39 0.39 68 66 51 0.23 0.32 33 67 
SCHERA 67 0.43 0.46 77 54 66 0.39 0.38 69 64 49 0.22 0.31 33 62 
FASTUR 65 0.43 0.46 75 52 66 0.36 0.34 73 56 51 0.22 0.31 34 67 
ROBSON 62 0.40 0.44 70 50 64 0.36 0.35 72 53 51 0.23 0.32 41 61 
MIJER 51 0.33 0.52 51 53 54 0.29 0.35 43 70 56 0.26 0.32 53 67 
ROSE1 61 0.31 0.42 68 52 59 0.28 0.30 57 63 50 0.23 0.33 36 65 
KARPLU 62 0.30 0.30 66 56 62 0.30 0.30 66 56 52 0.25 0.32 38 66 
RICH1 58 0.30 0.38 63 51 66 0.36 0.37 71 56 51 0.28 0.36 41 61 
CHOU3 56 0.30 0.36 61 48 65 0.34 0.33 76 48 53 0.28 0.33 48 61 
WERSC 49 0.30 0.53 47 53 52 0.27 0.31 41 68 57 0.27 0.32 52 68 
RICH2 55 0.29 0.36 62 45 66 0.32 0.33 79 45 53 0.25 0.33 50 59 
BULDG 52 0.29 0.51 52 51 56 0.31 0.35 47 72 55 0.25 0.32 48 68 
DEBER 44 0.27 0.52 41 50 53 0.27 0.35 44 70 57 0.28 0.32 53 68 
ABODR 39 0.26 0.44 35 25 50 0.26 0.35 40 67 58 0.30 0.32 64 62 
GUYM 44 0.26 0.51 39 53 50 0.27 0.32 39 67 57 0.28 0.32 58 65 
CHART 56 0.24 0.37 61 51 60 0.28 0.31 62 59 50 0.22 0.32 35 64 
FASALF 50 0.24 0.36 54 46 66 0.35 0.34 78 46 53 0.27 0.33 50 58 
HELL1 45 0.23 0.49 44 49 54 0.29 0.36 46 67 57 0.29 0.33 54 67 
CHOU2 46 0.22 0.48 41 55 55 0.26 0.31 48 64 55 0.23 0.32 45 67 
NEIL 55 0.21 0.34 56 55 63 0.32 0.34 67 61 42 0.17 0.23 27 53 
COHEN 47 0.19 0.31 45 52 57 0.27 0.27 58 54 56 0.27 0.36 47 70 
GIBRAT 37 0.18 0.51 29 52 51 0.26 0.35 41 68 58 0.30 0.32 59 64 
K R I G K  38 0.18 0.50 28 54 50 0.26 0.35 38 71 58 0.30 0.33 62 63 
CHOU4 47 0.17 0.34 48 46 62 0.33 0.34 71 52 54 0.29 0.34 50 60 
PRIFT 34 0.16 0.51 24 50 49 0.26 0.36 35 75 58 0.29 0.32 51 73 
SWEET 36 0.16 0.49 28 50 48 0.24 0.33 37 68 59 0.31 0.33 59 68 
CHOU1 44 0.14 0.35 36 59 62 0.36 0.35 64 62 52 0.25 0.31 38 63 
JONES 43 0.14 0.38 39 51 59 0.29 0.33 59 59 56 0.30 0.36 47 69 
CHOTH1 48 0.11 0.32 51 45 59 0.27 0.27 66 49 49 0.21 0.34 40 57 
PONNU 32 0.10 0.50 19 55 49 0.25 0.35 36 71 59 0.30 0.34 59 67 
GUY 34 0.10 0.47 22 53 49 0.25 0.32 39 64 58 0.30 0.33 57 67 
K U H N  34 0.10 0.50 19 57 52 0.25 0.37 42 70 58 0.30 0.32 56 67 
MOLEC 44 0.08 0.32 45 46 56 0.25 0.30 59 55 50 0.24 0.34 43 58 
EIMCL 29 0.06 0.40 17 47 48 0.24 0.31 42 59 58 0.30 0.33 58 65 
ROSE2 28 0.05 0.48 15 49 49 0.25 0.33 38 66 59 0.30 0.33 62 64 
HELL3 34 0.05 0.39 21 56 52 0.24 0.33 48 61 56 0.26 0.31 54 62 
FAUPL 27 0.04 0.40 16 45 49 0.25 0.36 42 63 59 0.31 0.33 61 64 
KYTDO 29 0.04 0.46 14 53 48 0.22 0.34 38 67 58 0.29 0.32 58 65 
CHOBET 33 0.02 0.44 14 64 50 0.21 0.35 41 67 57 0.26 0.32 57 64 
CHOU5 27 0.01 0.43 11 55 48 0.25 0.34 36 69 59 0.30 0.34 62 64 
FASBET 26 0.00 0.47 9 54 48 0.25 0.36 36 69 58 0.29 0.32 65 60 
MEEK 26 0.00 0.40 16 43 48 0.22 0.31 46 56 57 0.30 0.34 64 58 

Continued on next page 
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Table 1 (Continued) 

Scale Membrane a-class ~3-class 

Q3 Ca Cc a3a Q3c 03 c~ Cc Q3~ Q3c Q3 c13 Cc 0313 Q3c 

NNEIG 25 -0.02 0.51 9 50 49 0.23 0.34 39 67 59 0.31 0.33 65 61 
HELL2 36 -0.03 0.33 31 44 59 0.27 0.30 65 50 49 0.22 0.33 45 56 
CHOU6 27 -0.05 0.47 10 56 49 0.24 0.35 38 68 57 0.28 0.31 54 68 
ARGOS 29 -0.05 0.41 15 51 50 0.18 0.31 47 58 56 0.29 0.32 60 58 
CHOTH2 25 -0.08 0.47 8 53 49 0.22 0.34 39 66 58 0.29 0.33 57 65 
TYLOR 22 -0.09 0.43 6 47 48 0.23 0.32 41 61 58 0.30 0.34 64 60 
JANIN 25 -0.12 0.51 7 53 50 0.21 0.34 42 66 57 0.28 0.32 57 64 
VHEBL 22 -0.13 0.44 5 49 47 0.21 0.32 38 63 56 0.24 0.31 59 60 
HOPPW 19 -0.16 0.38 5 41 48 0.22 0.32 44 58 57 0.28 0.33 66 56 
KUNTZ 19 -0.16 0.40 5 41 52 0.25 0.31 54 54 55 0.26 0.31 69 48 
LUND 18 -0.19 0.37 4 41 49 0.21 0.32 47 55 56 0.28 0.34 65 54 
LEVIT 19 -0.20 0.35 4 41 48 0.20 0.31 45 54 55 0.27 0.32 64 55 
ENGEL 19 -0.21 0.40 5 41 50 0.22 0.32 50 53 54 0.26 0.32 61 53 

decreasing correlation coefficient Ca for predicting a-helical segments in mem- 
brane proteins. Performance measures for the 13-sheet conformation in membrane 
proteins and a-class proteins and for the a-helix in 13-class proteins are not 
reported, because only a small percentage of residues from each testing set of pro- 
teins are in such a conformation. 

Prediction results for the segments in the a-helix conformation in five integral 
membrane proteins are better with our scale (JTL) than ones obtained after appli- 
cation of other secondary structure prediction programs. For instance, the Garnier 
and Robson program [3] applied at the same set of membrane proteins results in 
C~ = 0.23 and Q3 = 58%. It is not surprising that the technique directed at predict- 
ing soluble protein structures gives poor results when applied to membrane pro- 
teins. It was even argued that all techniques trained on a data base of soluble 
protein structures are inappropriate as predictors of membrane proteins folding 
motifs [25]. While this belief may be supported for the case of some algorithms used 
to predict secondary structure, our results show that more careful analysis of the 
data base of soluble protein structures can increase accuracy of predicting mem- 
brane protein structures as well. 

Nine of the top ten scales in table 1 have in common that protein specific proper- 
ties are taken into account in all of them. These properties are originally derived 
from a statistical analysis of the data base of known structures of globular soluble 
proteins. Our own analysis of soluble protein structures used these properties to 
calculate preference functions that are then incorporated into a simple secondary 
structure prediction algorithm (see section 2). The success in predicting a-helix con- 
formation both in membrane proteins and in a-class proteins, when some of these 
scales are used (table 1), indicates similarity of folding mechanisms leading to a- 
helix formation in soluble proteins and in integral membrane proteins. The only 
exception among the top ten scales in the table 1 is the SCHERA scale of helix pro- 
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pagation parameters that are, however, closely related to helix propensities 
derived from globular protein frequencies [26]. 

The hydroph0bicity scales, often used to predict membrane buried segments of 
membrane proteins [9,16], are respectively 37th (FAUPL), 38th (KYTDO), 54th 
(LEVIT) and 55th (ENGEL) in the performance measure (C~) for predicting heli- 
cal segments in membrane proteins. Apparently, hydrophobicity alone is not 
enough to predict a-helix segments with high accuracy, even if methods used to 
measure hydrophobicity of amino acids vary greatly from one author to another. 
Indeed, each of the ten best scales uses other properties of amino acid residues in a 
protein environment in addition to hydrophobicity. 

The dependence of Chou-Fasman preferences (JTL and FASTUR scale) on 
inter- and intra-molecular forces and on steric effects is well known [27]. The 
MIJER scale includes not only hydrophobic energy but also average contributions 
of electrostatic, hydrogen bonds and van der Waals energies to interresidue con- 
tact energies. The ROSE1 scale is based on the area a residue buries upon folding, 
i.e. includes steric, entropic and hydrophobic contributions to the conformational 
free energy. Both ROSE1 and WERSC scale are based on the idea that partitioning 
of a given residue between the inside and outside of the protein, assessed as the frac- 
tion of the residue population that is buried, ought to be a better measure of residue 
"hydrophobicity" than solution measurements. 

Neither a-helix propensities (with exception of the ROBSON scale from 1971) 
nor ~3-sheet propensities are among the best conformational parameters for predict- 
ing helical segments in membrane proteins. The best scale (JTL) is constructed by 
us as an average of the Chou-Fasman preferences [28] for a-helix and 13-sheet struc- 
tures for each coded amino acid. It is of interest that the scale of turn preferences 
(FASTUR) and the chain flexibility scale (KARPLU) proposed for predicting 
turns are among the best predictors of helical segments in membrane proteins. To 
summarize, the data from table 1 for membrane proteins indicate that helix propa- 
gation in a membrane environment may require rather high chain flexibility and 
high potential for accessible surface area loss, but the same or similar requirements 
are likely to exist for nucleation of helices in a-class proteins too. 

For twelve c~-class proteins, six of the ten abovementioned scales (JTL, 
SCHERA, FASTUR, ROBSON, RICH1, CHOU3) are the best predictors of helix 
conformation. Not surprisingly, three scales for a-helical propensities: RICH1, 
FASALF and CHOU1 are also among ten best predictors of helix conformation in 
the a-class proteins. 

For sixteen p-class proteins the best predictors of p-sheet conformation are solu- 
tion hydrophobicity scales based upon a comparison of solubilities in aqueous 
and nonaqueous solvents (FAUPL, NNEIG, KRIGK, JONES, PONNU, EIMCL 
and TYLOR). Some scales calculated empirically from X-ray elucidated coordi- 
nates, such as GIBRAT, GUY and ROSE2, are also good predictors of secondary 
structure segments in p-class proteins, but in general the accuracy of prediction 
for such proteins is lower than for a-class and membrane proteins. For instance 
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maximal Q3 of 59% for the optimal matching hydrophobicity scale (SWEET) of 
Sweet and Eisenberg [29] and for several of the abovementioned scales is eight 
points lower than maximal Q3 for membrane and a-class proteins. Nevertheless, 
the evaluation of hydrophobicity scales on the testing set of [3-class proteins indi- 
cated that p-sheet creation may be stimulated among residues and primary struc- 
ture segments that favor partitioning in nonaqueous solvents ifsteric hindrance for 
joining such segments can be overcome. 

Helix packing [30,31] and p-sheet packing [32] requirement for hydrophobic 
interactions is being studied and will be reported elsewhere. The most important 
conclusion from the analysis in the present paper may well be that the prediction of 
a-helix conformation in membrane proteins is extremely sensitive to the choice of 
twenty conformational parameters. This fact can be used not only to improve struc- 
ture prediction for such proteins, but also to improve their identification when 
only primary sequence is known. However, it remains to be seen, whether such a 
conclusion holds only for energy transducing and signal transducing membrane 
proteins, as it does for those used in this study. 
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Appendix. Index to the scales used in this article 

JTL: It is the scale that we formed by averaging for each amino acid type the 
Chou and Fasman preferences [28] for a-helix and 13-sheet structure. These prefer- 
ences are derived from the observed frequencies in 29 soluble proteins. 

SCHERA: Wojcik et al. [33]. According to the Zimm-Bragg formalism [34] 
experimental values for the thermodynamic parameter s are related to the ease of 
helix propagation. 

FASTUR: Chou and Fasman turn preferences [35] derived from the observed 
frequencies in soluble proteins. 

ROBSON: The scale of a-helical propensities derived from the observed fre- 
quencies [36] in soluble proteins. 

MIJER: Miyazawa and Jernigan [37]. An average contact energy multiplied 
with average number of residue-residue and residue-solvent contacts. This scale is 
based on crystallographic data for 42 soluble proteins. 

ROSEI: Rose et al. [38]. Mean solvent accessible surface area loss A for each 
amino acid type is computed for 23 soluble proteins. 

KARPLU: Karplus and Schultz [39]. Experimentally determined chain flexibil- 
ity scale for residues with no rigid neighbors. The data base consisted of 31 soluble 
proteins. 
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RICH 1: a-helix preferences for middle helix regions: five-point averages of the 
values in the Richardson and Richardson paper [40]. The data base consisted of 45 
globular soluble proteins. 

CHOU3: Chou [41]. The helical preferences for 14 soluble proteins of ~t + 13 
class. 

WERSC: Wertz and Scheraga [42]. In the data base of 20 soluble proteins all resi- 
dues are classified as being inside or outside. The scale is the ratio of interior X-resi- 
dues to total X residues for each amino acid type X. 

RICH2: a-helix preferences for middle helix regions: Middle column in the table 
1 of Richardson and Richardson paper [40]. The data base consisted of 45 globular 
soluble proteins. 

BULDG: Bull and Breese [43]. Experimental values for the slope of the surface 
tension relative to the concentration of the amino acid. These values are related to 
the free energy of transfer of the amino acid from solution to the surface. 

DEBER: Deber et al. [44]. Mean membrane/aqueous domain occurrence ratio 
for residues within 10 transport proteins. 

ABODR: Aboderin [45]. Mobilities of the amino acids on the Whatman No. 3 
paper, using the apolar solvent system. 

GUYM: Guy [46]. It is the average of four hydrophobicity scales, his own, Pon- 
nuswamy et al., Meirovitch, and Wertz and Scheraga delta G. 

CHART: Charton and Charton [27]. The polarizability parameters. The proline 
is added to this (incomplete) scale with a value of 0.00. 

FASALF: Chou and Fasman preferences [28] for the a-helix structure. These 
conformational parameters are derived from the observed frequencies in twenty- 
nine soluble proteins. 

HELL1: Hellberg et al. [47]. Descriptor scale zl derived from a principal compo- 
nent analysis of a property matrix for the 20 coded amino acids. Mainly related to 
hydrophobicity. 

CHOU2: Chou [41 ]. The 13-sheet preferences for 15 soluble proteins of 13 class. 
NEIL: O'Neil and DeGrado [48]. Helix formation parameters determined from 

the concentration dependence of helix formation for the peptides with different 
amino acids substituted in the guest position. 

COHEN: Cohen and Kuntz [49]. Nonpolar area for residues in actual isolated 
~-sheets. 

GIBRAT: Gibrat [50]. Partition coefficients of the amino acid residues between 
the interior and the exterior of a protein. 

KRIDG: Krigbaum and Komoriya [51]. It is the list of interaction parameters 
for ethanol to water transfer of amino acid side chains. 

CHOU4: Chou [41]. The a-helix preferences for 16 soluble proteins of a/J3 
class. 

PRIFT: Cornette et al. [2]. The scale that maximizes the amphipathic index for 
the 145 helices from 23 proteins. 
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SWEET: Sweet and Eisenberg [29]. Optimal matching hydrophobicity scale 
based on point mutations. 

CHOU1: Chou [41]. The a-helix preferences for 19 soluble proteins of a-class. 
JONES: Jones [52]. The hydrophobicity scale based on experimental data given 

by Nozaki and Tanford [53]. 
CHOTHI:  Chothia [54]. Accessible surface area of individual residues, R, in 

the tripeptide Gly-R-Gly.  
PONNU: Ponnuswamy et al. [55]. The surrounding hydrophobicity of residue 

X in a protein is computed as the sum of the Jones hydrophobicities of all of the 
other residues in the protein whose a-carbon atoms are within 8 A of the a-carbon 
of residue X. 

GUY: Guy [46]. A statistical hydrophobicity scale based on classifying residues 
of 19 proteins as lying in one of six layers, from the surface to the center of the pro- 
tein. 

KUHN:  Kuhn and Leigh [8]. Membrane propensity scale based on the fre- 
quency of occurrence of the amino acid in transmembrane segments. The trans- 
membrane assignments for residues from ten membrane proteins was used as the 
data base. 

MOLEC: Molecular weight of amino acids. 
EIMCL: Eisenberg and MacLachlan [56]. Computed solvation energy of each 

amino acid. The contribution from each atom is found as the product of its solvent 
accessible area [57] and its atomic solvation parameter. Solvation parameters are 
computed to give the best fit of the transfer energies to the scale of Fauch6re and 
Pli~ka [58]. 

ROSE2: Rose et al. [38]. Mean fractional area loss is computed for each amino 
acid as it appears in 23 proteins. It is obtained from the ROSE1 values A by forming 
the ratio A/Ao, where A0 is the solvent accessible surface area of the amino acid, 
X, in a standard state. 

HELL3: Hellberg et al. [47]. Descriptor scale z3 derived from a principal compo- 
nent analysis of a property matrix for the 20 coded amino acids. Contains informa- 
tion from pK and 1 H, 13 C N M R  variables. 

FAUPL: Fauch6re and Pli~ka [58]. This hydrophobic scale is based on octanol/ 
water distribution measurements for all 20 N-acetyl-amino acid amides. 

KYTDO: Kyte and Doolittle [7]. It is hydrophobicity scale that combines Wol- 
fenden scale [59], the Chothia scale [54] and estimates based on the constituent 
parts of the side chain. 

CHOBET: Chou [60]. The frequency of amino acids in the known 13-sheets. 
CHOU5: Chou [41]. The [3-sheet preferences for 14 soluble proteins of a + 13 

class. 
FASBET: Chou and Fasman preferences [28] for the [3-sheet structure. These 

conformational parameters are derived from the observed frequencies in 29 soluble 
proteins. 
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MEEK: Meek [61]. The scale based on the retention time measurements of 25 
peptides in high-pressure liquid chromatography. 

NNEIG:  Cornette [2]. A dominant eigenvector of the nearest neighbor matrix 
based on Ponnuswamy [55] hydrophobicity scale. 

HELL2: Hellberg et al. [47]. Descriptor scale z2 derived from a principal compo- 
nent analysis of a property matrix for the 20 coded amino acids. Contains informa- 
tion about size. 

CHOU6: Chou [41]. The [3-sheet preferences for 16 soluble proteins of a/13 
class. 

ARGOS: Argos and Palau [62]. Conformational propensity parameters for mid- 
dle regions of [3-structures. The scale was determined from the Levitt and Greer 
[63] sample of 60 known protein structures. 

CHOTH2: Chothia [54]. Proportion of residues 95% buried in 12 soluble pro- 
teins. 

TYLOR: Taylor and Thorton [5]. Hydrophobicity was scored on a simple scale 
ranging from 2 to -2 .  

JANIN: Janin [64]. The scale is the ratio of buried to accessible molar fractions 
of each amino acid, as measured in 22 proteins. 

VHEBL: von Heijne and Blomberg [65]. The free energy of transfer of a single 
residue in a polypeptide from a random coil conformation in an aqueous phase to 
the helix conformation in the nonpolar environment of membrane interior. 

HOPPW: Hopp and Wood [66]. Hydrophilicity values assigned to the 20 amino 
acids commonly found in proteins. The Levitt scale [63] is adjusted so that the 
hydrophobicity profile would more successfully identify antigenic determinants in 
12 proteins. 

KUNTZ:  Kuntz [67]. Hydration scale which measures the amount of water 
that does not freeze when an aqueous macromolecular solution is rapidly frozen. 

LUND:  Lundeen and Chance [68]. The estimated hydrophobic free energy gain 
when a side chain in a protein in random conformation is taken out of contact 
with aqueous solution. 

LEVIT: Levitt [69]. Hydrophobicity scale calculated from solubilities of the 
amino acids in water and ethanol by Nozaki and Tanford [53] and supplemented 
with accessible surface area values given by Chothia [54]. 

ENGEL: Engelman et al. [9]. A polarity scale for identifying transmembrane 
helices that combines surface area and polar contributions arising from hydrogen 
bonding interaction. 
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