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A critical evaluation of the hydropathy profile of membrane proteins
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New membrane-preference scales are introduced for categories of membrane proteins with different functions.
A statistical analysis is carried out with several scales to verify the relative accuracy in the prediction of the
transmembrane segments of polytopic membrane proteins. The correlation between some of the scales most used
" and those calculated here provides criteria for selecting the most appropriate methods for a given type of protein.
The parameters used in the evaluation of the hydropathy profiles have been carefully ascertained in ordef to
develop a reliable methodology for hydropathy analysis. Finally, an integrated hydropathy analysis using different
methods has been applied to several sequences of related proteins.

The above analysis indicates that (a) microsomal cytochrome P45, contains only one hydrophobic region at
the N-terminus that is consistently predicted to transverse the membrane; (b) only four of the six or seven putative
transmembrane helices of cytochrome oxidase subunit III are predicted and correspond to helices I, III, V and
VI of the previous nomenclature; (c) the product of the mitochondrial ATPase-6 gene (or the chloroplast ATPase-IV
gene) of Fo-F;-ATPase shows that helix IV is not consistently predicted to traverse the membrane, suggestma a

four-helix model for this family of proteins.

The clarification of the molecular structure of membrane
(integral) proteins is a problem of great relevance in biological
sciences due to the importance of these proteins in so many
cellular processes [1]. Hydropathy methods are the most

convenient tools for deducing the transmembrane folding of -

integral proteins when their sequence is known [1—9]. These
methods measure the distribution of hydrophobic and
hydrophilic regions (i.e the hydropathy [4]) through sequence
using a reference scale of hydrophobicity of the amino acids
[2—9]. From the hydropathy profile of the polypeptide, seg-
ments can be predicted to span the membrane using rules that
are specific to each method [1 —9]. Generally, it is assumed
that these transmembrane segments form «-helical rods as in
the known structure of bacteriorhodopsin [3, 7, 8] and in
bacterial reaction centers [7, 10—12).

The procedure that is most widely used to predict the
folding of newly sequenced proteins is that of Kyte and
Doolittle [4]. The hydrophobicity scale of Kyte and Doolittle
has also been used in subsequent works with the aim of im-
proving the accuracy of the folding predictions {13 —15]. How-
ever, other scales may provide a better estimation of the
hydrophobic/hydrophilic balance of the individual amino
acids than that of Kyte and Doolittle {6 —9].

Recently, hydropathy methods have been derived from
the statistical preference of the residues to form the integral
regions in several membrane proteins [16, 17]. This statistical/
empirical approach is similar to that previously employed for
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Abbreviations. AMP07, average membrane preference of seven
scales; MP, membrane preference; MPH, membrane propensity for
haemoproteins; NKD, Kyte-Doolittle scale which is normalized to
the MPH scale.

Enzymes. Ubiquinol:cytochrome-c reductase (EC 1.10.2.2); cyto-
chrome ¢ oxidase (EC 1.9.3.1); 3-hydroxy-3-methylglutaryl-CoA re-
ductase (EC 1.1.1.32).

deducing the conformational preference [18] and the hydro-
phobicity [19] of the residues from known protein structures.
Some statistical scales of hydrophobicity correlate much better
than the physicochemical scales with the highly resolved crys-
tal structures of globular proteins [20, 21]. No comparative
and comprehensive study is available for evaluating the corre-
lation of all the published hydrophobicity, hydropathy and
statistical scales with the structures of membrane proteins.
This work represents a step towards a systematic evalua-
tion of hydropathy procedures and, in particular, pro-
vides criteria for selecting the most appropriate scales for a
given type of membrane protein. Three membrane-preference
scales show the best correlation with the known transmem-
brane distribution of the residues in bacterial reaction centers,
and have consequently been used to develop a carefully tested
hydropathy scheme. Different predictive rules have been
optimized for each scale after examining a variety of proteins
with known membrane topology, and their results are inte-
grated in order to reach a comsensus picture of the likely
number of transmembrane helices in polytopic proteins.

EXPERIMENTAL PROCEDURES
Elaboration of statistical scales of membrane preference

Many integral proteins possessing a well-characterized
membrane topology have been used to determine a set of
membrane-preference scales (MP) for the amino acid residues.
according to the formula {16 —18]:

_fj. MEM
_/rj. TOT

where MP; is the membrane-preference value for residue /,
Ji.mem’is the frequency of occurrence of residuej in the trans-
membrane regions of the proteins and f; tor is the frequency
of occurrence of residue j along the entire sequence of the
protein, i.e. the molar fraction of residue j [16, 18].

MP; = (0
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Table 1.'Statistical scales of membrane preference that are used in this work
The sequences have been taken from [12, 16, 17, 23—31, 54, 58, 63] and references therein. COI, COII, COIII, COIV, COX and COXI are

all subunits of cytochrome oxidase

Definition of the scale Acronym Proteins Membrane Reference
residues
considered

Membrane-buried-helix parameter RAOAR 7 acetylcholine receptors subunits; 4 ATPase 6; 5632 16

7 cytochrome b4; 5 COI; 6 COII; 3 COIII; 7

proteolipid ATP synthase; 8 cytochrome P,sq
Membrane propensity for MPH 15 cytochrome b (haem-binding domain); 2885 17
haemoprot_qigg_. _ _ 3 cytochrome bg subunit; 6 subunits of bacterial

' reaction centers
MPHS892 several cytochrome b > 4000 this work

Predicted membrane composition PMCRE cytochrome f spinach, tobacco; cytochrome bsso 2810 this work
of redox proteins A, B spmach; SDHC, SDHD, E. coli; :

SDHC B. subtilis; FMRC, FMRD E. coli; cyoB

E. coli; NARI E. coli; cytochrome b5 calf; COI

P. denitrificans; COI sea urchin; COIII P.

denitrificans, sea urchin, bovine; COII human,

sea urchin, maize; cytochrome b D. yakuba;

subunit IV b¢ fspinach, tobacco, M.

polymorpha; cytochrome ¢y beef, yeast; subunit

V, VI, VH b5 beef, yeast; COIV, COX, COXI

bovine, yeast
Membrane preference of D,, D, D12MP D, spinaeh, Synechococcus, tobacco, E. gracilis; 683 this work
thylakoid proteins D, spinach, C. reinhardtii
Membrane preference of opsins - OPSMP rhodopsin beef, human, Drosophila; 918 this work
and related proteins B-adrenergic receptor human, hamster, pig
Membrane composition of RHODO bacteriorhodopsin and halorhodopsin, H. 467 this work
halorhodopsin and bacteriorhodopsin halobium; octopus opsin
Membrane composition of the L MICHE L and M subunits of reaction center, 825 12 and this
and M subnuuits of bacterial reaction R. monas viridis, R. capsulatus, R. sphaeroides work®
centers
Average membrane preference AMPO7 arithmetical mean of the seven scales above > 14000 this work

* The membrane preference of histidine is 1.0 and this is the only variation front the original scale [17].
b Calculated from the frequencies reported by Michel et al. [12] by using Eqn (1); therefore, these values are different from the distribution
factors measured in [12], with an overall correlation of 95% if cysteine is excluded.

New membrane-preference scales have been derived from
groups of proteins which belong to two main categories: mem-
brane proteins with redox function (category A); membrane
proteins with transport or non-redox function (category B).
A ‘standard of truth’ scale has been calculated for category A
using the known structure of bacterial reaction centers [10—
12], and for category B using the likely membrane composition
of the rhodopsins in Halobacterium halobiuriz [22 —24]. A statis-
tical scale has been elaborated from the membrane compo-
sition predicted by the consensus of the methods in [4, 13, 16,
17] for proteins which are structurally homologous to either
the subunits of the reaction centers, i.e. the D; and D,
thylakoid proteins [12, 25—27], or to the bacterial rhodopsins,
i.e. the retinal opsins and the f-adrenergic receptors [28 —31].

Another membrane-preference scale has been introduced
for evaluating the influence of sequence similarity in the pro-
teins of the data base. A strong sequence similarity is present
in the proteins utilized for calculating the statistical scales
above, and in [16, 17].

Theoretically, this may lead to limited accounts of the
distribution of the amino acid residues in non-homologous
proteins. Several membrane proteins with redox function that
exhibit widely different topologies and little overall homology
have been evaluated using a consensus of the methods in [13,

16, 17] yielding the statistical scale of predicted membrane
composition of non-homologous redox proteins (PMCRE,
Table 1).

Finally, an average scale of membrane preference
(AMPO7) has been computed as the arithmetical mean of the
five scales above, and of the two statistical scales published
previously [16, 17]. Table 1 lists all these scales, their acronyms
and the proteins from which they are calculated. The acro-
nyms of other scales have been taken from [20] or made up
from names of the authors of the pertinent work (see Table 2).

Correlation and normalization of the various scales

The correlation (r) among all the scales listed in Table 1,
the hydrophobicity scales reported in [20] and the hydropathy
scales in [2— 9] has been computed according to the following
equation [20]:

2 =9 (05—7)
P = )

20 20 12’
{2 —%7- X, (y,-—yﬂ

i=1 i=1
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Table 2. Correlation (1) among several scales of hydrophobicity

A selection of scales that correlate best with the average AMP07. The acronyms used are the following (see aiso [20]): LEVIT, physicochemical
scale of Levitt [33]; WOLFE. experimental scale of partition of Wolfenden et al. [34]; FAUPL, experimental scale of partition into octanol
measured by Faucheére and Pliska [35]. The solvation energy calculations of Eisenberg and McLachlan [67] and the physicochemical scale
introduced by Roseman [37] are highly correfated with this experimental scale (results not shown); GUYME; mean of several statistical scales
derived from the known structure of globular proteins [38]; ROSEF, statistical scale of Rose et al. [39]; PRIFT, statistical scale which optimizes
the amphipathic character of « helices in soluble proteins [20]; VHEJB, the first hydropathy scale for membrane proteins introduced by Von
Heijne and Blomberg [2]; ENGST, hydropathy scale based on physicochemical considerations introduced by Engelman [3, 7). The scale IF05
recently reported in [68] is highly correlated with this scale; KYTDO, the hydropathy scale of Kyte and Doolittle [4]; EISEN, hydropathy
scale proposed by Eisenberg et al. [5, 6]; LUNDE, modification of the VHEIB scale proposed by Lundeen et al. [9]; RAOAR, statistical scale
of membrane-buried helix parameters [16]; MPHS9, statistical scale of membrane propensity for haemoproteins [17] modified here (Tables 1
and 4). The scale derived from the predicted transmembrane structure of mitochondrial cytochrome 4 and incorporated in the MPH scaie [17]
shows a r of 78% with the MICHE scale; OPSMP, PMCRE, RHODO, MICHE and AMP07, membrane preference scales calculated in this

work (Table 1). The MICHE values are nearly equivalent to the distribution factors calculated by Michel et al. [12] e

Acronym correlation (r)
% .
LEVIT 100
WOLFE 66 100
FAUPL 92 69 100
GUYME 78 65 90 100
ROSEF 79 67 90 98 100
PRIFT 63 57 76 90 88 100
YHEJIB 83 88 79 70 69 55 100
ENGST 83 89 85 76 79 62 91 100
KYTDO 68 89 81 83 84 81 80 85 100
EISEN 86 91 87 79 81 64 92 94 88 100
LUNDE 96 78 90 79 81 67 89 96 79 89 100
RAOAR 77 88 83 84 87 77 85 93 94 90 88 100
MPHS89 64 74 70 84 87 81 65 79 84 71 77 91 100
PMCRE 70 75 76 83 86 76 67 84 80 75 81 90 92 100
OPSMP 77 80 83 83 84 79 82 84 89 86 83 90 81 78 100
RHODO 70 58 70 72 65 59 75 68 64 68 71 65 St 61 74 100
MICHE 44 59 57 70 75 67 48 66 71 51 61 78 87 85 60 42 100
AMPO7 75 82 82 89 91 82 78 89 9 °~ 83 86 96 96 95 88 69 87 100

LEV WOL FAU GUY ROS PRI

VHE ENG KYT EIS

LUN RAO MPH PMC OPS RHO MIC AMP

where x and j are the averages of the values of the residues
in the scales {x;}?2 ; and {y;}?2 , that are compared. The corre-
lation coefficient is expressed as a percentage and is indepen-
dent of the absolute values of hydrophobicity or membrane
preference of the residues when linear images of the scales are
compared [20].

It appears that the scale of Kyte and Doolittle [4] and that
of membrane propensity for haemoproteins (MPH) [17] have
a sufficiently similar symmetry in the distribution of the values
of the residues to allow a meaningful linear normalization to
each other. The following equation has been used for such a
normalization:

©)

where the factor 0.198 derives from the ratio of the maximal
ranges spanned by the MPH [17] and the original Kyte and
Doolittle scale (identified by the acronym KYTDO) [20]. In
this way, the original Kyte and Doolittle scale is translated
into a membrane-preference scale centered at a midpoint value
of 1.1, differing from previous normalizations [6, 17].

Xj,Nkp = Xj,xyrpo 0.198 + 1.1,

Hydropathy algorithms

A computer program has been written in BASIC providing
a large variety of options in the elaboration of the hydropathy
plots. These options include the following: (a) choice of the
scale of membrane preference or of the normalized Kyte and

Doolittle scale (Table 4); (b) amplitude of the moving segment
along the sequence, usually called scanning window [5—28],
that averages the hydrophobicity of the residues; (c) value of
the baseline (or cut-off) [1] which is selected for discriminating
between hydrophilic and hydrophobic regions in the proteins
[4, 16, 17]; (d) selection of the positive peaks above the chosen
baseline that can be predicted to be transmembrane segments
according to the rules specific to each scale.

Positive peaks in the hydropathy profiles are colored in
black when they satisfy the rules for being predicted to trans-
verse the membrane [17]. The plots are presented without
smoothing of the data and using an arbitrary value of 0.2 for
both the N-terminal and the C-terminal residue [17].

The computer program (MAGINT) containing the four
methods of hydropathy in Table 3 is available from the
authors. A large data base of membrane proteins which is
particularly rich in polytopic proteins with redox function is
also available from the authors.

RESULTS AND DISCUSSION

The rationale for evaluating the methodological aspects
of a hydropathy analysis

Three major sources of uncertainty arise in the evaluation
of the hydropathy profile of membrane proteins: the choice
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Table 3. Membrane-preference scale predictive rules

The table shows the simplest formulation of the empirical rules
employed here fore predicting transmembrane segments from positive
peaks above the baseline in the hydropathy plots. The length refers
to continuous segments having the mean value > baseline. Except
for NKD, whose plots are averaged by a window of 19 residues [4,
36], the rules are valid for a scanning window of seven residues
and are simplified with respect to those originally proposed [16, 17].
AMPO7 (A): rules are optimised for membrane proteins with redox
function calibrated with the set of reference sequences quoted in the
text and with the known structures of two bacterial reaction centers
[11, 12). AMPO7 (B): rule for non-redox integral proteins calibrated
with the set of reference sequences quoted in the text. For definition
of the acronyms, see Table 1. NKD, nommalized Kyte and Doolittle
scale

Membrane-preference  Baseline  Length Heigth Area
scale value

NKD 1.1 >19

RAOAR 1.05 >12 >1.13

MPHS89 >12 >13 >2
AMPO7 (A) 1.1 >12 >1.5
AMPO7 (B) 1.0 >13

Table 4. Membrane preference scales for the integrated hydropathy
analysis of membrane proteins

The orginal scale of Kyte and Doolittle [4] has been normalized
(NKD) to the MPH scale as described in Experimental Procedures.
In such a normalization, the baseline (midpoint) of 1.1 corresponds
to 0.0 kJ/mol in the original dimensions, which is slightly higher than
the original value suggested in [4]

Amino acids Membrane-preference scales

NKD RAOAR  MPHS89  AMPO7
Ala 1.46 1.36 1.56 1.26
Cys 1.60 1.27 1.80 1.60
Asp 0.41 0.11 0.23 0.27
Glu 0.41 0.25 0.19 0.23
Phe 1.65 1.57 1.42 1.46
Gly 1.02 1.09 1.03 1.08
His 0.47 0.68 1.00% 1.00
Tie 1.99 1.44 1.27 1.44
Lys 0.33 0.09 0.15 0.33
Leu 1.85 1.47 1.38 1.36
Met 1.48 1.42 1.93 1.52
Asn 0.41 0.33 0.51 0.59
Pro 0.78 0.54 0.27 0.54
Gln 0.41 0.33 0.39 0.39
Arg 021 .« 0.5 0.59 0.38
Ser 0.94 0.97 0.96 0.98
Thr 0.96 1.08 1.11 1.01
Val 1.93 1.37 1.58 1.33
Trp 0.92 1.00 0.91 1.06
Tyr 0.84 0.83 1.10 0.89

* Only difference with the original MPH scale [17].

of the scale, the setting of the parameters for computing the
profile and the use of rules for predicting the transbilayer
segments 7, 13, 16]. The published procedures have been
generally developed for optimizing the resolution of the helices
and the precision in the identification of their ends, using
bacteriorhodopsin and several monotopic proteins as the ref-
erence systems [3, 4, 6, 7, 12, 13, 16]. However, no thorough

analysis has been dedicated to the evaluation of the influence
of the selected scale on the accuracy of the deductions, perhaps
because it is commonly considered that many scales have a

* similar effectiveness for membrane polypeptides [1, 3, 4, 12,

13]. In this study, the above uncertainties have been extensively
assessed in order to elaborate a critical methodology of hy-
dropathy analysis.

In particular, a detailed comparison of the scales has been
undertaken by following the principles previously applied to
globular proteins [20,21]. The linear correlation of the various
scales with standards of known structure provides an useful
indication of their validity [20]. A ‘standard of truth’ scale of
membrane preference has been calculated by applying Eqn (1)
to the distribution of the residues derived from the known
atomic structures of the bacterial reaction centers [10—12]
(MICHE scale, Table 1). Hence, the correlation with such a
standard can measure the effectiveness of the various scales
in describing the transmembrane composition of integral pro-
teins, especially of those with redox function like the reaction
centers. p

Membrane proteins that do not have a redox function,
however, may have a different distribution of the residues [12,
17]. Thus, the scale of membrane preference that is deduced
as above from the current models of the rhodopsins [23, 24],
i.e. proteins that transport ions across the membrane [23], can
be used as an additional ‘standard of truth’ in the comparative
correlation of the existing scales.

Owing to the limited number of sequences available for
computing these standards, it is important to compare their
parameters with those deduced from other proteins. This
analysis is undertaken with the sequences listed in Table 1 and
enables an evaluation of the statistical fluctuations of the
preference parameters with respect to the type and number of
the polypeptides examined. Since a statistical stabilization of
the preference values is likely to occur by increasing the num-
ber of the sequences analyzed [12, 16, 20], a weighted scale,
called AMPO7, has been computed by averaging the data
obtained previously [16, 17] and in this study (Table 1). The
parameters of the AMPO7 scale are indeed statistically
stabilized since they do not significantly change after extend-
ing the analysis to over 25000 amino acid residues (results not
shown).

Comparison of different statistical scales
of membrane preference

The values of the various membrane-preference scales in
Table 1 are represented in a graphical form in Fig. 1 for two
reasons. Firstly, it is clear from this represemtation that the
amino acids tend to segregate into three separate groups.
Secondly, the correpondence of the membrane preference of
the residues in each scale with the average value AMPOQ7 can
be visualized directly.

The group of amino acids that is most clearly defined
includes the hydrophilic Asp, Glu, Lys, Asn, Gln, Pro and Arg
(Fig. 1). Itisinteresting to note that proline is included among
these hydrophilic residues (Fig. 1), contrary to common belief
that considers such a residue to be hydrophobic [3, 6, 9, 32 —
38]. Indeed, proline is excluded from buried « helices of solubie
proteins with known structure because of its helix-breaking
character [18, 20, 39], and this may as well apply to transmem-
brane helices.

Serine and threonine, which are often believed to be
hydrophilic [2, 5, 32—38], segregate with a group of amino
acids which can be defined as ‘neutral’ since their average
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Fig. 1. Comparison of the membrane-preference parameters of the statistical scales in Table 1. The average membrane-preference (AMPO7) scale
is used as the reference in computing the graph and the dashed diagonal represents the graphical correlation with the parameters of such a
scale. The value of 1.44 for histidine has been used for the MPH scale [17]. The single letter code identifies the amino acids

membrane propensity is = 1 (Fig. 1). This group also includes
tyrosine, histidine (which is commonly believed to be
hydrophilic) [2—9, 32—38], tryptophan (which is generally
considered to be rather hydrophobic [2, 3, 5, 7, 9, 19, 20, 32 —
39], and glycine. The neutrality of this latter amino acid is also
evident in soluble proteins [20, 39].

The amino acids in the third group are hydrophobic since
they have a MP >1 (Fig. 1), and include Ala, Cys, Phe, lle,
Leu, Met and Val. Cysteine usually has the largest hydro-
phobicity value, as noted previously [12, 17, 39].

Interestingly, the above segregation of the residues, except
for the allocation of tryptophan, corrresponds to that
obtained from the analysis of the fractional loss of surface
area in globular proteins with known structure [39]. Indeed,
a large number of the residues in membrane proteins having
several transmembrane helices face other protein regions:and
not the lipids [11] and this renders the interior of proteins such
as the photosynthetic reaction centers rather similar to the
hydrophobic core of globular proteins [11, 19, 39].

It is worth noting that the common methods which are
used for determining the polarity of proteins [4, 13, 32] con-
sider an allocation of the hydrophilic residues that is signifi-
cantly different from that in Fig. 1 or [39]. For instance, the
average polarity of the integral proteins in Table 1 is 33.5%
using the method of Capaldi and Varderkoii [32], and 23.9%
by considering the hydrophilic residues in Fig. 1.

Correlation between the scales of hydrophobicity

Table 2 summarizes the correlation between some of the
most used scales of hydrophobicity (both physicochemical
and statistical) [20], of hydropathy [2—9] and of membrane

preference (Table 1) [16,17]. In agreement with previous
findings in globular proteins [20, 21], statistical scales generally
correlate better than physicochemical scales with the ‘standard
of truth’ deduced from the known structure of the bacterial
reaction centers (MICHE scale, Table 2). The fact that the
AMPO7 and the MPH scale show the highest correlation with
this standard (Table 2) is somewhat expected, since these scales
incorporate the frequencies of amino acid residue distribution
in the bacterial reaction centers (Table 1). However, the
PMCRE scale (Table 2), which is derived from the analysis of
proteins that are not homologous to the reaction centers
(Table 1), also shows a similar high correlation with the
MICHE scale (Table 2). This suggests that homology of the
proteins in the data base cannot completely account for the
high correlation with the ‘standard of truth’ of the bacterial
reaction centers. '

A completely different ranking is seen in the correlation
with the ‘standard of truth’ of the rhodopsins (RHODO scale,
Table 2). Very few scales, e.g. VHEJB (Table 2) [2], show cor-
relations higher than 70% with.the RHODO scale (Table 2),
which is very poorly correlated with the MICHE scale and
only modestly correlated with both the scale derived from the
opsins (OPSMP, Table 2) and the average AMP07 scale (Ta-
ble 2). This confirms the above hypothesis of the effect of se-
quence homology and also suggests that the rhodopsins of
halobacteria may have a peculiar transmembrane compo-
sition. The latter suggestion conforms to the observation that,
contrary to the situation of the redox proteins, some solubility
scales correlate with the rhodopsin standard (Table 2) at the
same level as many statistical scales.

From the overall pattern of correlation between scales
(Table 2 and Appendix), it is inferred that the relative hydro-
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phobicity of the residues does not vary much in soluble and
membrane proteins and, within integral proteins, depends
strongly on their function. This conclusion is supported by
the different transmembrane frequencies of residues such as
Cys, Asp, Lys, Asn, Pro, Arg, Ser and Tyr in the two categories
of membrane proteins examined in this work, even if the
overall content of hydrophobic residues is, on the average,
very similar (see. Fig. 1 and [12]). For instance, Asp and Lys
are essential for proton pumping and retinal binding in the
rhodopsins [23], whereas Cys and His are required for metal
binding in membrane proteins with redox function [12, 17]
(see Michel et al. [12] for a detailed discussion of the structural
differences between -bacterforhodopsin and the reaction
center).

- Thecorrelations in Table 2 offer useful criteria for selecting
the most appropriate scale(s) for a given protein. For instance,
the AMPO7 and the MPH scales are probably the best for
describing the profile of integral proteins with redox function,
whereas the scale of Von Heijne and Blomberg (VHEJTB,
Table 2), that of Rao and Argos (RAOAR, Table 2 [16]) and
also the AMPO7 scale are most suitable for describing the
profile of membrane proteins with transport function. The
AMPO7 and the Rao and Argos scales [16], moreover, show
the highest cumulative correlation with all the other scales
(~ 83% Table 2 and results not shown).

Optimization of the plotting parameters
of the hydropathy profiles

The hydropathy profile of a sequence depends not only on
the choice of the scale, but also on the averaging procedure(s)
for the data presentation. The plotting of the profile is basi-
cally determined by a subjective choice of the amplitude of
the scanning window. It is usually believed that an optimal
scanning window should be as long as the minimal length of
a membrane-spanning « helix, i.e. > 19 residues[4, 6,7, 12, 13,
15, 36]. Windows of length greater than 10 residues, however,
produce a dramatic loss of local information, since they often
lead to an apparent fusion of transmembrane segments that
are closely spaced, such as some of the helices in bacterio-
rhodopsin [4, 7, 12, 16]. Moreover, large windows increase the
errors of predicting hydrophobic regions of globular proteins
as potential transmembrane helices [4, 16].

Clearly, it is preferable to have a relatively ‘noisy’, but
well-resolved plot, than a nicely smoothed, but misleading
one. Indeed, the best correspondence of the hydropathy pro-
files with the known structures of either globular or membrane
proteins is seen when windows of 5—9 residues are used [4,
16,17, 20]. Thuis is also true for the AMPO7 scale introduced
biére, which shows its best resolution of the known transmem-
brane helices of the proteins listed in Table 1 with a window of
seven residues (results not shown). Therefore, a fixed scanning
window of seven residues has been routinely used in this study
without the further smoothing of the data that is suggested in
[8, 16], since this smoothing also causes loss of information
and unfavorably affects the reliability of the predictions (see
below).

Calibration of rules for predicting transmembrane helices

The use of consistent rules for predlcnng the transbdayer
nature of the positive peaks in the hydropathy profiles is a
problem of crucial importance. First of all, these rules must
be calibrated at a fixed value of the scanning window, because
they are critically dependent on the shape of the profile. This
circumstance is often dismissed in the literature. For instance,

scanning windows of 11 residues have been used with the K yte
and Doolittle algorithm [14, 29], even if the original rules were
calibrated for a window of 19 residues [4].

Secondly, the prediction rules must be optimized W1th a
large number of either membrane proteins with known top-
ology (i.e. polypeptides that have an established number of
transmembrane segments) or globular proteins of known
structure [16]. Unfortunately, there are severe limits in such a
verification, since the only membrane proteins with resolved
crystal structures are the bacterial reaction centers {10—12],
and most hydropathy methods clearly identify their trans-
membrane helices [7, 9, 12, 16, 17, 36, 37]. Furthermore,
the majority of the other integral proteins which have an
established topology possess one or two tramsbilayer seg-
ments, which are so hydrophobic that they are equally re-
cognized by several hydropathy schemes [1, 4, 8, 13, 17, 36,
37]. Comnsequently, all these potential reference systems have
a limited value for comparing the accuracy of the various
methods and defining stringent prediction rules.

In this work, the profiles of Rao and Argos [16], the MPH
[17] and the AMPO7 scales have been examined by applying
them to several proteins with well-characterized membrane
topology for which, in contrast with the above systems, er-
roneous predictions are often obtained with the available hy-
dropathy methods. Cytochrome P,s, cam [40] and cyto-
chrome-c peroxidase [41] are globular proteins with known
structures that serve as valuable negative controls since they
contain a large npumber of hydrophobic helices. The various
mutants of the viral G proteins retain the ability to transverse
the membrane until 12 uncharged residues are present in their
membrane-anchoring domain [42], and are therefore ideal
references for fine-tuning the rules.

- Predictive rules have been calibrated in the above systems
and in the following polytopic proteins: the photosynthetic
D, and D, subunits from 12 species (listed in [25, 43]), the
topology of which is inferred from the functional similarity
and structural homology with the L and M subunits of the
bacterial reaction centers [12, 25]; all the rhodopsins quoted
in Table 1, which are considered to possess the same topology
of bacteriorhodopsin [23]; 30 cytochromes b from mitochon-
dria, chloroplasts and bacteria, whose transmembrane folding
has recently been assessed by a combination of genetic and
functional studies (see [17] and references therein); the malF
permease [44] and the sec Y ribosomal protein from Escherichia
coli [45], the topology of which has been elucidated by gene-
fusion techniques [44].

The major criterion that has been followed in the empirical
calibration of the rules is the definition of a minimal length
of a hydrophobic stretch that enables its identification as a
transmembrane helix. The baseline values of the profiles have
been varied systematically between 1.0 and 1.2, and the length
of the peaks above such baselines evaluated in view of the
known topology of the reference proteins. The results of this
wide screening indicate that a minimal length of 12 residues
above a baseline at 1.05 for the non-smoothed Rao and Argos
profile and at 1.1. for both the MPH and the AMPOQ7 profile
is the simplest and most powerful rule for minimizing the
errors in predicting the transmembrane helices, as verified also
for the reaction-center subunits (results not shown, see also
[17]). In fact, the mutants of the viral G protein that possess
a hydrophobic segment shorter than 12 residues [42] are cor-
rectly excluded from being transmembrane by such a rule.

Only a few additional rules have been devised for reducirig
the most typical errors that are obtained for each method with
only the criterion of minimal length. These rules are condensed
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Fig. 2. Hydropathy plots of the D, protein of Prochloron by the four methods used in this study. The sequence is highly similar to the herbicide-
binding protein of higher plants [25, 43]. Six or seven transmembrane helices are usually predicted in these proteins by the methods in [4, 8,
16] and only five by the MPH method (results not shown). The nomenclature of the transmembrane helices and of the false helices X) 1s
taken from [16]. Helix C is not predicted if the strict rule of minimal length is applied in the AMPO7 plot. However, the positive peak of this
protein region is flanked by clear minima and contains a single gap of two residues that have a mean just below the baseline. The scanning
window is of seven residues except in the normalized Kyte and Doolittle plot

from those proposed previously [16, 17], and have been insert-
ed, in their simplest formulation described in Table 3, in the
computer program to obtain a consistent and objective selec-
tion of potential transmembrane segments. In this way, it is
possible to prevent that a versatile evaluation of the results
can lead to predictions influenced by subjective biases.

Although the rules in Table 3 minimize the false-positive

and false-negative predictions of transmembrane helices, their
stringent application is still prone to errors. Statistically, the
errors are of a different nature in each method and for the
two different categories of proteins examined. For instance,
the AMPO7 profile tends to underestimate the transmembrane
segments in proteins with redox function, whereas the non-
smoothed Rao and Argos [16] profile tends to overestimate
the same helices. This tendency is most clearly illustrated by
the photosynthetic D; subunits (Fig. 2), but is also seen in
the b cytochromes (results not shown). In contrast, the non-
smoothed Rao and Argos [16] profile and the AMPO7 profile
underestimate to comparable extents the known transmem-
brane segments of rhodopsins and other non-redox proteins
by using the same baselines which minimize the false positive
predictions in redox proteins (results not shown).

The above considerations indicate that it is impossible to
achieve the maximal accuracy for both categories of proteins
if a fixed cut-off value is maintained. In this study, the strategy
for reducing the opposite type of errors consists of employing
both the non-smoothed Rao and Argos [16] profile with its
original baseline at 1.05 and the AMP07 profile with a differ-

ent baseline for redox and non-redox proteins. The AMPO7
profile resolves and accurately predicts all but one of the
known transmembrane segments of the reference proteins
with non-redox function by using a baseline at 1.0 and the
simple criterion of a minimal length of 13 residues (resuits not
shown). Therefore, such a variation of the predictive scheme
Is routinely employed when proteins without redox function
are analyzed (Table 3).

It is consistently observed that with the present methods,
an improved accuracy in identifying the ends of the transmem-
brane helices can be achieved only at the expense of an increase
of the errors in predicting the correct number of the helices
in polytopic proteins. Therefore, complementary procedures
should be combined with hydropathy plots to avoid this prob-
lem. On the other hand, the rules described here do mot re-
cognize hydrophobic regions in extended conformation of
either globular or integral proteins (e.g. bacterial porins) as
possible transmembrane segments.

An integrated hydropathy analysis
Jor deducing the membrane topology of proteins

Given the difficulty in obtaining crystal structures in mem-
brane proteins, the evaluation of their possible molecular
architectures relies on hydropathy deductions [1,16]. These
deductions are also indispensable in the design of experimental
approaches for probing the membrane topology of integral
proteins [45].
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Fig. 3. Hydropathy plots of four different cytochrome P,so. All the plots are obtained with a window of seven residues. The sequences are
taken from the list of Nelson and Strobel [47] and belong to different families of cytochrome Piso that show little sequence similarity [46, 47].
(A) Side-chain-cleavage cytochrome Py4so from adrenal mitochondria, that lacks the hydrophobic region at the N-terminus which is present
in all the microsomal forms [47, 51, 52]. (B) microsomal cytochrome P,so d from rat liver. (C) microsomal cytochrome P,so form 4 from
rabbit liver (this protein has been topologically characterized in [52]); (D) cytochrome P, s, lanosterol w-hydroxylase from rat

The integration of the methods in Tables 3 and 4 is likely
to implement the accuracy of the hydropathy predictions,
as illustrated in Fig. 2 for the photosynthetic protein D, of
Prochloron [43]. This protein is an example of how easy it is
to overestimate the number of transmembrane segments in
proteins with redox function, particularly with the Kyte and
Doolittle scale (see also [13, 16, 17]). Due to its wide use in
the literature, the Kyte and Doolittle method has been utilized
here as a reference with the window of 19 residues [4, 13, 36],
but with a slightly higher baseline for reducing its-common
error of overestimating the number of transmembrane seg-
ments [17] (Table 3, see [4]).

The consensus profile of related proteins is less sensitive
to local sequence variations that may critically affect the hy-
dropathy deduction in a single polypeptide [16, 17, 21]. Thus,
predictive errors are expected to be reduced by comparing the
hydropathy plots of homologous proteins, as in the case of
mitochondrial cytochrome & and chloroplast cytochrome bg
[16, 17]. Accordingly, the present analysis has been mainly
applied to proteins where many homologous sequences are
known. Different indications from those obtained previously
with limited hydropathy evaluations are obtained for the pro-
teins summarized in Table 5, as detailed below.

The membrane topology of cytochrome P s, s very simple

The superfamily of cytochrome P,s, includes soluble (in
bacteria) [40] and membrane-bound (in eukaryotes) [46, 47]
haemoproteins that are involved in a variety of degradative
and metabolic processes (for a review see [46]). Despite the
very large number of sequences available, the membrane top-
ology of eukaryotic cytochrome P, s, has not yet been assessed
[46 —52]. The present hydropathy analysis indicates that the
form of cytochrome P,s, which is present in adrenal mito-

chondria [46] is unlikely to be an integral protein since no
transmembrane segment is predicted (Fig. 3A). This finding
is in agreement with recent views [47] and is apparently sup-

-ported by the successful crystallization of this protein in a

solution without lipid-like reagents [48].

On the other hand, the strong hydrophobicity displayed
by all types of microsomal cytochrome Pgso leads to large
overestimations of the number of transmembrane segments
with all the methods employed so far [4, 7, 16, 18, 33, 47].
The minimal number of predicted transmembrane segments is
generally five [16, 47], but models with eight [49] or even ten
[50] transmembrane segments have been proposed (Table 5).
In contrast, recent topological studies demonstrate that most
of cytochrome Pgs, is exposed at the cytoplasmic side of the
membrane, and probably a single start stop [1] transmembrane
segment is present at the N-terminus [51 — 53]. The integrated
hydropathy analysis performed in microsomal cytochromes
P,so belonging to several families shows that only one hydro-
phobic region at the N-terminus is consistently predicted to
tramsverse the membrane (Fig. 3). Such a region is not present
in the bacterial [40] and in the mitochondrial form [47, 48].
Hence, the most likely membrane topology of microsomal
cytochrome P, sy consists of one transmembrane helix which
anchors the protein to the bilayer and of a large catalytic
domain that protrudes into the cytoplasm [51 — 53]. This top-
ology is similar to that of both cytochrome P,s, reductase

- and cytochrome b5 [47].

Surprisingly, the Rao and Argos method [16] as used here
(Table 3) generally confirms the predictions obtained with the
MPH or AMPO7 method, whereas in the original work five
transmembrane helices were predicted in microsomal cyto-
chrome Pgsq [16]. The discrepancy arises solely from the use
of an iterative smoothing procedure [8, 16] in calculating the
hydropathy plots. This smoothing artificially enlarges positive
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- Table 5. Cangpariva;z of the predicted transmembrane segments in several integral proteins by different methods .
Except 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase, at least six sequences of each family have been analyzed. See legends of

Tables 1 and 2 and also [20] for the meaning of the acronyms. CHOFA

identifies the Chou and Fasman method [18]. The segments predicted

to transversc the membrane either in  or f conformation are according to the references cited, whereas the Iikely number of transmembrane
hefices is derived from clear topological data. The question mark signifies that such topological data are not available

Protein Protein (super)-family Hydropathy method Predicted trans-membrane segments Likely number of helices
function b
@ B reference number references
Redox Cytochrome P.sq ENGST 10 50 1 51-53
microsomal CHOFA 8 49
RAOAR 5 16
KYTDO/ENGST >4 47
MPH/AMPO7* 1 this work )
CO 1 KYTDO 7 54 ? g
mitochondria RAOAR 6 16
RACAR/MPH/AMPO7* 4 this work
HMG-CoA reductase K YTDO/CHOFA 7 2 55 ?
RACAR/MPH/AMPO7* 6 this work
Non-redox mitochondrial carriers KYTDO 6 >1 14 b
RAOAR/AMPO7® 4 this work
F, F;-ATPase subunit VHIEB 6—7 60 ?
6 or IV or subunit a
(E. coli) EISEN 8 69
KYTDO 5 61
RAOAR 4 16
RAOAR/AMPO7® 4 this work

* Integrated hydropathy analysis performed here using the AMP07 and MPH methods that correlate best with the standards of category

A (Table 2). The predicted number of transmembrane helices derives from the consensus of the
® Integrated hydropathy analysis performed here using the RAOAR and AMP methods.

peaks above the baseline by condensing together some closely
spaced hydrophobic segments that are present in the haem-
binding domain of the protein (Fig. 4 and [40, 47]), thereby
causing an overestimation of the number of transmembrane
helices (results not shown). ‘

Other membrane proteins with redox function

" Despite its uncertain role in the enzyme, subunit II of
cytochrome oxidase can be broadly classified among mem-
brane proteins with redox function since it is coded by the
mitochondrial genome as the other two subunits that carry
the metal centers of the oxidase [54]. The availability of many
sequences for this subunit of cytochrome oxidase allows a
detailed hydroathy analysis for assessing the likely number
of its transmembrane helices. Only four of the seven [54]
or six [16] putative transmembrane helices are consistently
predicted to span the membrane (Table 5) and correspond to
helices I, III, V and VI of the previous nomenclature [54].

The sequence of 3-hydroxy— 3-methylghutaryl-CoA re-
ductase has been analyzed and the consensus of the predictions
obtained by the MPH, AMP07 and Rao and Argos [16]
methods indicates that the protein probably contains six trans-
membrane helices (Table 5). Thus, one region in the « helix
and two in f-sheet conformation, which have been previously
proposed to span the membrane in this protein [55], are un-
likely to transverse the lipid bilayer.

A valuable test of the integrated hydropathy analysis will
be provided by the imminent resolution of the crystal structure
of the photosystem I of Synechococcus [56, 57]. Both subunits
A (Fig. 4) and B (not shown) of the system in chloroplasts
[58] are predicted to possess ten transmembrane helices. Since
these photosynthetic proteins are highly conserved in all or-

predictions obtained in different sequences.

ganisms {'25',' 5"/; 58], such predictions are tentatively extended
to the subunits of the Synechococcus photosystem.

Membrane proteins with transport function

The integrated hydropathy analysis has been carried out
only in membrane protens with transport function that show
an estimated membrane composition that is at least 70%
correlated with either the AMPO7 or the RAOAR scale. By
combining the predictions obtained from several methods it
is found that the bacterial and chioroplast permeases [44, 58,
59}, the family of the mitochondrial carriers [14] and of the
ATPase-6 subunit of Fo-F;-ATPase [60, 61] show this minimal
correlation. The predicted transmen#brane composition of
these proteins is also better correlated with that of the bacterial
reaction centers than with that of rhodopsins (results not
shown). These observations indicate that the methods intro-
duced here (Tabie 3), which are based on scales that show high
correlation with the reaction-center standard (Table 2), may
also provide a reliable estimation of the folding of these non-
redox integral proteins.

Mitochondrial solute carriers

Various mitochondrial carriers such as the adenine-
nucleotide translocator and the uncoupling protein of brown
adipose tissue can be grouped into 2 single superfamily [14].
The integrated hydropathy analysis performed on the avail-
able sequences of these carriers (Fig. 5 and results not shown)
suggests that two of the six transmembrane helices that have
been previously proposed, namely helices B and D [14], are
unlikety to span the membrane. The carriers may also possess
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Fig. 4. Hydropathy plots of the subunit A of photasystem I from the chloroplast of liverwort. The sequence of the psa4 gene from the chloroplasts
of the liverwort Marchantia polymorpha [58) is analyzed with the normalized Kyte and Doolittle scale (A) and the MPHS89 scale (B). Ten
transmembrane segments are predicted by the MPH method and this is confirmed by the analysis of the homologous protein in tobacco and
also with the AMP07 method (results not shown). The normalized Kyte and Doolittle method (Tables 3 and 4), however, predicts two

additional transmembrane segments (identified as X1 and X2). It is inte

segments of the D, subunit (see Fig. 2)

transmembrane segments in f conformation [14], but this
remains to be experimentally proven.

The Fo-AT Pase subunits

Whereas the membrane topology of the proteolipid (sub-
unit ¢ in E. coli [60]) of the Fo-F-ATPase is fairly established
[60, 61], that of the larger subunit of Fy that is homologous
to subunit a in E. coli (i.e. the product of the mitochondrial
ATPase-6 gene [60, 61] or of the chloroplast ATPase-1V gene
158]) is still unclear. Current models postulate that all the
members of the F, subunit a possess five transmembrane
segments [61, 62], but Rao and Argos [16] concluded that only
four transmembrane segments are consistently predicted. The

resting to note that this protein may contain twice the transmembrane

integrated analysis performed with the AMPO7 plus the modi-
fied Rao and Argos procedures (Table 3) has been extended
to ten ATPase-6 proteins (besides those in [16] also those listed
in [63]), to subunit a of E. coli [60] and to the ATPase-IV
proteins listed in [58].

Helices 1, 11, 11l and V are consistently predicteq to span
the membrane in all cases, even if helix [I is sometimes not
clearly resolved from helix III (Fig. 6). However, helix IV 1s
less hydrophobic than the others in several cases and is clearly
excluded from transversing the membrane in the chloro-
plast proteins (Fig. 6). Hence, it is inferred that helix IV does
not traverse the membrane in all the members of this Fo-F1-
ATPase subunit, and possibly runs parallel to the membrane
plane where it is involved in protein contacts with other sub-
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Fig. 5. Hydropathy plots of mitochondrial carriers. The sequence of the uncoupling protein from hamster is analyzed with the Rao and Argos
scale (abbreviated as RAO) in (A) and with the AMPO7 scale (abbrevated as AMP) in (B). The AMPO7 hydropathy plot of the mouse
uncoupling protein is shown in (C) and that of the beef ATP/ADP translocator in (D). The sequences are taken from [14]. The numbers refer
to the transmembrane segments that are predicted by the normalized Kyte and Doolittle method (not shown) and they correspond to helices
A and C—F that were previously predicted [14]. The results are basically the same in the beef phosphate carrier and in the rat uncoupling
protein (results not shown). Note that helix S is not always predicted to be transmembrane
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Fig. 6. Hydropathy plots of various Fy-ATPase subunits. (A) Subunit a of £. coli [60] with the Rao and Argos method (Table 3 and 4). (B)
ATPase-6 subunit from yeast mitochondria (listed in [16]) with the same method as in (A); (C) ATPase-6 subunit from sea urchin mitochondria
[63]. (D) ATPase IV subunit (homologous to the above proteins) 58, 61] of liverwort chloroplasts [58]. In both (C) and (D) the AMP07 method
(abbreviated to AMP) is applied (Tables 3 and 4). The MPH plot at a baseline of 1.1 identifies only four transmembrane helices in (A), (B)
and (D) (results not shown)
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units. Indeed, the region corresponding to helix IV contains
the most comserved stretch of all the sequences [60, 61], a
situation that would be uncommon if the helix were buried in
the lipid membrane [11].

Three points support this putative topology: (a) a trans-
membrane four-helical bundle is a rather stable structural
motif in the low-dielectric lipid phase and is found in the core
of the bacterial reaction centers [11] and in the acetylcholine
receptor [16]; (b) the situation of hydropathy predictions for
the Fo-subunit family is very much the same as that found
previously in the family of cytochrome b, in that the chloro-
plast members of the family (i.e. cytochrome b¢) show a

" hydrophilic region corresponding to a stretch that is moderately
hydrophobic in the mitochondrial members [16, 17] and rather
hydrophobic in the bacterial members [17, 64] (see Fig. 6 and
[16,17,64]). In the cytochrome-b family it is now established
that this putative transmembrane helix IV does not actually
transverse the membrane in-all cases [17], the major evidence
being the genetic location of the point mutations responsible
for the resistance to inhibitors that bind to regions exposed at
opposite sides of the membrane in the protein [64, 65]; (c) two
groups of mutations leading to resistance to the antibiotic
oligomycin [61, 66] can be located at the same side of the
membrane if helix IV is excluded from transversing the bilayer.
These mutations, in fact, map at the beginning of both helix
IV and V and would lie at the opposite side of the membrane
if helix IV is transmembrane [61]. This sitnation is again very
similar to that existing in the cytochrome-b family, where
mutations leading to resistance to antibiotics such as anti-
mycin would lie at the opposite side of the membrane if helix
IV is transmembrane [64, 65].

CONCLUSIONS

Some important conclusions may be drawn from this in-
vestigation. Firstly, it is clear that some hydrophobicity scales,
particularly those based on statistical analysis (Table 1 and
[16, 17]), correlate much better than others with the transmem-
brane distribution of the residues in some types of integral
proteins (Table 2 and Fig. 2). This contrasts with common
views that hydropathy scales might be nearly equivalent in
evaluating the hydrophobicity of membrane proteins [1, 13,
36, 371.

Secondly, an integration of the most appropriate methods
is required to achieve a reliable deduction of the membrane
topology in a given polytopic protein, since all methods are
prone to errors. Whenever a single procedure is to be adopted,
that of Rao and Argos [16], particularly with the modifications
introduced here (Table 3), should be preferred because of its
highest cumulative correlation and general accuracy. - &

A third conclusion addresses the fundamental problem of
the circular arguments in the statistical/empirical approach
[37 —39]. The frequencies for elaborating the statistical scales
used here (Table 1) contain a significant contribution from
helices that were erroneously comnsidered to be transmem-
brane, such as those previously predicted in cytochrome P,so
[16] or helix IV in mitochondrial cytochrome 5 [17]. In spite
of this, these helices are excluded from the membrane by an
optimal computation of the data and by using consistent rules
in the interpretation of the hydropathy profiles (Fig. 3) [17].
Therefore, the predictions are not biased towards the a priori
evaluation of the topology of the proteins, and the circularity
in the statistical approach is actually less important than might
have been thought.

In perspective, it is hoped that this critical evaluation of
the hydropathy methodology will provide a step forward in
the implementation of structural deductions for membrane
proteins and will guide future experimental approaches for
probing the membrane topology of integral polypeptides.
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APPENDIX
Table 6. Other correlations among scales not included in Table 2
Acronym correlation ()
%
JONES 100
ROSEM 65 100
CHOFA 7 14 100
CHOTH 42 87 19 100
WERSC 66 72 23 72 100
PONNU 54 72 18 83 88. 100
MIJER 65 83 24 84 94 93 100
NIOU 57 72 14 80 89 95 89 100
OMHSE 73 s 5 66 80 80 87 76 100
PRIFT 54 65 10 77 88 91 91 89 86 100
ARGOS 43 75 32 72 67 72 34 65 73 75 100
MPHO00 23 64 16 76 77 85 79 82 65 79 72 100,
Di12MP 35 77 42 34 65 73 69 71 49 59 60 82 100
RHODO 55 66 13 63 67 56 68 54 74 59 49 S1 37 100
MICHE 10 57 14 71 67 71 67 75 43 67 63 87 72 42 100
AMPO7 38 82 8 88 81 86 87 85 73 82 78 94 87 69 87 100

JON ROS CHO CHO WER PON MIJ NIO OMH PRI

ARG MPH Di2 RHO MIC AMP

The acronyms used identify the following scales: JONES, see [20]; ROSEM, physicochemical scale recently introduced by Roseman [37];
CHOFA, a-helix preference parameters of Chou and Fasman [18]; CHOTH, first statistical scale of hydrophobicity derived from the known
structure of globular proteins [19]; WERSC, PONNU, MIJER, NIOI], statistical scales derived from the evaluation of the crystal structures
of globular proteins that show the highest correlation with the PRIFT scale (see [20] for the pertinent references); OMHSE, socalled optimal
mean hydrophobicity introduced by Sweet and Eisenberg (1983) and identified in [20] by the acronym SWEET (See [20] for the reference);
ARGOS, first statistical scale of membrane preference introduced by Argos et al. [8]; MPHOO, orginal scale of membrane propensity for
haemoproteins, where the value of histidine is 1.44 [17]; this scale is correlated at 98% with the MPHS9 scale utilized here (Table 4); D12MP,
RHODO. MICHE and AMP07, statistical scales introduced in this work (Tabie 1)



