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ABSTRACT
Motivation: An amphiphilicity index of amino acid
residues was developed for improving the method of
transmembrane helix prediction.
Results: The transfer energy of a hydrocarbon stem group
beyond the γ -carbon was calculated from the accessible
surface area, and used to index the amphiphilicity of
the residue. Non-zero amphiphilicity index values were
obtained for lysine, arginine, histidine, glutamic acid,
glutamine, tyrosine and tryptophan. Those residues
were found to be abundant in the end regions of trans-
membrane helices, indicating their preference for the
membrane–water interface. The moving average of the
amphiphilicity index actually showed significant peaks
in the end regions of most transmembrane helices. A
dispersion diagram of average amphiphilicity index versus
average hydrophobicity index was devised to facilitate
discrimination of transmembrane helices.
Availability: The amphiphilicity index has been incor-
porated into a system, SOSUI, for the discrimination
of membrane proteins and the prdiction of tranmem-
brane helical regions (http://sosui.proteome.bio.tuat.ac.jp/
sosuiframe0.html).
Contact: mitaku@cc.tuat.ac.jp

INTRODUCTION
Total genomes of many biological organisms are cur-
rently being analysed, but a considerably large fraction
of total ORFs code for orphan proteins whose struc-
ture or function cannot be annotated (Brown, 1999).
Analyses of amino acid sequences from total genomes
have shown that approximately a quarter of ORFs code
for membrane proteins (Wallin and von Heijne, 1998;
Mitaku et al., 1999). However, experimental analyses,
(particularly structural analyses) of membrane proteins,

∗To whom correspondence should be addressed.

while biologically important, are very difficult to perform.
Therefore, high-performance software systems designed
for membrane protein prediction are invaluable aids in the
investigation of membrane protein structure.

Amino acid indices are generally very useful for making
a software system of the classification and prediction of
protein structure, and many kinds of amino acid indices
have been developed for this purpose (Nakai et al., 1988;
Tomii and Kanehisa, 1996). A good example is the use
of a hydrophobicity (hydropathy) index for visualizing
hydrophobic segments in membrane proteins (Kyte and
Doolittle, 1982; Engelman et al., 1982; Eisenberg et al.,
1984; Eisenberg and McLachlan, 1986; Mitaku et al.,
1985). However, the hydrophobicity index alone is not
enough for accurate prediction of membrane proteins,
leading to the necessity of other kinds of indices for further
improvement (Mitaku and Hirokawa, 1999).

Propensity studies of amino acids in membrane proteins
indicate that the polar residues lysine, arginine and trypto-
phan are preferable at the end regions of transmembrane
helices (Schiffer et al., 1992; von Heijne, 1992; Reith-
meier, 1995; Braun and von Heijne, 1999; Ridder et al.,
2000). The reason why the polar residues are distributed
at the end regions has also been discussed, and a snorkel
hypothesis was proposed suggesting that polar groups
of lipids interact with positively charged residues and
polar-aromatic residues (Segrest et al., 1990; Killian and
von Heijne, 2000). However, it seems that this kind of
amino acid preference does not indicate a definite motif,
and preferable amino acids appear in a statistical manner
at the membrane surface. When certain kinds of amino
acids are statistically preferred, local averaging of an
appropriate index is useful for determining the statistical
preference of occurrence of amino acids. Statistical noise
is reduced by the local averaging procedure, and peaks in
the local average of the index coincide with clusters of
preferable amino acids. Because the occurrence of lysine,
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arginine, tryptophan and tyrosine at the end regions of
transmembrane helices appears to be statistical in nature,
the indexing of those amino acids will be useful in a
quantitative discussion of the stability of transmembrane
helices at the interfacial region of membranes.

In this study, we developed a novel index of amino acids
that represents the amphiphilicity of each polar side chain.
Amphiphilicity values are positive for polar residues
with large hydrophobic stems beyond the γ -carbon
(lysine, arginine, histidine, glutamic acid, glutamine,
tryptophan and tyrosine), and small polar residues and
hydrophobic residues have an amphiphilicity value of
zero. Propensity analyses of membrane proteins of known
3D structure showed that amino acids with positive
amphiphilicity values were preferable at the end regions
of transmembrane helices. In addition to the already
reported preference of positively charged residues and
polar-aromatic residues to the membrane–water inter-
face, we found that the propensity of glutamic residues
(glutamic acid and glutamine) was larger than aspartic
residues (aspartic acid and aspargine) at the end regions
of transmembrane helices. The moving average of the
amphiphilicity index for a window of seven residues
actually showed significant peaks at the end regions of
transmembrane helices, a fact which will be useful in the
prediction of transmembrane helices. In fact, a dispersion
diagram of average amphiphilicity index versus average
hydrophobicity could aid in discriminating α-helices in
membrane proteins from those in soluble proteins.

METHODS
Calculation of amphiphilicity values of polar amino
acids
We indexed the amphiphilicity of polar amino acids
according to the transfer energy calculated from the
accessible surface area of the stem groups of their
polar side chains. The accessible surface area of the
stem group beyond the γ -carbon was calculated using
Insight II (Molecular Simulations Inc; Figure 1). The
transfer energy, �G transfer, was then calculated from the
accessible surface area of the hydrophobic stem, �Astem,
using (1):

�G transfer = σ · �Astem. (1)

In (1), σ represents surface tension at the molecular level.
We assumed a surface tension of 40 dyn cm−1 (Mitaku,
1993).

The amphiphilicity index of amino acids was defined
by the transfer energy of stem groups of side chains.
Since polar groups of aspartic acid, aspargine, serine
and threonine are connected to the main chain through
β-carbon, amphiphilicity index values of those amino
acids are zero. Amphiphilicity indices for aromatic
and aliphatic hydrophobic stems were calculated using

Accessible Surface Area

(ASA)

C α Cβ

Main Chain Side Chain

Polar group

Hydrocarbon

Fig. 1. Schematic diagram of a side chain of a polar residue (lysine),
together with the ribbon model of the main chain. The accessible
surface area of the non-polar stem beyond the γ -carbon was
calculated in order to determine the amphiphilicity index values.

the same procedure. Positive values were obtained for
seven amino acids (arginine, lysine, histidine, glutamic
acids, glutamine, tyrosine and tryptophan). However, we
categorized those residues into two groups, strongly polar
amino acids (arginine, lysine, histidine, glutamic acid and
glutamine) and weakly polar amino acids (tyrosine and
tryptophan), because the polar groups of tyrosine and
tryptophan have only a single electric dipole, whereas
arginine, lysine, histidine and glutamic acid have a full
elementary charge and glutamine has two electric dipoles.
Amphiphilicity index was shown by two parameters, A
and A′ that represent strongly and weakly polar amino
acids, respectively.

Amphiphilicity plot of amino acid sequences
In order to visualize the local preference of amino
acids for transmembrane regions, we calculated the local
averages of the hydropathy index, H , and amphiphilicity
index, A and A′ (for strongly and weakly polar residues,
respectively), and separately plotted as a function of
sequence number:

H(i) =
(

i+3∑
j=i−3

H( j)

)/
7, (2)

A(i) =
(

i+3∑
j=i−3

A( j)

)/
7, (3)
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Table 1. Dataset of membrane proteins whose 3D-structure is known

Protein ID Number of chains Number of helices

F1F0 ATPsynthase (Escherichia coli) 1A91 1 2
Cytochrome bc1 complex (bovine) 1BGY(chain C, D, G, J, K) 5 8, 1, 1, 1, 1
Bacteriorhodopsin (H. salinarium) 1AT9 1 7
Ca ATPase, SR (rabbit) 1EUL 1 10
Cytochrome c oxidase (bovine) 1OCC (I, II, III, IV, VIa, VIc, VIIa, VIIb, VIIc, VIII) 10 12, 2, 7, 1, 1, 1, 1, 1, 1, 1
Cytochrome c oxidase (Thermus thermophilus) 1EHK (chain I, II) 2 13, 1
Fumarate reductase (W. succinogenes 1) 1QLA (chain C) 1 5
Fumarate reductase (E. coli) 1FUM (15 kD anchor, 13 kD anchor) 2 3, 3
Glycophorin A (human) 1MSR 1 1
Halorhodopsin (H. salinarium) 1E12 1 7
KcsA potassium channel (S. lividans) 1BL8 1 2
Light harvesting complex (R. acidophila) 1KZU (chain A, B) 2 1, 1
Light harvesting complex (R. molischianum) 1LGH (chain A) 1 1
MscL ion channel (Mycobacterium tuberculosis) 1MSL 1 2
Reaction center (R. viridis) 1PRC (chain M, L, H) 3 5, 5, 1
Rhodopsin (bovine) 1F88 1 7

Total 34 117

A′(i) =
(

i+3∑
j=i−3

A′( j)

)/
7, (4)

where i is the sequence number of the center of the seven-
residues window.

Dispersion diagram of amphiphilicity index versus
hydropathy index
Two physicochemical features characterize a transmem-
brane helix. One feature is a hydrophobic segment that
corresponds to the non-polar environment of the mem-
brane, and the other feature is clusters of amphiphilic
residues around the ends of the peak of hydrophobicity.
In order to examine the applicability of the amphiphilicity
index to transmembrane helix prediction, we calculated
the weighted average, 〈A〉, of the amphiphilicity index
using the following equation:

〈A〉 =

kN +4∑

i=kN

A(i) +
kC∑

i=kC−4

A(i)


/

10

+
[

kC∑
i=kN

A′(i)
]/

(kC − kN + 1) (5)

in which kN and kC are the residue numbers of the
N- and C-termini of a helical region, respectively. The
weight used to average amphiphilicity index A is different
from that used for A′, because strongly polar residues
are very rare in the non-polar stretch of the amino acid
sequence, whereas weakly polar residues are found at
almost equal frequency in helical and non-helical regions.

The other parameter of the dispersion diagram is the
average hydropathy index, 〈H〉, which is calculated using
the following equation:

〈H〉 =
[

kC∑
i=k N

H ′(i)
]/

(kC − kN + 1). (6)

All helical regions longer than 19 residues were plotted
in a dispersion diagram of 〈A〉 versus 〈H〉, and separation
between helices in soluble and membrane proteins was
examined.

Data set for analyses
We used three sets of amino acid sequence data. The first
set included the most reliable data: that of membrane
proteins of known 3D structure, whose atomic coordinates
are recorded in the Protein Data Bank (PDB; Girvin et al.,
1998; Iwata et al., 1998; Kimura et al., 1997; Toyoshima
et al., 2000; Tsukihara et al., 1996; Soulimane et al.,
2000; Lancaster et al., 1999; Iverson et al., 1999; Kolbe
et al., 2000; Doyle et al., 1998; McDermott et al., 1995;
Koepke et al., 1996; Chang et al., 1998; Deisenhofer et
al., 1985; Palczewski et al., 2000). Table 1 shows the
names and PDB codes of membrane proteins, and the
numbers of chains and helices they contain. Redundancy
of data was removed with the cutoff of 30% homology.
The total numbers of membrane proteins and transmem-
brane helices were 34 and 117, respectively. The local
propensities were calculated for this data set. The second
data set which included data of 148 membrane proteins
reported by Möller et al. (2000) were also used, in order
to increase the number of membrane protein data (706
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transmembrane helices) used in the dispersion diagram
analysis. There is overlap of 22 data (63 helices) between
these two data sets. The ftp site of the Möller data set is
ftp://ftp.ebi.ac.uk/databases/testsets/transmembrane. The
third data set included data of 397 soluble proteins,
altogether containing 489 helices longer than 19 residues,
obtained from PDBselect and used as reference data in the
dispersion diagram (Hobohm et al., 1992). The data sets
can be found at the following URL: http://sosui.proteome.
bio.tuat.ac.jp/∼sosui/proteome/dataset/index.html.

RESULTS
We defined our amphiphilicity index of amino acids
according to (1). The values of amphiphilicity index
and hydropathy index are shown in Table 2. Positive
amphiphilicity index values were obtained for seven
polar residues (lysine, arginine, histidine, glutamic acid,
glutamine, tryptophan and tyrosine), whereas small polar
residues (aspartic acid, aspargine, serine and threonine)
had an amphiphilicity value of zero from its definition.
Table 2 shows the amphiphilicity values of strongly polar
residues, A, and weakly polar residues, A′, in different
columns, because the amphiphilicity of a molecule or
a group generally depends on not only the size of the
hydrocarbon chain but also the polarity of the hydrophilic
region. The last column represents the hydropathy in-
dex (Kyte and Doolittle, 1982). The positively charged
residues arginine, lysine and histidine have high am-
phiphilicity values, since they each have a net elementary
charge linked by a long hydrocarbon chain. In contrast,
the polar groups of aspartic acid and aspargine are directly
connected to the main chain through a β-carbon, resulting
in an amphiphilicity value of zero. The hydrophobic stems
of glutamic acid and glutamine are of intermediate size,
and their amphiphilicity values are thus of intermediate
value.

Amphiphilic molecules or groups usually prefer at
the interface between polar–non-polar environments.
Therefore, we examined the correlation between the
amphiphilicity index of amino acids in Table 2 and
the local propensities of amphiphilic residues at the
membrane–water interface. As shown in Figure 2, trans-
membrane helices were divided into three regions: two
end regions (five residues long) and a central region
(all other residues in the middle). We calculated the
propensities of amino acids for these three regions of
helices and a loop region ten residues long. Propensities
for the intrahelical regions were then normalized with
the corresponding propensities for loop segments, in
order to compare the position preference of each amino
acid. Relative propensity was calculated according to the
following equation:

pα = Pα/Pl . (7)

Table 2. Amphiphilicity and hydropathy indices of amino acids

Amino acid A A′ H

Lysine (K) 3.67 0 −3.9
Arginine (R) 2.45 0 −4.5
Histidine (H) 1.45 0 −3.2
Glutamic acid (E) 1.27 0 −3.5
Glutamine (Q) 1.25 0 −3.5
Aspartic acid (D) 0 0 −3.5
Asparagine (N) 0 0 −3.5
Trptophan (W) 0 6.93 −0.9
Tyrosine (Y) 0 5.06 −1.3
Serine (S) 0 0 −0.8
Threonine (T) 0 0 −0.7
Proline (P) 0 0 −1.6
Glycine (G) 0 0 −0.4
Alanine (A) 0 0 1.8
Methionine (M) 0 0 1.9
Cysteine (C) 0 0 2.5
Phenylalanine (A) 0 0 2.8
Leucine (L) 0 0 3.8
Valine (V) 0 0 4.2
Isoleucine (I) 0 0 4.5

End End

Center

Loop

(10 residues)

Loop

(10 residues)

Transmembrane Helix Region

Pl

Pe
Pc

(5 residues) (5 residues)

Fig. 2. Three regions of a transmembrane helix, central and
end regions, together with loop segments 10 residues long were
examined in order to estimate the local amino acid preference.

Parameters P and p indicate propensity in a particular
region and relative propensity normalized by the corre-
sponding value in loop segments, respectively. The sub-
script α represents a central or end region of a transmem-
brane helix and l denotes a loop segment. The loop seg-
ments of membrane proteins are similar to soluble protein
in the meaning that they are exposed to water. The corre-
lation coefficient between the Dayhoff’s index of amino
acids (Dayhoff et al., 1978) for soluble proteins and the
propensity of the residues in loop segments of membrane
proteins was as large as 0.99 with only a small systematic
decrease for loop segments. Since the conclusion did not
change by the normalization factors, we used the relative
propensity in (7) for the analysis.

Figure 3 shows the relative propensities of occurrence
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Fig. 3. Relative propensities of eight kinds of amino acids in the
central (solid bars) and end (open bars) regions of transmembrane
helices: positively charged residues (arginine, lysine, histidine); glu-
tamic acid and glutamine; aspartic acid and aspargine; large neutral
residues (tyrosine, tryptophan); small neutral residues (serine, thre-
onine); glycine; proline; and other hydrophobic residues.

of eight kinds of amino acids: (1) positively charged
residues (arginine, lysine, histidine); (2) glutamic residues
(glutamic acid, glutamine); (3) aspartic residues (aspartic
acid, aspargine); (4) aromatic polar residues (tyrosine,
tryptophan); (5) small polar residues (serine, threonine);
(6) glycine; (7) proline and (8) other hydrophobic residues
(alanine, valine, leucine, isoleucine, phenylalanine,
methionine, cysteine). We classified amino acids by the
size of their side chain as well as their polarity. Based on
the polarity, we classified polar amino acids into the same
two categories as in the evaluation of the amphiphilicity
index: strongly polar residues and weakly polar residues.
Strongly polar residues were classified into three groups
by the size of their hydrocarbon stems: positively charged
residues; glutamic acid and glutamine; and aspartic acid
and aspargine. Weakly polar residues were categorized
into two groups: tyrosine and tryptophan; and serine and
threonine.

As shown in Figure 3, the relative propensities of
polar residues in the central region are dependent on
polarity, whereas their relative propensities at the end
regions show good correlation not only with polarity
but also the size of their non-polar group. Strongly
polar residues (arginine, lysine, histidine, glutamic acid,
glutamine, aspartic acid, aspargine) were rare in the
central regions of transmembrane helices, as indicated
by the fact that their relative propensity values are
much smaller than 1.0. The propensities of weakly polar
residues (tyrosine, tryptophan, serine, threonine) were
almost the same for central regions as for loop segments.
This difference in relative propensity for central regions

between strongly and weakly polar residues is to be
expected, because the partitioning of polar groups depends
on the strength of their polarity. However, the propensity
of polar residues for the end regions of transmembrane
helices cannot be explained by polarity alone. Large polar
residues showed much greater propensities than small
ones, regardless of the relative strength of polarity.

The order of increasing relative propensity at the
membrane–water interface region was the same as the
order of increasing amphiphilicity value as follows:
(aspartic residues) < (glutamic residues) < (arginine,
lysine, histidine) for strongly polar residues and (serine,
threonine) < (tyrosine, tryptophan) for weakly polar
residues. Although in the case of weakly polar residues
the propensity for the central region of transmembrane
helices was almost the same as that for loop segments,
the trend of amino acid preference at the end regions
was also consistent with amphiphilicity index values: the
propensities of tyrosine and tryptophan were larger at the
end regions than at the center, while those of serine and
threonine changed in the opposite direction.

Statistical preference of large polar residues for the ends
of transmembrane helices does not necessarily mean this
tendency is applicable to the prediction of transmembrane
regions. Unless this preference applies to most transmem-
brane helical regions, it will be difficult to use it to im-
prove the accuracy of membrane protein prediction. Fig-
ure 4 shows a plot of moving average of amphiphilicity
index values for cytochrome c oxidase subunit III (Tsuki-
hara et al., 1996) and rhodopsin (Palczewski et al., 2000),
along with their so-called hydropathy plots. The boxes in
the plots represent transmembrane regions, as defined in
the PDB. The peaks of the average amphiphilicity index
which coincide with the end points of transmembrane he-
lices are shaded in Figure 4 to aid examination of whether
amphiphilic residues are actually preferable at helix ends
(which are at the membrane–water interface). The shapes
of the amphiphilicity plots and hydropathy plots of trans-
membrane helices were not the same for each helix. How-
ever, there is a general tendency for there to be a signif-
icant peak in hydrophobicity in the central region of a
transmembrane helix, while peaks in amphiphilicity val-
ues tend to occur very near the end points of transmem-
brane helices.

Averaged profiles of those parameters were calculated
by averaging all profiles of transmembrane helices.
Figure 5 shows the plots of averaged hydropathy index
and averaged amphiphilicity index, with the lengths of
transmembrane helices normalized to 20. The positions
−10 and 10 correspond to the cytoplasmic and cell surface
ends of helices, respectively. The averaged profiles in
Figure 5 are consistent with predicted preference; there is
a significant peak of hydrophobicity index in the central
region, and the peaks in amphiphilicity values are near
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Fig. 4. Plots of local averages of hydropathy and amphiphilicity
values, which were calculated for a 7-residue window, as a function
of amino acid sequences. Transmembrane helical regions are
represented by gray boxes in the plots for cytochrome c oxidase
subunit III (1occ) (a) and rhodopsin (1f88) (b). Hatching indicates
peaks of amphiphilicity plots for sequences containing helix ends.

the membrane surface. Peaks in amphiphilicity values
and minimum values of hydrophobicity both occur very
near the end points of transmembrane helices (Wallin
et al., 1997). However, it should be noted that a profile
constructed using amphiphilicity values of strongly polar
residues is somewhat different from one constructed using
values of weakly polar residues. Although both profiles
show high values of amphiphilicity at the end points of
transmembrane helices, the peak in values of strongly
polar residues is located just outside the helical region,
whereas the peak in values of weakly polar residues is
apparently located inside the helical region. There is also
significant asymmetry in profiles made using values of
strongly polar residues, with higher average amphiphilic-
ity values at the cytoplasmic side than at the cell surface
side.

The applicability of the amphiphilicity index to the
problem of transmembrane helix prediction was demon-
strated by plotting a dispersion diagram of average
amphiphilicity index 〈A〉 versus average hydrophobicity
index 〈H〉, which are defined by (5) and (6), respectively,
using values for helical segments from both membrane
proteins and soluble proteins. Figure 6 shows an example
of such a dispersion diagram, including data for 793
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Fig. 5. Averaged profiles of hydropathy and amphiphilicity plots,
in which the lengths of all transmembrane helices of membrane
proteins in Table 2 have been normalized to 20. The origin
represents the midpoints of helices, and the cytoplasmic and external
ends of helices correspond to the positions −10 and 10, respectively.
The solid line represents average hydropathy values, while the
amphiphilicity values A and A′ are represented by dotted and gray
lines, respectively.

transmembrane helices of 167 membrane proteins and
489 helices (all longer than 19 residues) of 397 soluble
proteins which are larger than 100 residues (Mitaku and
Hirokawa, 1999). In general, it was possible to distinguish
transmembrane helices from helices of soluble proteins
by average hydrophobicity 〈H〉 alone. However, the
region of overlap was rather large, and the introduction
of the second parameter, average amphiphilicity, 〈A〉,
significantly improved discrimination between these two
types of helices. In Figure 6, a boundary line was drawn
that clearly separated the two types of helices:

〈A〉 = −1.25〈H〉 + 1.625. (8)

The number of errors of separation was only 20 out of
a total of 1282 helices. Figure 6 apparently shows that
the introduction of the amphiphilicity index will be useful
for improving the prediction systems of transmembrane
helices. However, other definitions of the amphiphilicity
index is possible in general. For example, the average
number of amphiphilic residues may be used instead of
the average amphiphilicity index 〈A〉 defined by (5). The
dispersion diagram of Figure 6 using the two definitions
of amphiphilicity index for comparison showed that the
amphiphilicity index defined in this work was better in
discriminating transmembrane helices (data not shown).
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Fig. 6. Data of helical segments from three kinds of databases
of amino acid sequences were plotted in a dispersion diagram
of average amphiphilicity index 〈A〉 versus average hydropathy
index 〈H〉. Data are represented by three different symbols:
(•), membrane proteins of known 3D-structure; (◦), membrane
proteins reported by Möller et al. (2000); (+), soluble proteins from
PDBselect. A solid line represents the boundary between helices in
membrane proteins and those in soluble proteins.

DISCUSSION
An amphiphilic molecule generally consists of two parts:
a polar group and a non-polar group (Tanford, 1980). The
chemical potential of an amphiphilic molecule greatly
increases, when a polar group of the molecule is translo-
cated into a hydrophobic environment and a non-polar
group is exposed to water. Therefore, an amphiphilic
molecule segregates from both pure non-polar solvents
and water, preferring the interface between polar and
non-polar environments.

Preference for this interface is also expected for amino
acid side chains which have a polar group and a hydro-
carbon stem. If we assume that the dielectric constant
of the hydrophobic environment of the membrane is
approximately 4, the self-energy of an electric elementary
charge is calculated to be approximately 30 kcal mol−1

(Israelachvili, 1991). This self-energy is much greater
than the thermal energy, which is approximately 0.6
kcal mol−1. Therefore, the Boltzmann factor of the distri-
bution of strongly polar residues to the central region of
the membrane has to be very small, and the small relative
propensity of occurrence of strongly polar residues in the
central region of the membrane is generally considered
to be the result of a genetic optimization process influ-
enced by the Boltzmann factor. In contrast, the transfer
energy of the hydrocarbon stem of lysine, for example, is
3.7 kcal mol−1, as estimated from the solvent-accessible
surface area (Table 2). Because the hydrocarbon stems
of side chains are smaller than the non-polar group of

common detergents, their transfer energy value is only
a few times greater than their thermal energy. However,
a cluster of amphiphilic side chains in an amino acid
sequence produces a high transfer energy value. It is
logical to conclude that a cluster of amphiphilic residues
would stabilize the end region of a transmembrane helix
at the membrane–water interface.

In order to test this concept of stabilization of trans-
membrane helices by amphiphilic side chains at the helix
end regions, we performed three analyses of amino acid
sequences of membrane proteins: (1) analysis of local
propensity of occurrence of amino acids at central and end
regions of helices; (2) calculation of moving average of
amphiphilicity and hydrophobicity; and (3) discrimination
of transmembrane helices using a dispersion diagram of
〈A〉 versus 〈H〉.

In the first analysis, comparing the distribution of polar
residues in three distinct regions of helices, we concluded
that large polar residues, which are amphiphilic, are more
preferable than small polar residues in helix end regions.
It was previously reported that positively charged residues
are commonly observed at the end regions of transmem-
brane helices, particularly on the cytoplasmic side (von
Heijne, 1992). The present analysis of 150 transmem-
brane helices confirmed this characteristic distribution
of positively charged residues. The present finding that
propensities of occurrence of tryptophan and tyrosine
were higher for end regions than central regions are also
consistent with findings reported previously by Schiffer
et al. (1992); Braun and von Heijne (1999) and Ridder et
al. (2000). The most interesting result was that glutamic
residues (glutamic acid and glutamine) are more common
than aspartic residues (aspartic acid and aspargine) in
end regions, while propensities of glutamic residues and
aspartic residues for the central regions of transmembrane
helices are almost the same. This fact, which has not
been pointed out previously, is a good indication of the
importance of amphiphilic residues for stabilization of
transmembrane helices at the membrane–water interface.

We defined an index of amphiphilicity, which is a
physically well-defined parameter, in order to construct a
system for predicting membrane proteins on the basis of
the concept of stabilization of transmembrane helices by
amphiphilic residues. Amphiphilicity plots of membrane
proteins of known 3D structure indicated that this kind of
plot is useful in finding the end region of transmembrane
helices. Rhodopsin and cytochrome c oxidase subunit III,
whose amphiphilicity plots are shown in Figure 4, contain
seven transmembrane helices, but there is no sequence
homology between them. The two proteins contain 14
transmembrane regions, 16 loop segments (including
amino- and carboxyl-terminal segments) and 28 helix end
regions. Two-thirds of the end regions of these proteins
coincide with peak values of average amphiphilicity index
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for strongly polar residues; only a third of the total number
of central and loop regions contain such peaks. Similarly,
more than half of the end regions are associated with
peak values of average amphiphilicity for weakly polar
residues. Thus, peak values of amino acid amphiphilicity
are frequently observed at polar–non-polar interfaces of
membrane proteins, indicating that the amphiphilicity
index is useful for the prediction of transmembrane
helices.

Finally, we devised a dispersion diagram of average
amphiphilicity index 〈A〉 versus average hydropathy index
〈H〉, by which 1282 helical segments were analysed.
Transmembrane helices were well discriminated from
helices of soluble proteins by this diagram, as shown
in Figure 6. This dispersion diagram is used as a basic
algorithm in the second step of the SOSUI system
(Hirokawa et al., 1998). The full algorithm of the SOSUI
system, including the selection of candidate segments, is
described elsewhere.
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