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ABSTRACT. We recently developed an amphipathy scale, elaborated
from molecular dynamics data that can be used for the identification of
hydrophobic or hydrophilic regions in proteins. This amphipathy scale
reflects side chain/water molecule interaction energies. We have now
used this amphipathy scale to find candidates for transmembrane seg-
ments, by examining a large sample of membrane proteins with a-helix
segments. The candidates were selected based on an amphipathy coef-
ficient value range and the minimum number of residues in a segment.
We compared our results with the transmembrane segments previously
identified in the PDB_TM database by the TMDET algorithm. We ex-
pected that the hydrophobic segments would be identified using only
the primary structures of the proteins and the amphipathy scale. How-
ever, some of these hydrophobic segments may pertain to hydropho-
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bic pockets not included in transmembrane regions. We found that our
amphipathy scale could identify o-helix transmembrane regions with
a probability of success of 76% when all segments were included and
90% when all membrane proteins were included.

Key words: Membrane protein, Protein structure, Amphipathy scale,
Primary structures, a-Helix transmembrane segments,
Hydrophobic protein regions

INTRODUCTION

Membrane proteins account for about 25% of the total proteins in various organisms
(Jones, 1998; Wallin and von Heijne, 1998; Krogh et al., 2001). They play important roles in
physiological processes such as communication and transport between cells. They have also
been involved in many recent pharmaceutical developments. Despite their importance, they
are poorly represented in the Protein Data Bank (PDB) (http://rcsb.org/pdb) due to difficulties
in crystallizing these proteins in an aqueous environment (Tusnady et al., 2004). To date, more
than 35,000 three-dimensional (3-D) structures are deposited in the PDB, with few 3-D mem-
brane protein structures: only 116 unique proteins and 225 coordinated files of transmembrane
protein structures have been cataloged in PDB (http://blanco.biomol.uci.edu/Membrane Pro-
teins_xtal.html). Moreover, the experimental data generally do not inform the exact position
of the protein transmembrane region in the lipid bilayers (Lee, 2003), with the exception of a
few membrane proteins bound to lipid molecules (Tusnady et al., 2004, 2005). Inspection of
the 3-D protein structure can give information on the transmembrane segments. This can be
done roughly by means of visual inspection. Recently, Tusnady et al. (2004, 2005) developed
an algorithm, TMDET, to find the most likely position of the protein in the membrane by using
the protein coordinates to precisely define the segments embedded in membranes. These results
were collected in a database, called the PDB_TM (Protein Data Bank of Transmembrane Pro-
teins) database (http://pdbtm.enzim.hu).

Once the primary sequence of an integral membrane protein is known, a common
practice in laboratories is to utilize amino acid amphipathy scales to find primary information
about the segments that can possibly be elected as trans- or loop membrane segments (Mazzé et
al., 2005). The most important recent applications of amphipathy scales have been for predict-
ing protein regions in hydrophilic or hydrophobic environments, solely based on amino acid
sequences.

Many amphipathy scales have been proposed based on various methodologies (Wilce
et al., 1995; Mazzé et al., 2005). Amphipathy scales for amino acid side chains have been, for
example, experimentally derived from solution/bulk partition coefficients, or from the trans-
fer-free energies of individual amino acids, based on solubility differences in water versus a
nonpolar solvent. Empirically derived amphipathy scales have been based on the fraction of the
amino acid side chain surface accessible to the solvent or based on the fraction buried in the in-
terior of the proteins, as found in X-ray structures of globular proteins. Some of the amphipathy
scales have also been produced by modifying and/or combining earlier scales. The significant
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differences existing between the many amphipathy scales that have been proposed (Kyte and
Doolittle, 1982; Sweet and Eisenberg, 1983; Rose et al., 1985a) have been discussed elsewhere
(Rose et al., 1985b; Parker et al., 1986; Wilce et al., 1995; Mazz¢ et al., 2005). For example,
residues that are strongly hydrophobic based on one scale may score as strongly hydrophilic
in others (Kyte and Doolittle, 1982). It is thought that the current limitation of the predictive
methods lies in the method by which the amphipathy parameters of individual amino acids
were derived (Wilce et al., 1995).

Recently, Mazz¢ et al. (2005) reported a new amphipathy coefficient scale (AC scale)
elaborated from molecular dynamics data that can be used for the identification of the hydro-
phobic or hydrophilic regions in proteins. The molecular dynamics simulations (Degréve et
al., 2004; Murakami et al., 2005) allow us to obtain information on the trajectories of the at-
oms during the simulation and the interaction energies occurring in the systems. The AC scale
(Mazz¢ et al., 2005) was constructed by standardizing the amphipathy coefficient (AC) in the
0 to 100 range using the conversion AC = -0.872 * <E> where <E> is the mean interaction
energy between the side chains of all the common amino acids and the water molecules (in
kcal/mol). This method has the advantage of not taking into account arbitrary choices since it
allows us to obtain the amino acid amphipathy directly from its fundamental meaning, which
is a measure of the interaction of the amino acids with the surrounding medium.

A first test of the applicability of the AC scale (Mazz¢ et al., 2005) was conducted by
applying it to the primary sequence of a photosynthetic reaction center protein of Rhodopseu-
domonas viridis. It was possible to identify the transmembrane and/or hydrophobic regions of
this membrane protein. However, this first test was realized under conditions that were appro-
priate for this R. viridis transmembrane protein: i) segments constituted of roughly 20 or more
residues where AC < 22 are probably transmembrane regions; if) segments constituted of less
than 20 residues where AC < 22 are probably not transmembrane segments, but are segments
located in other hydrophobic regions. The main question that remains is: what are the best
general criteria that must be applied to a large variety of membrane proteins to obtain the best
prediction for the identification of transmembrane regions? Determination of these conditions
will be of the great relevance for the prediction of a-helix transmembrane domains based only
on the primary sequence of membrane proteins.

We applied the AC scale to all of the available primary structures of membrane pro-
teins containing o-helix segments with the purpose of precisely defining the conditions that
must be used to best identify the transmembrane segments, based only on primary sequences.
A fair concordance between the predictions of the AC scale and the inspection of the known
structures will be a good criterion to prove the ability of the AC scale to recognize a-helix
transmembrane domains.

METHODS

The AC values (Table 1) were used to construct amphipathy plots (AC values against
residue number). Table 2 lists the membrane proteins with known 3-D structures that we used
in our study. The hydrophobic segments obtained by the amphipathy plots that were selected as
possible transmembrane segment candidates were compared with the transmembrane segments
available in the PDB_TM database (Tusnady et al., 2004, 2005).
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Table 1. The amphipathy coefficient (AC) scale (Mazz¢ et al., 2005).

Amino acid AC Amino acid AC

Ala 1.5+0.1 Leu 51+0.2
Arg 51.5+3.1 Lys 69.2+2.1
Asn 155+1.1 Met 59+0.1
Asp 899+1.1 Phe 10.1£0.2
Cys 3.8+0.1 Pro 3.1+04
Gln 16.7+0.3 Ser 10.6+2.3
Glu 100 Thr 10.9+£2.2
Gly 0 Trp 15.1+0.1
His 19.7+1.8 Tyr 21.3+£0.2
Ile 49+0.3 Val 3.8+£0.2

The following steps were followed for the selection of the candidates for transmem-
brane segments: determination of the AC value range to select the segments; determination
of the minimum number of residues in a segment in order to consider it as a candidate to be
a transmembrane segment; to check the method, determination of the number of consecutive
residues that are coincident in the AC scale method and in the PDB_TM database, and, finally,
application to membrane and globular proteins.

RESULTS

Determination of the amphipathy coefficient value range that best selects the segment
candidates to be identified as transmembrane segments

An example of the amphipathy plot given in Figure 1 shows that the AC values change
quickly in the 0 to 100 range, but the AC values remain low (between 0 and 22) in some regions
of the protein. As it we previously observed (Mazzé et al., 2005), it is probable that some of
these sequences with AC values in the 0 to 22 range would be good candidates for transmem-
brane regions. The choice of sequences with AC values lower than 22, which are the values that
will be used in the next analysis, is consistent with the fact that the transmembrane segments
are generally sets of nonpolar uncharged residues that correspond to residues with low am-
phipathy. Based on these premises, at least four candidates (segments 16-53, 55-73, 115-135,
and 150-176) for transmembrane segments were detected in Figure 1.

Determination of the minimum number of residues necessary for a segment to be
considered as a candidate transmembrane segment

It is accepted that the physical length of the transmembrane segments is frequently of
the order of 3 nm so that the number of constituting residues cannot be too small. The distance
between the C* atoms of successive residues along the axis in a-helix is about 0.15 nm so that
the number of residues in a transmembrane region must be around 20. The second step is to

Genetics and Molecular Research 6 (2): 422-433 (2007) www.funpecrp.com.br



Recognition of a-helix transmembrane domains 426

Table 2. Membrane proteins representative of different functional groups (Tusnady et al., 2004).

Protein family name PDB code
Glucose transporter, glut 1 1JAS A
FDN cytochrome b556 subunit 1KQF C
Acetylcholine receptor 10ED_A
Thromboxane A2 receptor 1LBN A
Cytochrome c oxidase polypeptide 11 10CC B
Sensory rhodopsin II transducer 1H2S B
Cytochrome bcl complex, cytochrome b 1IBCC_C
Cytochrome ¢ oxidase polypeptide I 10CC_A
Photosystem I, subunit psaA 1JBO A
Photosynthetic reaction centers 1AIG L
Fumarate reductase, cytochrome B 1QLB _C
ATP synthase A chain 1C17_ M
PTH/PTHR receptor 1ET2 S
Rhodopsins 1F88 A
Voltage-gated potassium channel 1BL8_A
Photosystem I, subunit psalL 1JBO L
Mechanosensitive channel, mscS IMXM_A
Fumarate reductase, 13 kDa 1LOV_D
ABC transporters 1IWG_A
Aquaporins 1TH5 A
Photosystem II, subunit psbC 11ZL C
Cytochrome c oxidase polypeptide I11 10CC_C
Band 3 anion transport protein 1BZK A
ATP synthase, subunit C 11JP_A
Mechanosensitive channel, mscL IMSL A
CIC-type chloride channel, clcA 1IKPL_A
Bacteriorhodopsins 1QHJ_A
Plasma membrane ATPase IMHS A
Photosystem I, subunit psaK 1JBO K

determine the number of residues, in the segments with AC values lower than 22 that will give
the best results for identifying correctly the candidates for transmembrane segments, taking
into account that this number must be around 20. For this purpose, tests were realized with a
range going from 12 to 25 of consecutive residues with AC values lower than 22. The segments
selected in this way were compared with the PDB_TM database results. The comparison is
feasible if one more preliminary condition is imposed: the number of coincident amino acids
in the data obtained by both methods. At this point, if at least 10 residues are identified by both
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Figure 1. The amphipathy in the amphipathy coefficient (AC) scale as a function of the residue number of a
membrane protein (PDB code: 1KQF, subunit C). The regions with AC values lower than 22 are shown separately.

methods as pertaining to a transmembrane segment, the AC scale identification is accepted.
The value of 10 for the number of residues identified simultaneously by the AC scale and by
PDB_TM database as being located in transmembrane segments is an arbitrarily defined value
that will be, however, more precisely determined later.

Figure 2 shows the comparison between the results obtained by the AC scale and the PDB
TM database as a function of the attempted lengths of the segments. In this figure, the straight line
indicates the total number of transmembrane segments in the PDB_TM database (171 transmem-
brane segments). The circles indicate the number of segments with AC values lower than 22 detect-
ed versus the number of residues in a segment. The squares show how many of these segments are
really transmembrane segments and the differences between these curves are shown with triangles:
this is the number of segments wrongly detected as transmembrane segments.
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Figure 2. Number of segments versus number of residues in a segment with amphipathy coefficient (AC) values
lower than 22. The straight line (—) indicates the segments in the PDB_TM database. The results of the AC scale
method are shown by the curves with circles (—e—), squares (—m—) and triangles (— A —) that indicate the number
of segments detected, of correct identifications and the number of wrong identifications, respectively.
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The profile of the curve with circles shows, in Figure 2, that a segment length of 12
favors the identification of too many short hydrophobic segments that generally are not trans-
membrane, as confirmed by the curve with triangles. However, the excess of wrong identifi-
cations decreases with an increase in the number of residues in a segment. As the number of
residues in a segment increases, the probability of finding a long hydrophobic segment outside
the membrane or outside the hydrophobic region is more and more reduced, so that the number
of wrong identifications tends to zero. At the same time, the number of possible candidates for
transmembrane segments identified by the AC scale (curve with circles) also decreases signifi-
cantly, since the number of residues in most of the transmembrane segments is about 20 in pro-
teins. Consequently, two behaviors can be observed in Figure 2: when the number of residues
is smaller than 19, the number of wrong identifications is too high; if the number of residues
is larger than 19, the number of candidates for transmembrane segments decreases quickly. In
view of these arguments, an acceptable choice for the number of residues in a segment is 19.
This is the value used in the next analysis.

Determination of the minimum number of consecutive residues that must be coincident
in the amphipathy coefficient scale and PDB_TM database

For this purpose, sequences of at least 19 residues with AC values lower than 22 were
compared with the PDB_TM database results and the number of coincidences was counted.
The results are shown in Figure 3. In this figure, it can be seen that the number of correct
identifications is independent of the number of consecutive residues when it is smaller than
12. For example, when the number of consecutive residues is equal to 3, the number of cor-
rect identifications is equal to 128, and when the number of consecutive residues is equal to
12, the number of correct identifications is equal to 124 of the 171 transmembrane segments
in the PDB_TM database. However, the number of correct identifications decreases rapidly
for more than 12 consecutive residues. Consequently, 12 is a good choice for the number of
consecutive residues.
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Figure 3. Number of correct identifications, made with amphipathy coefficient (AC) values lower than 22 and
number of residues in a segment larger or equal to 19, versus the number of consecutive residues coincident with
the PDB_TM database.
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Recognition of a-helix transmembrane domains by the amphipathy coefficient scale

In summary, the conditions of application of the AC scale are: consider the AC values
lower than 22, the number of consecutive residues with AC values lower than 22 must be at
least equal to 19 and the coincidence between the AC scale prediction and the PDB_TM data-
base must be at least equal to 12 consecutive residues. After the determination of the ideal con-
ditions to apply the AC scale to a primary sequence of proteins to identify the protein segments
that have a great probability to be transmembrane segments, the AC scale can be extensively
applied to proteins for this identification, the tests being done on membrane proteins, and on
globular proteins to confirm.

Membrane proteins

The AC scale was applied to the 29 membrane proteins listed in Table 2. The results
are shown in Table 3. Graphical representations of both identifications (PDB_TM database and
AC scale) are plotted in Figure 4.

The total number of transmembrane segments identified by the PDB_TM database is
171, while the number of correct identifications made by the AC scale is 131, resulting in a
fraction of correct recognitions equal to 0.76. The correct segments marked with an asterisk
correspond to an AC-identified segment that is identified as more than one segment by the
PDB_TM database. In Table 3, a guide to estimate the quality of the results was introduced in
the form of the fraction of the correct predictions made by the AC scale. Three different groups
can be described in Table 3: a group where all the segments were correctly identified (6 pro-
teins), a group where the fraction is larger than 0.50 (20 proteins) and another group presenting
poor quality (fraction smaller than 0.50, 3 proteins).

We observed that the method based on the AC scale was not efficient in only three
cases (1QHJ_A, IMHS A and 1JB0 K). Two kinds of mistakes are listed in Table 3: absence
of determination of the transmembrane segments and a wrong determination. Two explana-
tions can be given to the non-identifications: the segment length is less than 19 (Table 3,
letter “a”) or the segments contain charged residues (Table 3, letter “b”). Two explanations
can also be given to the wrong identifications: the first one is that the PDB_TM database
does not consider loop segments as transmembrane segments (Table 3, letters “c” and “d”)
although a loop segment could be located inside the lipid bilayer; the second one is that some
transmembrane regions can contain (in internal parts) hydrophobic segments that cannot be
differentiated from transmembrane segments by the AC scale (Table 3, letter “e”), since the
differentiation of the nature (inside or outside the membrane) of the hydrophobic regions is
out of the scope of the method.

Globular proteins

A further analysis must also be conducted to detect the limitations of the AC scale. This
can be established by the application of the AC scale to proteins that certainly are not mem-
brane proteins. A first test was done with well-characterized globular proteins like hexokinase
(1BG3) and myoglobin (104M). In these cases, no candidate for transmembrane segment was
found, showing that the AC scale can be applied without error to proteins without extensive hy-
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Table 3. Number of transmembrane segments according to the Protein Data Bank of Transmembrane Proteins
(PDB_TM, http://pdbtm.enzim.hu).

Membrane PDB_TM Segments determined ~ Segments not determined Fraction of correct
proteins database by AC scale by AC scale predictions
Correct Wrong
1JAS A 12 12 0 0 1.00
1KQF C 4 4 0 0 1.00
10ED_A 4 4 0 0 1.00
1ILBN_A 4 4 0 0 1.00
10CC_B 2 2 0 0 1.00
1H2S B 2 2 0 0 1.00
IBCC_C 9 8 0 1 0.89
10CC_A 12 11 14 1° 0.88
1JBO A 11 11 24 0 0.82
1AIG_L 5 5 14 0 0.80
1QLB_C 5 4 0 1° 0.80
IC17 M 4 3 0 1° 0.75
1ET2 S 7 6 iE b 0.71
1F88_A 7 5 0 20 0.71
1BL8 A 3 2 0 120 0.67
1JBO L 3 2 0 1 0.67
IMXM_A 3 2 0 1° 0.67
1LOV_D 3 2 0 1° 0.67
1IWG_A 12 7 1¢ 32 0.67
1IH5 A 8 4 0 3ab 0.62
11ZL_C 5 5 2¢d 0 0.60
10CC_C 7 5 1° 0.57
1BZK A 2 1 0 120 0.50
1JP_A 2 1 0 1° 0.50
IMSL_A 2 1 0 1° 0.50
IKPL_A 14 6 1¢ 6° 0.50
IQHJ A 7 3 0 40 0.43
IMHS A 10 3 2de 720 0.10
1JBO_K 2 0 0 28 0.0

Number of correct, wrong and not determined segments according to the amphipathy coefficient (AC) scale method. The last
column lists the fractions of correct predictions based on the AC method.

*Corresponding to more than one segment identified by the PDB_TM database.

“Less than 19 residues; *segments containing charged residue(s); ‘transmembrane segment undetected by the PDB_TM database;
dloop undetected by the PDB_TM database, and *hydrophobic region in the internal part of the protein.
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Figure 4. Graphical representations of the protein length (gray) and the transmembrane segments (black) according
to the amphipathy coefficient scale method (first line) and the PDB_TM database (the second line).

drophobic regions. However, a wider-ranging test was done with the 85 globular proteins listed
by Sandelin (2004). These proteins were submitted to the AC scale method, resulting in cases
where zero (64 times), one (10 cases: 1AMX, 1BK7, 1ICEM, 1CWY, 1DDE, 1DVN, 1GZI,
LJET, 1RIE, 1TUCH), two (1AIR, 1AVP, ICHD, 1QUYV, 1ITML, 1XNB), four (ITAH) and five
(1THM) candidates for transmembrane segments were found. This can be understood since the
globular proteins are also constituted by hydrophobic domains (present inside the hydrophilic
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region of the protein), and these hydrophobic domains can respond positively to the AC scale
method, although with a small probability.

CONCLUSIONS

In order to check our approach based on the AC scale for the transmembrane seg-
ment identification, at least one representative example of each group of membrane proteins
was chosen (see Table 2). The results allow us to conclude that the AC scale is appropriate
for the recognition of the transmembrane segments of proteins since about 76% of the trans-
membrane segments were correctly identified (131 of 171 segments) and, if the number of
proteins is taken into account, the percentage increases to 90% (26 of 29 proteins). These
results were obtained only with one input: the amino acid sequence of the proteins. The care-
fully chosen conditions for the AC scale application are: the segment length must be formed
by at least 19 consecutive residues with AC values lower than 22. These conditions are in
agreement with the experimental data since a membrane thickness of 6-8 nm has a central
core of 3-4 nm, corresponding to the high hydrophobic characteristic due to the fatty acyl
chain (-CH2-) of lipids. This environment could correspond to a hydrophobic amino acid
chain with 19 or a few more amino acids in a-helix structures resulting in a length of over
2.85 nm (0.15 nm per amino acid) (Gennis, 1989). The B-strand structures were not included
because the sequences of hydrophobicity do not allow the use of our method, due to a lack
of previous information on the protein structure.

Some transmembrane segments were not found by the AC scale method due to the ir-
regular curvature of the amino acid chains and/or due to the presence of one or more charged
amino acids as can often be observed in ionic channels, protein transporters or exchanger
proteins (see Table 2). An example is the Bacteriorhodopsin (1QHJ_A), constituted by three
monomers containing charged amino acids in a contiguous a-helix (Belrhali et al., 1999).
Since, up to now, crystallographic data are available only for Ca-ATPase, there are doubts
about their numbers of transmembrane segments for the other membrane ATPases (Kuhlbrandt
et al., 2002). Finally, in the case of Photosystem [ (1JBO_L), there are doubts if this protein is
a peripheral or an amphitropic protein (Jordan et al., 2001). This does not void the ability of
the AC scale to recognize transmembrane segments since in these three cases the experimental
data indicate that these proteins are not transmembrane proteins that are in contact only with
the inner part of the membranes.

Another important point on behalf of the AC scale is that it practically does not iden-
tify extra-transmembrane fragments (three segments in 171 segments, one of them being in the
IMHS_A peptide, which is one of the three peptides for which no transmembrane segments
were found, see Table 3, letter “e”). Such cases can be correctly named as putative transmem-
brane fragments based on detailed study of protein function. Moreover, the method is also
fairly correct when applied to proteins without extensive hydrophobic regions.

On the whole, the use of the AC scale is very advantageous; it can be used to examine
unknown proteins for which the secondary/tertiary structures remain unknown and also when
the protein function or location have not been determined. We found that the AC scale can
identify a-helix and loops in transmembrane regions with a probability of success of 76% for
the segments and 90% for the proteins.
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