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AbstractÐIn spite of the overwhelming numbers and critical biological functions of membrane proteins, only a few have been
characterized by high-resolution structural techniques. From the structures that are known, it is seen that their transmembrane
(TM) segments tend to fold most often into a-helices. To evaluate systematically the features of these TM segments, we have taken
two approaches: (1) using the experimentally-measured residence behavior of speci®cally designed hydrophobic peptides in RP-
HPLC, a scale was derived based directly on the properties of individual amino acids incorporated into membrane-interactive
helices; and (2) the relative a-helical propensity of each of the 20 amino acids was measured in the organic non-polar environment
of n-butanol. By combining the resulting hydrophobicity and helical propensity data, in conjunction with consideration of the
`threshold hydrophobicity' required for spontaneous membrane integration of protein segments, an approach was developed for
prediction of TM segments wherein each must ful®ll the dual requirements of hydrophobicity and helicity. Evaluated against the
available high-resolution structural data on membrane proteins, the present combining method is shown to provide accurate pre-
dictions for the locations of TM helices. In contrast, no segment in soluble proteins was predicted as a `TM helix'. # 1999 Elsevier
Science Ltd. All rights reserved.

Introduction

Genome sequencing projects are generating thousands
of sequences of new proteins from diverse organisms, of
which a surprisingly high number contain membrane-
embedded domains. For example, bacterium Haemo-
philus in¯uenzae, the ®rst complete genome sequence,
contains only one type of membrane, but has devoted
140 (30%) of its 482 genes to encoding membrane-
inserted proteins.1 Membrane proteins such as recep-
tors,2±4 pore-forming proteins,5±7 ion pumps and
metabolite transporters,8±11 and photosynthetic pro-
teins,12±14 are absolutely essential for the cell commu-
nicating with the outside world. As genome projects
progress, one can expect that the identi®cation of new
membrane proteins and their corresponding primary
sequences will increase exponentially.

In spite of the overwhelming numbers and critical
biological functions of membrane proteins, little struc-
tural information is available for this key group of
proteins. Compared to the >2000 non-membrane pro-
tein structures that have been solved, only a handful of

membrane proteins (ten or so) have been characterized
by high-resolution structural techniques (see ref 15 for a
list). From the structures that are known, it is found
that the transmembrane (TM) segments of these pro-
teins tend to fold in relatively simple ways. There are
two major categories through which a protein can adapt
its structure to the requirements of a lipid environment:
by forming apolar a-helices or by forming b-sheet `bar-
rels' with an apolar external surface. In both cases, all
backbone hydrogen bonds are internally satis®ed and
polar surfaces are shielded from contact with lipids.
Proteins with TM a-helices are found in the plasma
membrane of both prokaryotes and eukaryotes,14,16,17

whereas the b-type structures appear to be associated
exclusively with the outer membranes of bacteria and
mitochondria.10,18 The toxin a-hemolysinÐproduced by
a pathogenic bacteriumÐwas found to penetrate into the
lipid bilayer of its host via the formation of b-barrels.7

Many algorithms toward prediction of membrane pro-
tein structure and topology have been developed over
the past few years. In assessing the origins of these
approaches, presently available algorithms can be
roughly classi®ed into the following two groups:

(1) Hydropathy analysis, which is based on the recogni-
tion of the existence of long hydrophobic segments in
membrane proteins. Typically, such an analysis will
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scan the protein sequence and locate segments of sui-
table length with demonstrably high average hydro-
phobicity that can be considered as `TM' segments. One
of the most widely used is that of Kyte and Doolittle,19

where mean residue hydrophobicity values are calcu-
lated for consecutive 19-residue sequence spans; seg-
ments with hydrophobicity above an average value are
predicted to be membrane-spanning. A similar
approach is adopted by Engelman et al., but using a
di�erent hydropathy scale.20 To re®ne these predictive
approaches, many subsequent hydrophobic scales for
amino acid residues have been proposed [for a review
see ref 21], in which correlations amongst the various
amino acid hydrophobicity scales were examined, and
the accuracies of various predictions compared. A tra-
pezoidal sliding window was used by von Heijne in his
hydrophobic analysis of TM sequences in conjunction
with a consideration of positively-charged resides inter-
ior to the membrane (the `positive-inside rule'),22,23

which correctly predicted the topology for 23 out of 24
bacterial inner membrane proteins. These rules were
also applied to a number of eukaryotic membrane pro-
teins. Clearly, the ultimate hydrophobicity analysis
method would be able to discriminate `perfectly' between
TM and non-TM segments in any protein chain.

(2) Conformational preference analysis, which is based
mainly on the conformational preference(s) of indivi-
dual amino acids in a membrane protein sequence.
Assuming that soluble protein structures contain statis-
tical information about folding of hydrophobic
domains, Juretic et al. extracted a set of simple pre-
ference functions from the database of such proteins
and applied this information to the prediction of folding
motifs in the membrane environment.24 Persson et al.
calculated the residue distribution in a TM base25

extracted from Swissprot database. Two sets of pro-
pensity values were established: one for the 21-residue
hydrophobic region of TM segments, and one for the
¯anking residues at both termini corresponding to those
amino acids likely to interact with the phosphate groups
of the membrane lipids. An algorithm was then devel-
oped to predict TM helices based upon multiple
sequence alignments (see refs 26 and 27 for details).
Jones et al. used a dynamic programming algorithm to
recognize the secondary structure and topology of inte-
gral membrane proteins based on the statistical data
derived from well-characterized membrane proteins.28

Compared to hydropathy analysis, these latter predic-
tion approaches tend to provide a better understanding
of membrane protein structure. However, the complexity
of these algorithms has restricted their widespread use.

To aid in elucidation of membrane protein topology,
particularly for proteins where structural information is
not yet available, hydrophobicity scales are of great
value. Indeed, such scales might be numerically among
the most abundant ever developed in protein science,
with 82 hydropathy scales collected in a review by
Nakai et al. in 1988.29 The proliferation of hydro-
phobicity scales appears to derive principally from the
diverse de®nitions of hydrophobicity, as well as the
various determination methods. The very fact that so

many reports exist attests to the challenge of specifying
protein transmembrane segments in the absence of hard
experimental data.

Previous studies have suggested that the hydrophobic
interaction between the peptide hydrophobic face with
the hydrophobic stationary phase of reversed-phase
high performance liquid chromatography (RP-HPLC)
is a reasonable mimic for the interaction of peptides
with membrane environments (Fig. 1).30 In the present
work, through evaluating the residence behavior of
hydrophobic peptides in RP-HPLC, we have derived a
scale that appears to be the ®rst experimental scale
based directly on the properties of individual amino
acids incorporated into membrane-interactive helices.
At the same time, we have determined experimentally
the relative a-helical propensity of each of the 20 amino
acids as measured in a non-polar environment. Through
combining the resulting hydrophobicity and helical
propensity data, we have developed a novel approach
for prediction of transmembrane segments, viz. each
TM segment must ful®ll the dual requirements of
hydrophobicity and helicity. Evaluated against the
available high-resolution structural data on membrane
proteins, the present combining method is shown to
provide accurate predictions for the location of TM
helices.

Results and Discussion

Peptide design and synthesis

De novo designed peptides with prototypical sequence
Lys-Lys-Ala-Ala-Ala-X-Ala-Ala-Ala-Ala-Ala-X-Ala-Ala-
Trp-Ala-Ala-X-Ala-Ala-Ala-Lys-Lys-Lys-Lys-amide
were synthesized by continuous-¯ow Fmoc solid-phase
chemistry, where X residues were substituted with each
of the 20 commonly-occurring amino acids.31 The
rationale for the peptide design is given as follows: (i)
the hydrophobic segment of peptide is comprised of 19
amino acids, which when folded into an a-helical con-
formation provides a hydrophobic core of su�cient
length to span a phospholipid bilayer;32 (ii) distributions
of the three guest residues `X' have been designed to
preserve both angular and longitudinal symmetry
around the helix, thereby minimizing any bias from

Figure 1. Schematic representation of a peptide in equilibrium
between coil and helical conformations, upon interaction with the
hydrophobic surface of a stationary nonpolar phase in HPLC experi-
ments.
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amphipathic character that may arise when X is sub-
stituted by polar and charged residues. This will guar-
antee that all peptides approach the membrane
environment in an equivalent manner. In addition, tri-
ple substitutions of guest residue `X' in the hydrophobic
core amplify the e�ect of varying replacements, which
enhances the reliability of the spectroscopic measure-
ments; (iii) Ala, the most appropriate background resi-
due as demonstrated by previous studies,33 was chosen
as the `host' residue; (iv) a Trp residue was incorporated
into the hydrophobic segment as a ¯uorescence probe to
monitor characteristics of the local microenvironment;
and (v) Lys residues were added at N- and C-termini
to enhance the water solubility of peptides. Further, a
cluster of Lys residues should be e�cient in preventing
peptide±peptide aggregation through the resulting high
local positive charges. For the same purpose, the C-ter-
minus was amidated to eliminate potential electrostatic
attractions that might occur inter- or intra-molecularly.
Amino acid analysis and mass spectrometry were used
to characterize synthetic peptides, which veri®ed the
success of synthesis and puri®cation.

HPLC-Derived hydrophobicity scale for amino acid
residues

The retention time of a peptide interacting with an
HPLC hydrocarbon phase is based on the competing
attraction of the peptide molecule and the solvent for
the nonpolar stationary phase. As peptides pass through
the column, the hydrophobic examples interact more
strongly with the hydrophobic stationary phase, to pro-
duce a longer retention time; oppositely, the hydrophilic
peptides' retention times are relatively shorter. If we
assume that the overall hydrophobicity of a given pep-
tide is directly related to the summed hydrophobicity/
hydrophilicity of the amino acid residues in that pep-
tide, the measured retention times of each peptide can
be converted to a relative hydropathy scale correspond-
ing to the substituted `X' residue. The following equa-
tion was used in the data conversion:

H � 10� ��tRXÿLys=�tRPheÿLys� ÿ 5:00

where �tRXÿLys is the retention time di�erence between
the `X' peptide and the most hydrophilic `Lys' peptide,
and �tRPheÿLys is the retention time di�erence between
the most hydrophobic `Phe' peptide and the least
hydrophobic `Lys' peptide. Through this calculation,
Phe was assigned a value of +5, and Lys a value of ÿ5.
The remaining residues were scaled proportionally (the
resulting values are listed in Table 7 of ref 38).

Intrinsic �-helical propensity of individual amino acids in
a nonpolar environment

Although all amino acid residues in TM segments take
the helical conformation, intuitively it appeared to us
that they were unlikely to contribute equally to helix
formation/stability in the membrane environment.
Organic solvents with dielectric constants between
pure water and the hydrocarbon interior of biological

membranes have been widely used to mimic the non-
polar environments of membranes.34±37 In addition,
studies in organic phases are free of complications
from water/membrane transfer e�ects and lipid head
group interactions. Accordingly, the intrinsic con-
formational preference (a-helical) for individual amino
acids in membrane environments can be approached by
dissolving them in n-butanol, a moderate nonpolar sol-
vent with dielectric constant 17.8 at 25 �C. All 20 pep-
tides formed predominantly a-helical conformations in
n-butanol (Table 1). CD spectra were found to be inde-
pendent of peptide concentration over the range 7.5 mM
to 120 mM,38 and thus the helicity di�erences observed
among the peptides are not caused by their di�erential
solubility, but by their intrinsic propensities to form the
a-helical conformation in a nonpolar environment. The
range of helicity likely has its origin in the intrinsic
ability of the nonpolar solvent medium to solvate a
given side chain; more polar residues may engage in side
chain±backbone interactions to varying extents, which
in turn may perturb the a-helical structure. Since the
only di�erence among these peptides is the substitution
of `X' residues, it is reasonable to assume that variations
in peptide helicity is attributed to the `X' amino acid
residue.

Previous CD analyses with membrane proteins have
shown that for a full transmembrane a-helix, the inten-
sities of negative bands at 208 nm and 222 nm are as
high as ÿ50,000 and ÿ60,000 deg cm2/dmol, respec-
tively.39 Accordingly, for a protein segment to adopt
50% a-helical conformation in a nonpolar (np) envir-
onment, the magnitude at 222 nm can be approxi-
mated by ÿ30,000 deg cm2/dmol. If we assume that 50%
a-helix corresponds to a helical preference de®ned in
n-butanol as Pa(np)=1, then the experimentally-
determined helicity of each peptide can be converted to

Table 1 Helicity of model peptides in n-butanol and residue helical
preference values.

Peptide y222 nm�10ÿ4 (deg cm2/dmol) Pa(np)a

I 3.88 1.29
L 3.84 1.28
V 3.82 1.27
F 3.78 1.26
A 3.72 1.24
M 3.67 1.22
G 3.44 1.15
Y 3.33 1.11
T 3.27 1.09
W 3.20 1.07
S 2.99 1.00
H 2.90 0.97
Q 2.87 0.96
R 2.84 0.95
N 2.82 0.94
D 2.66 0.89
K 2.65 0.88
E 2.54 0.85
Cb 3.28 0.79
P 1.70 0.57

aHelical preference parameter in a non-polar (np) environment.
bFor the Cys peptide, only the middle `X' residue was substituted by
Cys, while the other two `X' were replaced by Leu, and the Pa(np) of
Cys was calibrated proportionately.
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the conformational preference of each amino acid in
membrane-mimetic environments. The resulting Pa(np)
values for each of the 20 commonly-occurring amino
acids are listed in Table 1. Values >1 indicate a pre-
ference for helicity in a membrane environment, while
for values <1, an avoidance is implied.

Identi®cation of TM segments by combining hydropathy
and intrinsic �-helical preference

Hydropathy analysis has been used extensively as a
standard approach to predict TM segments from pri-
mary sequence in the absence of experimental data.
However, there is a recurrent phenomenon in previous
prediction methods, that is, Kyte and Doolittle found
their most hydrophobic 19-residue segment in the
water-soluble lactate dehydrogenase.19 To e�ectively
discriminate between membrane-spanning and non-
membrane-spanning segments, in present approach we
introduce an experimentally-determined `threshold
hydrophobicity' as the cuto� value. The de®nition of
`threshold hydrophobicity' is based on the observation
that there is a minimum hydrophobicity requirement for
peptide incorporation into the membrane-mimetic
environment;40 above this threshold, peptide segments
spontaneously integrate into membrane environment.
The numerical value of the threshold is determined, in
turn, from the HPLC-derived hydropathy parameters.
The general applicability of this threshold hypothesis
has been assessed by statistical analyses with databases
derived from TM segments and non-TM helices38,41

where it is found that parameters for membrane insertion
established by model peptides can be applied with 96±
97% success to natural TM segments contained in both
single- and multi-spanning membrane proteins.

While one is able to identify highly hydrophobic seg-
ments with the potential to insert into membranes from
threshold hydrophobicity data alone, essential struc-
tural information as to how the sequence becomes fol-
ded in membranes is not yet considered. Since the TM
helices are basic building blocks for the majority of
known membrane proteins, we can use the helical pro-
pensity scale developed above for each of 20 amino
acids to perform a `helical preference analysis' as a
complementary approach to the hydropathy analysis
(i.e. those segments of ca. 20 residues above the arbi-
trarily-chosen Pa(np) value of 1.10) (see Materials and
Methods for details). Ideally, then, a TM a-helix should
jointly satisfy the two criteria: hydrophobicity and heli-
city. The advent of several high-resolution structures of
membrane proteins provides the opportunity to evalu-
ate the accuracy of this combined predictive approach.
For this purpose, we undertook `predictions' of the
actual TM helices (total=78) in those membrane pro-
teins for which high-resolution structural information is
available, viz. bacteriorhodopsin,16,17 the photosynthetic
reaction center,14 the light harvesting complex,42,43

photosystem I,44 cytochrome C oxidase45±47 and the
potassium ion channel48 (Table 2). The combining pre-
dictive analysis is illustrated in Figure 2 for cytochrome
C oxidase.46 When Figure 2(a) (HPLC scale, using a
`threshold' of 0.4) and 2(b) [Pa(np) helix propensity

values] are superimposed (using a window of 19 resi-
dues), the overlapping regions shown in Figure 2(c) are
predicted as TM helices. The segments identi®ed in
cytochrome C oxidase as TM helices by X-ray crystal-
lography versus those predicted by the present combin-
ing approach are delineated in Table 3. Similar analyses
performed on the potassium ion channel from Strepto-
myces lividans48 are shown in Figure 3. Using the
method proposed by Ponnuswamy & Gromiha,49 the
accuracy of a theoretical prediction can be quanti®ed by
the equation:

Accuracy %� � � Nt ÿ No �Nu� �� �=Nt � 100

where Nt;No, and Nu are, respectively, the total number
of residues experimentally observed, the number of
residues over-predicted, and the number of residues
underpredicted or missed in the TM domain upon
comparison to the experimentally-obtained structural
data. Using this equation to analyze the data in Table 3,
the present combined approach correctly predicts ca.
80% of overall cytochrome C oxidase TM residues. For
all 78 TM segments contained in the proteins listed in

Table 2 Membrane proteins with known high-resolution structures

No. PDB
code

Protein name Resolution
(AÊ )

Refs.

1 2BRD Bacteriorhodopsin 3.5 16, 17
2 1AIG Photosynthetic reaction center 2.6 14
3 1LGH Light harvesting complex 2.4 42, 43
4 2PSS Photosystem I 4.0 44
5 1OCC Cytochrome C oxidase 2.8 45±47
6 n/a Potassium ion channel 3.4 48

Figure 2. The sequence of cytochrome C oxidase46 examined using (a)
the HPLC-derived hydropathy scale;38 and (b) helical propensity data
derived from Pa(np) values (Table 1). In panel (c), the HPLC data
from panel (a) are superimposed with the helical propensity data
Pa(np) from panel (b). The solid lines indicate regions that are pre-
dicted as TM helices.

4 L.-P. Liu, C. M. Deber / Bioorg. Med. Chem. 7 (1999) 1±7



Table 2, the combining approach predicts ca. 77% of
overall TM residues (not shown); no actual TM seg-
ments are missed, but the fact that entry/exit points of
TM segments did not always coincide lowered the ®nal
% accuracy level. Prediction based solely on hydro-
pathy or solely on helical preference gave accuracies of
67% and 66%, respectively (not shown).

As controls, we randomly chose the following soluble
proteins from the protein data bank: carboxypeptidase
A,50 thioredoxin51 staphylococcal nuclease,52 hydro-
lase,53 cytochrome C peroxidase,54 lysozyme,55 and
hemoglobin56 (Table 4), and performed the combined
analysis as described above. No segment in any of the
above soluble proteins ful®lled the dual requirements of
hydrophobicity and helicity. Results for carboxy-
peptidase A are graphed in Figure 4, where it is seen
that no overlap of hydrophobicity data Fig. 4(b) and
helicity data Fig. 4(c) occurs above the threshold levels.
The Kyte±Doolittle hydropathy plot is shown for com-
parison Fig. 4(a).

Conclusion

Accurate prediction of membrane protein folding is a
challenging task for structural biologists. For soluble
(globular) proteins, secondary structure predictions are
widely applied whenever a new sequence is determined,
and many predictive algorithms have been developed on
the basis of structural preferences (a-helix, b-sheet, b-
turn, random) of the 20 commonly-occurring amino

acids. However, for membrane proteins, use of predic-
tion strategies derived from globular proteins eventually
becomes inappropriate,57 as the low dielectric environ-
ment of the membrane profoundly a�ects protein fold-
ing preferences.

To distinguish reliably between TM and non-TM seg-
ments in any given protein, we have introduced two
additional factors into previous hydropathy analysis:
(1) a quantitative `threshold hydrophobicity' for the
spontaneous insertion of polypeptide segments into
membranes used as cut-o� value in hydrophobicity
analysis; and (2) a requirement for helical preference in
the non-polar environment. Predictive analyses presented

Table 3 Comparison of experimentally-determined TM helices with
predicted TM helices in cytochrome C oxidase

Protein TM segments
(experimentally-determined)

TM segments
(predicted,
hydropathy
& helicity)

Cytochrome C Oxidase 12±41 11±43
(A chain, I) 51±87 54±86

95±116 95±121
141±170 142±168
183±212 183±213
228±262 228±257
270±285 272±297
299±327 299±325
336±359 335±364
371±401 374±400
407±433 407±430
445±478 453±482

(B chain, II) 15±45 24±50
60±87 62±83

(C chain, III) 16±37 22±40
41±66 41±62
73±106 76±105
129±153 129±148
156±183 157±182
191±223 191±223
233±255 236±252

(D chain, IV) 77±102 79±100
(G chain, VI-A) 13±37 11±36
(I chain, VI-C) 12±53 15±42
(J chain, VII-A) 26±54 27±50
(K chain, VII-B) 9±35 17±34
(L chain, VII-C) 18±44 19±40
(M chain, VIII) 12±35 18±35

Figure 3. The sequence of the potassium ion channel48 examined using
the HPLC-derived hydropathy scale and the helical propensity values
of Pa(np). In panel (c), data from the HPLC scale (panel (a)) are
superimposed with Pa(np) data (panel (b)). The solid lines indicate
regions that are predicted as TM helices.

Table 4 Selected soluble proteins

No. PDB
code

Protein name Resolution
(AÊ )

Refs.

1 5CPA Carboxypeptidase A 1.54 50
2 2TRX Thioredoxin 1.68 51
3 1STN Staphylococcal nuclease 1.70 52
4 1FSU Hydrolase 2.5 53
5 2CYP Cytochrome C peroxidase 1.7 54
6 2LZM Lysozyme 1.70 55
7 4HBB Hemoglobin 1.74 56
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herein demonstrate that TM helices and the great
majority of their residues can be identi®ed accurately.
Despite the success of the present approach in TM helix
prediction, the approach has yet to be employed to
identify the other important stucture of membrane pro-
teins: TM b-barrels. Future work focusing on the design
of model TM b-barrel peptides should allow us to gain a
more complete understanding as to how protein seg-
ments fold into membranes.

Materials and Methods

Peptide synthesis

Peptides were synthesized by the continuous-¯ow Fmoc
solid-phase method.31 C-Termini of peptides were ami-
nated after cleavage from NovaSyn KR 125 resin. Pur-
i®cation of peptides was carried out on a reverse-phase
Vydac-C4 semi-preparative HPLC (10�250mm, 300
AÊ ), using a linear gradient of acetonitrile in 0.1% tri-
¯uoroacetic acid (TFA). Puri®ed peptides were char-
acterized by analytical HPLC, amino acid analysis and
mass spectrometry. Concentrations of peptides were

determined in triplicate through quantitative amino acid
analysis using Ala recovery as the standard. Peptides
were stored as solid powders at ÿ20 �C. To avoid the
complexity of synthesizing a multiple Cys-containing
peptide, for cysteine peptide, only the middle `X' residue
was substituted by Cys, and the other two `X' residues
were replaced by Leu. Amino acids are abbreviated by
one-letter symbols: A-Ala, C-Cys, D-Asp, E-Glu, F-
Phe, G-Gly, H-His, I-Ile, K-Lys, L-Leu, M-Met, N-
Asn, P-Pro, Q-Gln, R-Arg, S-Ser, T-Thr, V-Val, W-Trp,
Y-Tyr.

Spectroscopic measurements

Circular dichroism (CD) measurements were performed
on a Jasco-720 spectropolarimeter using 1-mm path
length quartz cell at 25 �C. Each spectrum was the
average of four scans with bu�er background sub-
tracted. Peptide concentration was typically 30 mM in
aqueous bu�er, in n-butanol. The aqueous bu�er was
prepared from 10mM Tris-HCl, 10mM NaCl, pH 7.0.
Peptides remained soluble and monomeric in both
aqueous and membrane-mimetic media over a wide
concentration range (5±250 mM), based on circular
dichroism measurements and size exclusion HPLC
chromatography.

Reverse-phase HPLC

The retention time of each `X' peptide was determined
on a C4 reverse-phase column (4.6�250mm, 300 AÊ pore
size, 10 m particle size). Equal amounts of each peptide
were injected into the column and eluted at a ¯ow rate
of 1ml/min, utilizing a linear AB gradient (2% B/min),
where bu�er A was 0.1% TFA/ddH2O, and bu�er B
was 0.1% TFA/acetonitrile. The retention time of
each peptide is reported as the average of triplicate
measurements.

Structural data base

The membrane protein data sample consists of 78 TM
helices derived from six di�erent membrane proteins (a
total of 4816 residues) known with resolution equal to,
or greater than, 4 AÊ (Table 2) selected from the Brook-
haven Protein Data Bank (PDB). Soluble proteins
(Table 4) were randomly chosen from the PDB as
controls.

Prediction of membrane spanning segments

Membrane spanning segments were predicted by scan-
ning the protein sequence within a 19 amino acid `win-
dow'. The mean residue hydrophobicity and helicity
were calculated by the algorithm available in GeneWork
(version 2.2.1, IntelliGenetics, Inc., 1992) using the pre-
sent scales. When the average hydrophobicity or helicity
is plotted against residue number, the resulting curves
identify potential membrane spanning segments as
broad peaks with high positive values. For hydropathy
analysis, previous studies with this series of peptides has
identi®ed the existence of a `threshold hydrophobicity'
(ca. 0.4, calculated as the mean residue hydrophobicity

Figure 4. The sequence of carboxypeptidase A50 examined through (a)
the Kyte±Doolittle scale (see text for a discussion); (b) the HPLC-
derived hydropathy scale;38 and (c) the helical propensity values of
Pa(np) (Table 1). In panel (d), data from the HPLC scale (panel (b))
are superimposed with Pa(np) data (panel (c)). No region in the car-
boxypeptidase A sequence ful®lls the dual requirements of hydro-
phobicity and helicity.
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of the X=Ala peptide, which contains 18 Ala's and one
Trp in its hydrophobic core),38,40 which controls the
spontaneous incorporation of protein segments into
membrane;41 this experimentally-determined `threshold
hydrophobicity' was used as the cut-o� point. For heli-
city analysis, peak values above 1.10 were used to
determine the entry and exit points of the transmem-
brane region.
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