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Introduction

The so-called “viral fusion peptides” are short fragments (11
to 18 amino acids) of viral fusion proteins. Fusion proteins
are located in the capside spikes of viruses and are responsi-
ble for the selective recognition of the host cells [1, 2, 3, 4,
5]. After binding to the host cell or to the endosome, the
fusion protein changes its conformation to unmask a frag-
ment of sequence, the “fusion peptide”, which inserts in the
host membrane and triggers the fusion process [3]. Fusion
peptides were initially characterised in Newcastle Disease
Virus (NDV [6]), Simian Immunodeficiency Virus (SIV [1]),
Bovine Leukaemia Virus (BLV [2]) and Human Immunode-
ficiency Virus (HIV [7]). More recently, fragments of se-

quence described as fusion peptide-like were found in non-
viral proteins such as the cholesteryl ester transfer proteins
(CETP) [8], spermatozoids [3], and signal sequences [9].

Modelling of NDV fusion protein has suggested that, due
to its hydrophobicity profile when in an alpha-helical struc-
ture, the fusion peptide should not insert perpendicularly to
the membrane surface but obliquely [6]. This tilted insertion
is likely to destabilise the phospholipid bilayer by disturbing
the parallel alignment of acyl chains. Similar modes of in-
sertion were suggested from the modelling of fusion peptides
of BLV, SIV and HIV [1, 10]. For BLV and SIV, mutants
with different hydrophobicity profiles were calculated, pre-
pared and experimentally tested for their fusogenic capaci-
ties [1, 2]. ATR infrared spectroscopy demonstrated that the
angle of insertion of these peptides in membranes changed
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as modelling had predicted [11]. When results from infrared
spectroscopy and fusion were compared, it was concluded
that the fusogenic capacity depended upon the tilted inser-
tion of peptides in bilayers. Analysis of mutants also sup-
ported the hypothesis that a tilted insertion of peptides de-
pends upon the gradient of hydrophobicity along the second-
ary structure rather than upon the nature of the amino acids.

A fusion-peptide like structure was also found by mo-
lecular modelling in the C-terminal end of the Alzheimer
beta-amyloid peptide. This peptide has been tested experi-
mentally for vesicle fusion and calcein leakage [12, 13]. The
percentage of alpha-helical secondary structure has been
measured by circular dichroism, which shows that helicity
and fusogenic potential raise when trifluoroethanol is added.
Those results are similar to those obtained with viral fusion
peptide. They suggest that tilted peptides are not limited to
viral fusion proteins and could be present in other protein
families.

Fusion events and membrane destabilisation occur com-
monly in cells [3], for example internalisation of proteins in
mitochondria and chloroplasts, translocation of proteins from
one cytoplasmic compartment to another (endoplasmic re-
ticulum, Golgi [14]), fusion of vesicles as during the excre-
tion of secretory vesicle contents, cell to cell fusions (sper-
matozoid-egg fusion [15]), effect of lipases on organised
substrates, insertion of signal peptides [9, 16], etc. The mecha-
nisms of these events are unclear. Thus, the purpose of this
study was to investigate whether fusion peptide-like struc-
tures could be involved in these events (for a review, see 17).

We first postulated that oblique peptides should be hy-
drophobic with an alpha-helical structure and an amphipathic
asymmetric distribution (as observed in viral fusion peptides
[1, 2, 11]). The hydrophobicity would be responsible for
membrane insertion and the asymmetry of that hydrophobicity
dictating an oblique angle of insertion. We now refer to such
sequences as “tilted peptides”. Following this, we developed
a procedure to detect tilted peptides from the primary se-
quences of proteins. We ran that procedure on protein data
banks and reactive proteins were classified according to their
biological functions.

Material and methods

Preparing a non-redundant protein data bank.

We used the 2nd May 1995 release of the OWL composite
protein sequence database [18, 19] in order to prepare a non-
redundant protein data bank. The entries of OWL came from
4 sources: the Swiss Prot release 31 [20], the NBRF release
44 [21], the GENBANK release 88.0 [22] and the NRL re-
lease 18.0 [23]. Swiss Prot and NBRF entries are well docu-
mented proteins primary sequences; GENBANK entries are
translations of a DNA bank, and are poorly documented; NRL
are the sequences of proteins whose 3D structure has been
determined. We have extracted two sets of sequences: in the

set I, sequences whose origin is NRL; in the set II, sequences
whose origin is Swiss Prot and NBRF.

The following algorithm was applied on each set in order
to remove redundancy. Each sequence was checked against
all the sequences following it in the bank. If the two sequences
were too similar (criteria below), the second sequence was
discarded. The criteria for redundancy are: first, having a
similar size: the ratio shortest to longest must be greater or
equal to 0.8. Second is an identity level greater than or equal
to 30 %. The alignments have been realised with the pairing
alignment program of ClustalW [24], using default values
for parameters: gap open penalty = 10, gap extent penalty =
0.1, the BLOSUM homology matrix [25].

Search of amphipathic asymmetric peptides

The goal was to find peptides that are tilted at a lipid-water
interface. In order to do this, we displaced a window along
each protein sequence, and checked each peptide (Figure 1).
We used window sizes ranging from 11 to 18 residues. For
each peptide, two criteria must be met.

The first criterion was that the peptide was sufficiently
hydrophobic to insert into lipids. Hydrophobicity was de-
fined in terms of transfer energy of atoms from an hydropho-
bic to an hydrophilic phase (Table 1) [26]. For each of the 20
amino-acids present in proteins, the sum of the transfer ener-
gies of atoms with negative (hydrophobic) and positive (hy-
drophilic) transfer energy was computed (Table 2), giving
hydrophobicity and hydrophilicity values for each amino-
acid. With those values, for each peptide tested for oblique-
ness, the sum of negative and positive transfer energies for
all its residues was computed, giving hydrophobicity and
hydrophilicity values for the peptide. Only peptides where
the absolute value of the ratio negative (hydrophobic) to posi-
tive (hydrophilic) transfer energy was greater than 2 were
kept, as this is the inferior limit observed in viral fusion
peptides [27, 28].

Table 1. Transfer energy in kcal·mol–1 for the various atomic
types. Negative values are associated to the hydrophobic
atoms, positive values to the hydrophilic atoms.

Atom Etr  (kcal·mol–1)

C -2.436

C (in CH/CH2/CH3 without explicit H) -4.047

C (involved in a double bond) -1.513

H (bonded to a C atom) -0.537

H (bonded to a non C atom) 1.030

N 3.035

O 2.833

S -2.751
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The second criterion was the oblique orientation of the
peptide. As the orientation can only be computed on a 3D
structure, the program modelled each peptide that passed the
first criterion. The first step of the modelling was to build a
3D structure of the peptide, according to bond length and
valence angles of the AMBER united atoms force field [29].
This was always done with an alpha-helix secondary struc-
ture as known fusion peptide and signal sequence seem to
adopt this structure when inserted in lipids [11, 30, 31, 32].
The second step was to optimise the conformation of lateral
chains by energy minimisation. This optimisation was car-
ried out residue by residue. Most frequent conformations [33]
were imposed on the current residue, and interaction energy
computed with neighbouring residues (up to -4 and +4). The
conformation that gave the best (minimum) energy was kept,
and the next residue treated. Energy was computed accord-
ing to the AMBER force field.

The third step was the orientation at the interface and the
computation of the insertion angle. Hydrophobic

r

C pho  and
hydrophilic

r

C phi  centres were computed for the peptide, us-
ing Eqs. 1 and 2, respectively. Etr are the transfer energies of
atoms (Table 1). EtrPhii and EtrPhoi are hydrophilic (positive
values) and hydrophobic (negative values) transfer energies,

respectively.
r

ri  is the position vector of the atom. The total

number of atoms is m. The position of the interface
r

I  is given
by the Eq. 3 [27, 34].

Table 2. Sum of negative (hydrophobic) and positive
(hydrophilic) transfer energies of atoms of the 20 amino-acids.
EtrPhii and EtrPhoi are hydrophilic (positive values) and hydro-
phobic (negative values) energies of transfer respectively. The
absolute value of the sum of negative atomic transfer energy
is in column 2 and the sum of positive atomic transfer energy
is in column 3.

Amino-acid abs(ΣΣΣΣΣEtrPhoi) ΣΣΣΣΣEtrPhi i Ratio

(kcal·mol–1) (kcal·mol–1)

A (Ala) 9.61 6.90 1.39

C (Cys) 12.36 7.93 1.55

D (Asp) 11.12 12.56 0.89

E (Glu) 15.17 12.56 1.21

F (Phe) 18.68 6.90 2.71

G (Gly) 5.56 6.90 0.81

H (His) 16.68 15.03 1.11

I (Ile) 21.75 6.90 3.16

K (Lys) 21.75 13.02 1.67

L (Leu) 21.75 6.90 3.16

M (Met) 20.45 6.90 2.96

N (Asn) 11.12 14.83 0.75

P (Pro) 17.70 5.87 3.02

Q (Gln) 15.17 14.83 1.02

R (Arg) 19.21 21.15 0.91

S (Ser) 9.61 10.76 0.89

T( Thr) 13.65 10.76 1.27

V (Val) 17.70 6.90 2.57

W (Trp) 21.71 10.96 1.98

Y (Tyr) 18.68 10.76 1.74

Figure 1. Representation of the different steps of the procedure
to detect asymmetric amphipathic peptides out of the primary
sequence of proteins (see Methods).
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The orientation of the peptide at the interface was com-
puted as follows (Figure 2). n is the number of alpha carbons
in the peptide. 

r

C1 , 
r

C3 ,
r

Cn−2  and
r

Cn  are the position vectors
of the first, third, n-2 and last alpha carbons.

r

A1  and
r

A2  are
two vectors computed with Eqs. 4 and 5. A normed vector
r

A , which is oriented nearly parallel to the helix axis, is com-
puted by Eq. 6. A normed vector 

r

P , whose direction is per-
pendicular to the interface, is computed by the Eq. 7. As

r

A
and

r

P  are normed vectors, their scalar product is the cosine
of the angle between them. This angle between the helix and
the perpendicular to the interface, γ, is obtained by Eq. 8.
The angle δ between the helix axis and the interface is given
by the Eq. 9. Peptides were kept when this angle was be-
tween 30 and 60 degrees.

r r r

A C C1 1 3= + (4)

r r r

A C Cn n2 2= +− (5)

r

r r

r rA
A A

A A
=

−

−
2 1

2 1
(6)

r

r r

r r
P

C C

C C

pho phi

pho phi
= −

− (7)

( )γ = ⋅arccos
r r

P A (8)

δ γ= −90 (9)

Representation of the interface

To represent the lipid-water interface, the position of the in-
terface was computed as explained above, and represented
as a plane. When there was an experimental structure for the

Figure 2. Representation of the different vectors used to
calculate the angle of helix insertion in an hydrophilic/
hydrophobic interface. Etr are energies of transfer of atoms
(Table 1). The top graph represents the peptide alpha helix,
with position vectors of α carbons (C1, C3, Cn-2, Cn), and the
vector 

r

P  (equation 7) joining hydrophobic and hydrophilic
centres (perpendicular to the interface). The bottom graph
plots the computed vectors: 

r

A1  and 
r

A2  are the two sum
vectors (equations 4 and 5), 

r

A  is the difference between 
r

A1
and 

r

A2  (equation 6), and is parallel to the helix axis.
Computed angles, γ (equation 8) and δ (equation 9), the angle
between the helix and the interface, are indicated.
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peptide, it was used for the orientation. If hydrogens were
not present in this structure, they were added to all but car-
bon atoms with respect to valence angles and bond lengths
of the united-atoms AMBER force field. If no experimental
structure existed, peptides were constructed as explained
above. The only difference was during the optimisation of
lateral chains, where all atoms were taken into account, and
two iterations performed. Amino- and carboxy-extremities
were not added. The only exception was viral fusion peptides,
where the amino-extremity was added: this extremity is
present in the active form.

Molecular Hydrophobicity Potentials (MHP)

Hydrophobicity profiles of peptides were calculated using
the MHP method [26], on a tridimensional grid, with a preci-
sion of 3 Å.

fij, the portion of atom i covered by an atom j, was com-
puted by Eq. 10 for each atom couple [35], where ri and rj
are the atoms van der Waals radius, dij the distance between
them, rsol the solvent radius (1.4 Å). fij was null if the dis-
tance between the two atoms was large enough to accommo-
date a solvent molecule between them.

( )
f

r

r r

d r r

rij
j

i j

ij i j

sol

=
+

−
− −









2

2
4

1
2 (10)

fi is the fraction of the surface of the atom i which is
accessible to the solvent. fi was computed for each atom by
Eq. 11.

f fi ij
i

m

= −
=
∑1

1
(11)

The Eq. 12 was used to obtain the hydrophobic potential
MHP on each point of the grid. di is the distance between the
point and the atom i, ri is the van der Waals radius of the
atom i, and Etr are the transfer energies of atoms (Table 1).

( )[ ]MHP = − −
=
∑ E f r dtr

i i i
i

m
i exp

1
(12)

Once the potential MHP was computed at each point, lines
of hydrophobic (–0.1 kcal·mol–1) and hydrophilic (0.1
kcal·mol–1) isopotentials were calculated and drawn in 3D
around the molecule.

Software

Calculations for molecular modelling and manipulations of
calculated structures were performed with WinMGM soft-
ware (Windows Molecular Graphic Manipulation [36]). Pep-
tide search and data banks manipulation has been performed
with the WinDNA program. Both programs were run under
Windows NT 3.51, on 60 and 90 MHz pentium computers.

Table 3. Proteins with amphipathic asymmetric peptides
found in the set I (NRL data bank [23]). Column 1 gives the
size of the window used for the search of amphipathic
asymmetric peptides. Column 2 gives the total number of
proteins found. The three last columns give the percentages
of peptides that have the corresponding secondary structure.

Window Proteins Helix Sheet Coil

size

11 499 37 26 37

12 289 33 20 47

13 239 35 22 43

14 207 28 18 54

15 167 31 20 49

16 138 38 20 42

17 107 32 20 48

18 79 37 19 44

Table 4. Number of proteins retrieved in the set II (Swiss
Prot [20] and NBRF [21] data banks), with the different
window sizes. Column 1 gives the size of the window used in
the search. Column 2 gives the total number of proteins; the
3, the number of proteins where an amphipathic asymmetric
peptide was found in the signal sequence; the 4, the number
of proteins where an amphipathic asymmetric peptide was
found in a transmembrane area. In columns 2- 4, the first
number is the total number for the original non redundant
bank.

Window Proteins Signal sequence Transmembrane
size number number number

1419 168 104

11 854 141 94

12 803 135 93

13 736 127 92

14 678 118 90

15 637 106 90

16 579 94 88

17 528 78 86

18 476 67 82
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Results and discussion

Data Banks of sequences.

Sequence data banks are not homogenous representations of
all families of proteins. Numerous sequences of one family
can be present while a single member, or even none, of other
families are present. Since our purpose was to test how fu-
sion-like peptides are distributed in all kinds of proteins, we
were interested in a non-redundant bank of sequences. In
order to decrease the redundancy, each sequence of set I (NRL
bank) and each sequence of set II (Swiss Prot plus PIR banks)
was aligned with all following sequences of their respective
set, using the alignment program ClustalW [24]. If two se-
quences were similar, the second was discarded. This proce-
dure had a very drastic effect: set I decreased from 5069 to
863 sequences. Set II dropped from 69118 to 1419 sequences.

Detection of tilted peptides in non-redundant data banks.

Set I (NRL bank) contains proteins for which the structure is
experimentally known. The procedure to detect amphipathic
asymmetric helices was carried out on the sequences of set I
as defined in Methods (Table 3). Since true structures are
known, predictions as well as true structures are presented in

the Table 3. This analysis demonstrate that some peptides
are not always helical. In fact some tilted peptides of pro-
teins are beta strands and coiled in structure. These results
should not refute the hypothesis, since some viral fusion
peptides (e.g. the haemagglutinin [37]) are beta strands when
buried inside fusion proteins and convert into alpha helices,
when unmasked, to interact with the membrane of the host
cell [4]. Therefore, it is important to keep in mind that changes
of secondary structures might be possible and linked to a
resting/functioning switch of the fragment structure. We sug-
gest therefore that the helix could be the active form of the
peptide and the beta strand the quiescent one.

The transmembrane proteins of set I (NRL bank) identi-
fied as having tilted peptides were the two photosynthetic
reaction centre, prc [38, 39] and rcr [40], and the bacterio-
rhodopsin bct [41]. All have alpha-helical bundle structures
and have at least one tilted peptide located in the transmem-
brane region. Furthermore, no tilted peptide was detected
from the porin sequence (the last transmembrane proteins of
set I), which has a beta sheet barrel structure [42, 43]. When
the window of analysis of primary sequences was length-
ened (Table 3), the transmembrane proteins remained but most
globular proteins disappeared. Therefore, tilted peptides of
these three transmembrane proteins are longer than tilted
peptides of globular proteins.

PDB code and peptide limit Sequence Angle between the helix Transmembrane
and the interface (°)

1bct, 177-192 vtvvlwsaypvvwlig 43 yes

1bct, 195-212 gagivplnietllfmvld 35 yes

2rcr, H, 11-28 dlaslaiysfwiflagli 45 yes

2rcr, H, 53-67 qgpfplpkpktfilp 50 no

2rcr, L, 21-37 lfdfwvgpfyvgffgva 56 no

2rcr, L, 40-55 ffaalgiiliawsavl 43 yes

2rcr, L, 63-75 lisvyppaleygl 49 no

2rcr, L, 111-128 lgigyhipfafafailay 54 yes

2rcr, L, 174-189 miaisffftnalalal 57 yes

2rcr, L, 234-251 lllslsavffsalcmiit 35 yes

2rcr, M, 49-66 piylgslgvlslfsglmw 47 mostly

2rcr, M, 90-100 fffsleppape 57 no

2rcr, M, 106-123 aaplkegglwliasffmf 39 yes

2rcr, M, 147-164 awaflsaiwlwmvlgfir 34 yes

2rcr, M, 203-218 glsiaflygsallfam 47 yes

2rcr, M, 268-285 waiwmavlvtltggigil 51 yes

Table 5. Different amphipathic asymmetric peptides found
in bacteriorhodopsin (1bct) and photosynthetic reaction
centre (2rcr). The first column gives the NRL code of the
protein and the position of the peptide. The second column

give its sequence, and the third, the angle between the axis
of the amphipathic asymmetric peptide helix and the interface
plane.
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In general, the soluble proteins selected in set I are not
expected to interact with lipids, except for the lipases (1thg
[44], 1tca [45], 3tgl [46], 1hpla [47], 1tahb [48]) and
apolipoprotein D (2apd [49]). Whether tilted peptides of the
proteins that do not interact with lipids such as the t-RNA
synthase, the dehydrogenases, hydrolases, etc. interact with
other hydrophobic/hydrophilic interfaces, such as that be-
tween the hydrophobic core of a protein and its hydrophilic
surface [50] remains to be explored.

Set II contains proteins with unknown structure. More
protein families are represented in set II than in set I, i.e.

soluble proteins are still numerous but the relative represen-
tation of transmembrane proteins is higher than in set I (7 %
as compared to 0.2 %). The procedure of detection of tilted
peptides was carried out (Table 4). Using a window of 11
residues, 60 % of the proteins (854 out of 1419 proteins)
were positive. From the analysis of set I, we concluded that
tilted peptides were present in transmembrane proteins. From
the analysis of set II, we concluded that tilted peptides were
in fact frequent in transmembrane proteins, since 92 % (96
out of 104 membrane proteins) of those proteins have at least
one tilted peptide. We further conclude that tilted peptides

Figure 3. On the left, a few transmembrane amphipathic
asymmetric peptides from 2rcr: up is 234-251 of chain L,
middle is 106-123 of chain M, bottom is 11-28 of chain H.
Amino- and carboxy-ends, angles between peptide axis and
the interface (see Methods) are indicated on the figure. All
peptides are taken from the experimental structure, positioned
relative to the lipid-water interface (in violet), oriented with
the lipid part of the membrane up (lipidic and water phases
are indicated). The entire transmembrane area of 2rcr is
represented on the right. Their MHP is computed:

hydrophobic isopotentials (-0.1 kcal·mol–1) are in orange,
hydrophilic ones (0.1 kcal·mol–1) are in green. In the entire
transmembrane domain, the different transmembrane
amphipathic asymmetric peptides are coloured. From chain
H: 11-28 in white; from chain L: 40-55 in red, 111-128 in
green, 174-189 in blue, 234-251 in yellow; from chain M:
49-66 in magenta, 106-123 in cyan, 147-164 in orange, 203-
218 in purple and 268-285 in pink. The MHP around the
entire domain shows it as entirely hydrophobic, and so stable
in lipids.
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are more frequently observed in transmembrane proteins than
in the whole set (92 % as compared to 60 %). Tilted peptides
of transmembrane proteins are mainly located in the
intramembrane domains (location of those domains are only
predicted since no experimental confirmation is available).
Tilted peptides of transmembrane proteins are longer than
those of other proteins: lengthening the screening window
from 11 to 18 residues favours the selection of transmem-
brane proteins over the others since the percentage of trans-
membrane proteins then increases from 11 to 17 % of all
selected peptides. This supports the hypothesis that tilted
peptides of transmembrane proteins are longer than those of
other kinds of proteins. Furthermore, analysis of Table 4 sup-
ports the proposal that an optimal window to detect tilted
peptides in transmembrane proteins using our algorithm is
18 residues, since 79 % of the tilted peptides of membrane
proteins were detected and 17 % of all tilted peptides were
from the 7 % of transmembrane proteins.

Signal sequences are involved in the secretion of proteins
and could interact with membranes to initiate the protein
transfer [16]. This process has analogies with the viral fusion
and it seems reasonable to suggest that tilted peptides could

be involved in the insertion process as in viral fusion. Tilted
peptides are present in 89 % of the documented signal se-
quences (149 out of 168), in the proteins of set II. The fre-
quency is nearly as high as for transmembrane proteins. Tilted
peptides of signal sequences are shorter than those of trans-
membrane proteins since increasing the screening window
from 11 to 18 residues, reduced selection of signal sequences
by 52 %, whereas selected transmembrane proteins are de-
creased by only 13 %. This suggests that the length of tilted
peptides is related to their stability in the membrane since
signal peptides with shorter tilted peptides cross the mem-
brane whereas transmembrane proteins are stabilised within.

In set II, as in set I, many soluble proteins were selected
with tilted peptides in an area for which no function is indi-
cated. It is probable that for some of those proteins, the se-
lected peptide is part of a transmembrane or signal region,
which has not been identified. Some of those proteins also
interact with lipids, such as apolipoproteins B and D, and
lipases.

Transmembrane Proteins

As the 3D structure of most membrane proteins is unknown,
we focused our examination on the 3 proteins having a re-
solved alpha-helical structure: the two photosynthesis reac-
tion centres (1prc [38, 39], 2rcr [40]) and bacteriorhodopsin
[41]. Both photosynthesis reaction centres are similar
multimeric transmembrane proteins, 1prc contains 4 chains:

Figure 4. Viral fusion peptide of BLV on left (269-280) and
HIV on right (478-489). The representation of interface, MHP,
Amino- and carboxy-end, insertion angle are the same as in
Figure 3.
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are present. For completeness, we added the missing chains
of 2rcr. 1prc, redundant with 2rcr, was discarded.

By increasing the size of the screening window, overlap-
ping fragments of sequences were selected as tilted peptides;
the consensus peptides are listed in Table 5. Most tilted
peptides are transmembranous, except when specified. The
molecular hydrophobicity isopotential profiles (MHP [26])
and the angle of insertion at a hydrophobic/hydrophilic in-
terface of all selected fragments were calculated from the
PDB coordinates (Figure 3). All structures have a large hy-
drophobic envelope with hydrophilic patches. Hydrophobicity
isopotential profiles were very similar to those predicted for
the virus fusion peptides of BLV (269-280) and HIV (478-
489) (Figure 4).

Thus transmembrane peptides, stably inserted quasi-per-
pendicularly with respect to the membrane surface, when in
the protein core, undergo a tilted orientation when alone and
have the same hydrophobicity profile as the tilted peptides
of virus fusion proteins which are unstable in membranes. In
the case of the photosynthetic reaction centres, if MHP is
computed out of the entire transmembrane area, the domain
is clearly hydrophobic (Figure 3), and inserted perpendicu-
larly to the lipid/water interface. Therefore one hypothesis is
that tilted peptides destabilise lipids bilayers during their in-

C, H, L and M, 2rcr contains 3 chains: L, H and M. Chains
with the same name are homologous between the two pro-
teins. It is worth noting that since the algorithm used removed
redundancy, all the chains of photosynthesis reaction centres
were not in the data bank searched: only M and C of 1prc (H
and L are absent since they were discarded as redundant to
the H and L chains of 2rcr) and L and H of 2rcr (M is absent
because it was discarded as redundant to the M chain of 1prc)

Figure 5. On the left are the amphipathic asymmetric peptide
and the lid from 1thg lipase. The helix of the lid (from the
experimental structure) is on the top, the amphipathic
asymmetric peptide, with its conformation from the
experimental structure is on the middle, the same peptide put
in helix at the bottom. The representation of interface, MHP,
amino- and carboxy-end, insertion angle are the same as in
Figure 3. On the right is the entire protein. The backbone of
the protein is represented in grey. The residues of the catalytic
site are in red. They are covered by the amphipathic
asymmetric peptide, whose residues are in magenta. The helix
of the lid is in cyan. Note that the amphipathic asymmetric
peptide is far more hydrophobic than the lid, with protruding
hydrophobic residues.
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Figure 6. The 6 amphipathic asymmetric peptides from signal
sequences presented in Table 6. The representation of
interface, MHP, Amino- and carboxy-end, insertion angle are
the same as in Figure 3. Note the variety of the patterns of
the hydrophilic patches on the different peptides.

dividual insertion and that, via helix-helix interactions, hy-
drophilic domains are buried. This suggests a role for tilted
peptides in the insertion of proteins in membranes and inter-
actions between helices.

Lipases

In the lipases, the recognition site for lipids is a very mobile
amphipathic helix (the lid) whose hydrophobic side seems to
cover the catalytic site, while the hydrophilic side faces the
solvent. The catalytic site is unmasked when the lipase reaches
a water/lipid interface, undergoing interfacial activation [51,
52, 53]. During lipid hydrolysis, the hydrophobic side of the
helix is in contact with acyl chains and holds lipid in a cor-
rect orientation to present the ester bond inside the catalytic
site.

Due to their putative mechanism of action, we examined
whether, in the tridimensional structure, a region close to the
recognition site of lipases contains a tilted peptide. In set I,
the following lipases have tilted peptides: 1thg (triacylglycerol
lipase from Geotrichum candidum [44]) in 23-34, 71-84, 117-
134 and 309-323, 1tca (triacylglycerol hydrolase from Can-
dida antarctica, form B [45]) in 27-39, 59-74 and 275-287,
3tgl (triacylglycerol lipase from Rhizomucor miehei [46]) in
45-56, 88-98 and 200-214, 1hpla (triacylglycerol hydrolase,
chain a, from Equus caballus [47]) in 16-30 and 207-219,
1tahb (triacylglycerol hydrolase, chain b, from Pseudomonas
glumae [48]) in 243-254.

Here, we focus our study on the 309-323 tilted peptide of
1thg. It follows the helix of the lipid recognition site (294-
308), and is located just over the catalytic site (Figure 5).
The tilted peptide, in the free form, is part of a long exposed
loop which joins the helix of the recognition site to the core
of the protein. We have calculated the orientation relative to
the interface of the lipid recognition site helix (294-308) and
of the amphipathic asymmetric peptide (309-323). MHP were
also computed on both peptides. According to those results
(Figure 5), the helix 294-308, is amphipathic, and lies paral-
lel to interface, while the loop 309-323 lies obliquely (Fig-
ure 5).
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The N-terminal part of this loop contains mainly hydro-
phobic residues (its sequence is LFGLLP) and is the most
exposed region of the sequence in the experimental struc-
ture. This exposed hydrophobic area could interact with lipids
when the enzyme meets its substrate, and then adopts a heli-
cal conformation. In this conformation, the peptide lies ob-
liquely relative to the theoretical lipid/water interface, with
FGLLP residues in the lipid part. Its MHP profile is similar
to that of transmembrane helices and viral fusion peptides
(Figure 5).

Signal sequences

An important fraction of signal sequences present in the bank,
149 out of 168 (89 %), contains a short to medium sized
amphipathic asymmetric peptide (Table 4). Those proteins
have diverse functions: they are transmembrane proteins,
cellular receptors, toxins, enzymes and hormones... The size
range of the signal sequences is wide (most have between 18
and 30 residues), while most amphipathic asymmetric
peptides found within them are relatively short (11-15 resi-
dues).

As most selected signal sequences are indicated as “po-
tential” or “by homology”, we selected a few well estab-
lished signal sequences (Table 6). The related proteins cover
various targeting: insertion in the membrane (the insulin re-
ceptor and chaoptin), secretion (apolipoprotein B-100 [16],
glucagon, extracellular superoxide dismutase), and viral
capside protein. We modelled the amphipathic asymmetric
peptide as an alpha-helix since helicity of signal peptides
increases when inserted into lipids [30], and inserted the
peptides into a lipid-water interface and computed their MHP.

Results are presented in Figure 6: all amphipathic asymmet-
ric peptides present a similar hydrophobicity profile, mostly
hydrophobic, with a few hydrophilic areas which have great
homology with those of viral, transmembranous and lipase
amphipathic asymmetric peptides (Table 6).

Two observations can be made. Firstly, although almost
90 % of signal sequences have amphipathic asymmetric pep-
tide, the remaining 10 % does not contain one. Thus the pres-
ence of an amphipathic asymmetric peptide suggests at least
one mechanism by which the targeting can be made, but oth-
ers may exist. Secondly, the amphipathic asymmetric pep-
tide is part of the signal peptide, but never the entire sequence.
We can thus suppose that the activity of the tilted peptide
(i.e. specificity) is controlled by the other domains of the
signal peptide.

Conclusion

We have developed a strategy to identify amphipathic asym-
metric peptides in primary sequences of proteins. This ena-
bled us to screen protein data banks for such peptides in a
systematic manner. We found different kinds of amphipathic
asymmetric peptides, those in transmembrane proteins, those
in lipases, those in signal sequences. We therefore propose
that those peptides are implicated in different functions: in-
sertion in the membrane, destabilisation of lipids, and tar-
geting. Thus, in this study we have demonstrated that se-
quences corresponding to amphipathic asymmetric peptides
are very general feature of proteins rather than a specificity
of viral fusion proteins.

Table 6. A few proteins from set II (Swiss Prot [20] and NBRF [21] data banks) with an amphipathic asymmetric peptide in
their signal sequence. The first column indicate the id of the protein, the second one, its name, the third, the length of the
amphipathic asymmetric peptide, the fourth, the sequence of the signal peptide (the amphipathic asymmetric peptide is in
bold), and the last one, the angle formed by the amphipathic asymmetric peptide (modelled as an alpha-helix) and the lipid-
water interface.

Protein Name Length Signal sequence Angle between the helix

and the interface (°)

apb_human apolipoprotein 18 mdpprpalla llalpall ll llagara 56

b-100 precursor

chao_drome chaoptin precursor 18 mglefffkfg yvfltitlm i miwmslara 41

gluc_chick glucagon precursor 18 mkmksiyfia glllmivqg s wq 42

insr_human insulin receptor precursor 18 mgtggrrgaa aapllvavaa lllgaag 38

sode_human extracellular superoxide 15 mlallcscll laagasda 58

dismutase precursor

vglg_rabva spike glycoprotein 13 mvpqvllfvl llgfs lcfg 50

precursor (rabies virus)
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