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A number of soluble proteins that insert into mem-
branes show a characteristic hairpin bent helix—helix
pair, which is presumed to play an important role in
insertion into the lipid membrane. However, little is
known about the energetics of membrane insertion of
such proteins. It is predicted that the spontaneous inser-
tion of hydrophobic helical proteins into lipid bilayers
is mainly driven by a hydrophobic free-energy and inter-
action of polar and charged side chains of protein with
the solvent. With a consideration of hairpin bent o-
helix as an ‘elliptical frustrum’ we have demonstrated
that insertion of such bent o-helices into the lipid
bilayers is an outcome of various free energies like sol-
vation, lipid perturbation, protein immobilization in
lipid and packing energy. Different physical origins
and different magnitudes of various free energies sat-
isfy this model for insertion into the membranes.

CELLS exchange protein chains between their membrane-
limited compartments in order to survive. Insertion of
protein segments of certain proteins into the membranes
is accomplished either by the formation of a helical hair-
pin structure or by a B-barrel structure. However, very lit-
tle is known about the energetics of interaction between
lipids and proteins. A detailed characterization of the ener-
getics of insertion of ct-helices into membranes is an impor-
tant step to gain an insight into the mechanism of
insertion. It would also be useful to predict from either
the 1D sequence or 3D structure of a protein whether a
given peptide sequence will be in a position to insert into
the membrane or not. The measurement of free-energy
change associated with a single helix binding to bilayers
has been attempted in a number of systems like melittin',
cytochrome bs (ref. 2) and polyalanineJ 4 However a very
small number of proteins have been studied for a hairpin
bend o-helical pair insertion. It is believed that the o-heli-
cal domains of diphtheria toxin and colicin A which have
a buried pair of long apolar helices, belong to this cate-
gory.

The mechanism of insertion of helical hairpins has
been predicted to follow the helical hairpin hypothesis’
according to which the spontaneous insertion of a hydro-
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phobic helical protein into a lipid bilayer is mainly driven
by a hydrophobic free-energy of about 60 kcal/mole. The
helical hairpin hypothesis has been further extended by
Jacobs and White®, who emphasized the role of lipid—
protein interface in the helix formation and insertion into
the lipid bilayer. While making the hairpin hypothesis,
only hydrophobic forces and interactions of polar and
charged side chains with the solvent, were taken into ac-
count. We consider here the physical origins as well as
the magnitudes of the various free-energy contributions
to the transfer of hairpin bend segments of some of the
proteins like Diphtheria toxin (DT), Bacillus thuringiensis
CrylAa, Cry3A (whose solution structures are known)
from aqueous phase to the nonpolar, lipid environment.

It has been predicted that these ‘hydrophobic hairpins’
become unshielded through conformational rearrange-
ments triggered by environmental conditions and/or in-
termolecular contacts, allowing the hairpins to insert into
their respective target bilayers7. This can be seen as a
two-step process (Figure 1). In the first step, the helical
hairpin undergoes a conformational change from the sta-
ble native state in water (N,) to an open state (/;) on
change in local environment, e.g. lower pH found in endo-
somes after receptor-mediated endocytosis. This conforma-
tion is a metastable state as it resides on a local minimum
in the free-energy diagram. Hence, /; can insert into the
membrane into its thermodynamically stable transmem-
brane state (V)), which can subsequently oligomerize.

The free-energy change associated with the transfer of
a protein or protein fragment from an aqueous solution
into a lipid membrane involves several contributions of
different origin. The standard transfer free-energy, AG’,
is often written as the sum of a solvation free-energy,
AG.), a lipid perturbation free-energy, AGﬂp. a term which
results from immobilization of the protein in the mem-
brane environment, AG,),,, and the packing energy term,
AGpgckmg. which takes into account the free-energy change
that takes place due to change in the interactions between
the two helices and due to the conformational changes* **.
The magnitude of the contribution of the various terms to
AG" depends on the detailed molecular structure of the
protein and the lipid membrane. However, very little is
known about membrane—protein interactions and hence a
detailed study of transmembrane proteins has not been
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Figure 1.

Figure 2.

Lipid bilayer inserted hairpin bent protein is similar to ‘El-
liptical-frustum”.

possible. Nevertheless, some general insights into the
mechanisms governing protein insertion into membranes
can be gained by considering simple model systems. In
this paper, we present a model for the energetics of inser-
tion of the helical hairpin. Our treatment demonstrates
how each of the free-energy terms contribute to the feasi-
bility of protein insertion process, and helps to predict the
portions of the protein that tend to be present in mem-
brane as transmembrane helices in the form of a hairpin
bend. In agreement with previous work, the hydrophobic
effect is found to provide the major driving force for he-
lix insertion’. However, an opposing effect of comparable
magnitude is also identified and attributed to the large
free-energy penalty associated with the relocation of pep-
tide hydrogen bonds on transfer to the low dielectric envi-
ronment of the bilayer. Lipid perturbation effects as well
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Two-step process of helical hairpin insertion in lipid bilayer.

as the entropy loss associated with helix immobilization
in the bilayer are also evaluated by a method previously
publishedg. However, the most influential contribution is
expected to come from the packing energy term, which
forms the major factor in determining the feasibility of
helix insertion.

We have calculated the net free-energy change for each
of our bi-helical systems and on this basis we have pre-
dicted which of the systems can insert into the membrane
in the form of hairpin bend.

Model

We have put forward a model to simulate the insertion of
a helix—turn—helix motif (hairpin bend) protein into
membranes. We have assumed the membrane to be a di-
electric slab of total area 4 and a hydrophobic core of
thickness d;. The membrane is embedded in an aqueous
solution of total volume V. Let us assume that the hairpin
bend protein has a shape similar to ‘elliptical frustum’,
with two different radii at each face and the length dp
(Figure 2). We are assuming each helix of the system to
be a uniform cylinder of radius » = 5 A and length d. The
angle between the two helices in the lipid environment
was obtained as discussed in methodology.

We then proceed to replace this elliptical frustrum by
an equivalent cylinder (Figure 3) as follows. The length
dp of the polypeptide is taken to be equal to the average
length of the two helices. The radius rp of the equivalent
cylinder is based on surface area as well as the volume
calculations. The basis of this assumption is that, free-
energy is a surface and volume property and not a geo-
metrical property. So, we replace the elliptical frustrum
by a cylinder of equal volume or surface volume and
whose length is the average of the two individual helices.
The values of dp and rp based on surface area and vol-
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Figure 3. Replacement of elliptical frustum by an equivalent cylinder.
Table 1. Measurement parameters for different systems
Equivalent Width of Angle
Vol. rad, rp cylinder membrane between two

System Sequence (A) length, dp (A) slab, di (A) helices (A)
DT TH8 TH9 326-347, 358-376 6.87 31.23 30 15
DT TH1 TH2 206-222, 224-232 6.97 18.64 30 34
Bel-2 H5 H6 143-165, 168-191 7.18 34.54 30 23
Bel-xI H5 H6 137-156, 160-170 7.00 27.98 30 24%
CrylAa 124-148, 154-178 7.14 33.07 30 23%*
Cry3A 160-182, 187-215 6.94 38.71 30 14%
Colicin A H1 H2 8-30,32-46 6.89 28.17 30 17.5%
Colicin A H2 H3 32-46, 56-67 7.05 19.15 30 38*
Colicin A H3 H4 56-67, 76-87 7.16 15.96 30 55%
Colicin A H4 H5 76-87,91-101 7.72 10.85 30 102%*
Colicin A H5 H6 91-101, 110-127 7.89 1591 30 86*
Colicin A H6 H7 110-127,131-142 7.06 21.57 30 33*
Colicin A H7 H8 131-142, 147-164 6.85 22.12 30 21%*
Colicin A H8 H9 147-164, 169185 6.90 25.85 30 20
Colicin A H9 H10 169-185, 190-199 6.92 19.60 30 20%
Haemoglobin H15 H16 ~ 99-117, 123-143 6.93 29.63 30 18%*

ume, for our test protein systems are listed in Table 1.
Since values of ‘surface radii’ and ‘volume radii’ are almost
equal (see Table 1), we are reporting the free-energy val-
ues for calculations based on ‘volume radii’.

The protein will be considered as ‘incorporated’, if its
center of mass is within the hydrophobic core of the
membrane. Furthermore, we assume that in the minimum
free-energy configuration of the helical hairpin in the
membrane, the axis of the equivalent cylinder is perpen-
dicular to the membrane plane, with its center of mass loca-
ted at the mid-plane between the two lipid leaflets. This
model is similar to the model proposed earlier’, but with
the equivalent radius and length of a helical hairpin seg-
ment. In the current model we have equated our helical
hairpin to a solid cylinder. Both the AGﬁp and AGSW, for
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the incorporation of a solid cylinder into the membrane
have been calculated as explained in the methodology
section. The equilibrium distribution of proteins between
the membrane and the solution is determined by the
equality of the protein chemical potentials in the two
phases, which in turn depend upon the net free-energy
change that takes place when the polypeptide gets trans-
ferred from the aqueous phase to the non-polar phase.

The loop joining the two helices either crosses to the
other side of the membrane or it remains in the exterior
medium, depending upon the position of hairpin bend. In
both the configurations, it remains in the aqueous phase.
So, in considering the free-energy changes of the hairpin
bend polypeptide, we do not consider any net free-energy
change associated with the loop.
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Methodology

First the elliptical frustrum was converted to an equiva-
lent cylinder. For this purpose, we obtain the angle be-
tween the two helices by first minimizing the structure of
the bi-helical system with the constraints that the back-
bone remains as a helical hairpin, using 1000 conjugate
gradient iterations and the CVFF force-field, in n-octanol
solvent, using the DISCOVER module of INSIGHTII
software.

As explained in references 5, 6 and 8, the total free-
energy difference for insertion into the membrane (AG")
can be decomposed into the terms connoting solvation
free-energy (AGS%IV). lipid perturbation effects (AG,in) and
peptide immobilization effects (AG,-?,,m)A along with an
additional contribution from energy changes due to pep-
tide conformational changes. In the case of hairpin bend
system with two helices, it refers to the energy due to the
difference in the interactions between the two helices in
the two media. We will call this ‘conformational and in-
teraction energy’ term as the ‘packing energy’ term. It
can be denoted by AG oking. Thus, we have

AGO = AGS%IV + AG?lp + AGi?nm + AGng:king- (1)

Solvation free-energy AGS%IV is by itself composed of the
non-polar interactions (AGﬂp) and electrostatic effects
(AGY,), that is,

AC;s(z)lv = AGgp + AGgle~ (2)

AGL,, is the free-energy of transfer of a solute from water
to a bulk hydrocarbon phase. It accounts for electrostatic
contributions resulting from changes in the solvent di-
electric constant and partitioning the hydrogen bonds
from the aqueous to the membrane phase as well as for
the van der Waal’s interactions and solvent structure ef-
fects, which are grouped in the nonpolar term and to-
gether define the classical hydrophobic effect. This term
was estimated® for the hairpin insertion, to be —60 kcal/
mole. In principle, lipid perturbation term should also be
included in this because, lipid perturbation effects have
much in common with the hydrophobic effect in that both
involve disruption of the solvent structure owing to the
presence of solute*. Nevertheless, we have preferred to
define AGY), as a separate term because it is calculated
from water to n-octanol phase transfer data, whereas
AGloip is estimated separately.

Calculations of the AGS), were based on the transfer free
energies of the amino acid residues from water to octanol.
Such values of transfer energies were obtained from the
data regarding the partitioning of N-acetyl-amino acid-
amides between water and octanol'’. These transfer ener-
gies take into account the change in dielectric medium,
change in hydrophobic and electrostatic interactions with
the solvent, as well as the extent of intermolecular hydro-
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gen bonds with the solvent molecules. These values contain
the contributions from the nonpolar as well as electro-
static interactions, in them.

A direct estimate of AGﬂp can be obtained based on the
molecular-level model of lipid—protein interaction''. In
this approach, the changes in the chain conformation and
headgroup interaction free energies are calculated as a
function of dp and d. Explicit numerical results were re-
ported only for a cylindrical protein of cross-sectional
rp — oo, that is, rp > rp, where r is the average distance
between lipid head groups. In principle, the same kind of
calculation can be carried out for any rp value. The numeri-
cal results obtained for the large protein case suggest that,
to a good approximation the lipid—protein interaction
free-energy can be expressed in the form

AGyy = AGiipo + 0.5N,k(dp — dyp)’. (3)

The first term here represents the lipid perturbation free-
energy for the case of zero hydrophobic mismatch and the
value of this term is got by using the formula AGy =
0.22*L. In this expression, ‘L’ denotes the circumference
of the cylinder''. The second term accounts for the addi-
tional free-energy cost in cases of finite mismatch. The
concept of the hydrophobic mismatch plays an important
role in various models of lipid—protein interactions in
membranes. A representation similar to the above equa-
tion, was first suggested in the ‘mattress model’'? of
lipid—protein interaction. However, their calculation of
the restoring force Kk is based on a different model than
the one adopted in the present paper. The numerical val-
ues corresponding to the lipid perturbation energy in the
case of a flat protein wall (rp > ) and a lipid bilayer in
which the average cross-sectional area per chain (at the
octanol-water interface is ~34 A’ (implying r = 3.3 A)
are AGipo~ 0220, keal/mole A and N,k = L x 0.09 kcal/
mole A, where L is the length of the protein (cross-
sectional) circumference. For a smaller, curved inclusion
such as helices of radii comparable to ours, the perturba-
tion free-energy should be considerably smaller. As a crude
curvature correction, we multiply the value of AGy,, by
the factor (1 — (#/rp)). Using a similar curvature correction,
we obtain the values of N,k. For the case of helices of
unequal length in a pair, we calculate the additional term
due to hydrophobic mismatch, by taking the average of
modulus of the mismatch for the two helices.

In bulk solution the hairpin has three translational de-
grees of freedom of its center of mass and three rotational
degrees of freedom. Upon insertion into the membrane,
the helical hairpin retains two free translations and two
free rotations, the two translations in the xy plane and the
rotations W (around helix axis) and ¢ (azimuthal angle be-
tween the helix axis projection in the xy plane and x axis),
specifically 0 <y <27 and 0 < ¢ <2xn. The confinement
of the translational and rotational motion results in an en-
tropy loss for the hairpin in the membrane compared with
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its free motion in solution. This effect is responsible for the
immobilization free-energy contribution. A detailed theo-
retical model for estimating this contribution is given by
Ben-Shaul’.

The free-energy change due to immobilization of the
protein on insertion is calculated considering the isotropy
of the lipid bilayer in xy plane. The value for reduced par-
tition function gy, was calculated’ for a single helix to
be (2Tt)1/2(kT/de). The relation between g, and the im-
mobilization free-energy change is given by the equation:

AG = _Rﬂnqin]nl~ (4)

We are using our model of ‘elliptical frustum’ as an equi-
valent single cylindrical helix with the parameters enlisted
in Table 1. Apart from the aforementioned contributions
to the free-energy of insertion of a pair of helices, there is
one more contribution, which comes from the conforma-
tional change of the hairpin on insertion. This energy
emerges from the difference in interactions between the
two helices in the two different media. It involves the
contribution from several structural terms like the changes
in the side-chain torsion angles as the peptide gets trans-
ferred to the nonpolar medium.

In the hydrophobic environment of the lipids, we would
expect the hydrogen bonds of the polar peptide backbone
to be satisfied, as their insertion into the membrane
would be highly unfavourable if hydrogen bonds were not
re-established after bilayer entry. Thus, it is important for
the peptide segment to retain its bihelical structure on in-
sertion'”. Hence, we do not expect the individual helices
to undergo any change in their secondary structure, in the
process of transfer from aqueous domain to the nonpolar
domain. So, the packing energy effectively includes only
the changes, which take place to the extent of interactions
between the helices of the pair.

This energy was acquired by calculating the packing
energy, i.e. the nonbond interaction energy between two
helices was calculated for two media and difference was
taken to be equal to AGp. using the CVFF forcefield.
Coordinates and structure files or the aqueous medium
were taken from Brookhaven Protein Data Bank as .pdb
files. The pdb files used were IMDT for Corynebacte-
rium diphtheriae Diphtheria toxin'*, 1GJH for Anti apop-
totic protein Bcel-2 (ref. 15), 1CIY for Bacillus thuringiensis
pesticidal toxin CrylAa (ref. 16), 1DLC for Bacillus thur-
ingiensis insecticidal toxin Cry3A (ref. 17), 1COL for E.
coli Colicin A (ref. 18), IMAZ for Anti apoptotic protein
Bel-xI (ref. 19) and 1BBB for Human blood monocar-
boxy Haemoglobin®.

Here, we are more concerned with those pairs of heli-
ces with length of each helix between 15 and 25 amino
acids (22.5 to 37.5 A) and with the loop joining them to
be longer than 2 amino acids (>3 A). Helices outside this
range are known to have very high values of lipid pertur-
bation free-energy cost, which makes the net free-energy
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cost to be positive disallowing any spontaneous insertion.
We have taken all the possible helical hairpins of Colicin
A to show that this result comes naturally from our
model.

Results
Diphtheria toxin, DT (THS8 and TH9)

In DT, the a-helical domain (termed the T or transmem-
brane domain) is located in the primary structure between
the amino-terminal catalytic (C) and carboxyl-terminal
receptor-binding (R) domains. After binding to its recep-
tor via the R domain, the toxin undergoes receptor-
mediated endocytosis and is conveyed to the endosomal
compartment. The acidic conditions in the compartment
promote conformational changes in the toxin that induce
the T domain to insert into the endosomal membrane, a
step required for efficient translocation of the C domain
to the cytosol. It has been proposed that the channel
formed by the T domain serves as a conduit through
which the unfolded C domain traverses the membrane”,
but direct evidence for this is lacking. However several
approaches indicate that acidic conditions within the en-
dosomal compartment (~pH 5.3) trigger a conformational
alteration of the T domain that allows the overlying heli-
ces to separate from the buried hairpin (helices TH8 and
TH9) and permits the hairpin to insert into the endosomal
membrane™ *°,

The translocation domain of diphtheria toxin consists
of nine helices arranged in three layers. The middle layer
consists of the carboxy-terminal helices, TH8 and THO,
both of which are hydrophobic and long enough to span
the membrane as shown in Figure 4. It is noteworthy that
the loop connecting the helices on one face of the helix

Diphtheria toxin THS-THY

Figure 4.
(DT).

Hydrophobic translocation domains of diphtheria toxin
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Table 2. Different contributions to total free-energy values (in kcal/mole)

System AG ol AG, AGimm AGpack AG o
DT TH8 TH9 -38.00 6.46 6.46 -42.27 ~67.35
DT THI TH2 -2.63 138.91 6.57 17.28 +160.13
Bel-2 H5 Hé6 -15.96 5.58 6.65 4631 -50.04
Bel-xI H5 H6 -18.85 9.40 6.53 0.00 -2.92
CrylAa -33.89 15.57 6.73 -91.16 -102.75
Cry3A -30.65 83.22 6.54 -151.70 -92.59
Colicin A H1 H2 -9.14 8.36 6.48 0.00 +5.70
Colicin A H2 H3 -7.23 130.30 6.65 56.50 +186.22
Colicin A H3 H4 -7.16 220.08 6.75 47.43 +267.10
Colicin A H4 H5 -1.26 464.63 7.26 59.38 +530.01
Colicin A H5 H6 -2.90 264.01 7.39 125.97 +394.47
Colicin A H6 H7 -17.64 80.69 6.65 146.69 +216.39
Colicin A H7 H8 -30.78 67.11 6.44 -14.27 +28.5

Colicin A H8 H9 -36.08 22.52 6.50 0.00 -7.06
Colicin A H9 H10 -22.59 115.76 6.52 -88.83 +10.86
Haemoglobin H15 H16 -13.07 5.15 6.51 94.23 +92.82

2

Bel-xL a5-a6

Figure 5. Antiparallel arrangement of two central helices (a5 and a6)
of Bel-xL with a crossing angle of 23°.

barrel is very acidic and a large number of charged resi-
dues reside on the face opposite to it, thereby creating a
large molecular dipole. TH8 and TH9 are known to form
ion-selective channels after insertion. The free-energy of
burying this system is well negative indicating its great
propensity to lie inside the membrane (Table 2). No other
helical pair in the translocation domain is of sufficient
length to span the membrane. Though TH6 and TH7 are
also hydrophobic in nature, their smaller size costs them
a high lipid perturbation energy, AGj;,, which makes the
total free-energy cost of insertion, AG, positive, thereby
rendering the spontaneous insertion impossible. Similar is
the case for TH1-TH4 helices, which are hydrophilic in
nature and are smaller in size.
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As evident from the results (Table 2) the hairpin bend
system THS (328-348) and TH9 (351-371) in diphtheria
toxin, is expected to undergo spontaneous insertion into
membrane by the formation of hairpin. It has been esta-
blished in the literature that only this hairpin system in
DT forms a transmembrane segment’”®, in accordance
with our results.

Bcl-2 and Bel-xI: An anti-apoptotic protein family

Bel-2, first identified as an oncogenic protein involved in
human lymphomas, belongs to a family of proteins that
regulates apoptosis. Bcl-2 and Bcl-xl both contain a
transmembrane sequence at their carboxyl terminus that
anchors the proteins in intracellular membranes, primar-
ily the endoplasmic reticulum (ER) membrane, the nu-
clear envelope, and the mitochondrial outer membrane.
The three-dimensional structures of the cytosolic domain
of Bel-2 as well as of Bel-xl reveal a striking similarity to
the pore-forming domain of diphtheria toxin and bacterial
colicins. Indeed, conductance measurements have shown
that the cytosolic domains of several members of the Bcl-
2 family and Bcl-xl have pore-forming activity in syn-
thetic lipid bilayers.

The structure of Bel-xl consists of two central o-helices
(a5 and 0:6), which are about 30 A in length, flanked on
one side by a3 and a4 and on the other by a1, a2 and o7
(Figure 5). The two central helices contain predominantly
hydrophobic residues, and are arranged in an antiparallel
fashion, with a crossing angle of 23°. Helix a6 contains a
kink at Pro 180 that causes a change in the direction of
this helix"”.

Both the proteins have membrane insertion domains
containing two central helices consisting of apolar resi-
dues, and are long enough to span a membrane. Helices
o5 and o6 and three of the surrounding amphipathic heli-
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ces (al, a3 and ad) in the Bel-xl structure align well
(rm.s.d., 2.0A for Ca positions) with corresponding
elements of the transmembrane of diphtheria toxin.

We expect these two central hydrophobic helices to get
inserted into the membrane, by assuming a hairpin struc-
ture. The free-energy cost associated with this has been
calculated and found to be very much negative, indicating
its tendency to assume transmembrane configuration.

B. thuringiensis insecticidal 8-endotoxin family
(CrylAa and Cry34)

The crystal structures of two homologous toxins (Cry3A;
Coleopteran-specific and CrylAa; Lepidopteran-specific)
have been reported”’. They contain three domains:
Domain 1 (N-termini; 220 residues) is the channel-form-
ing domain. It is a seven-helix bundle in which a central
helix (helix 5) is completely surrounded by the other six
helices. The six helices are amphipathic and long enough
to span the 30 A membrane bilayer. Domain II (central
200 residues) is the specificity-determining domain,
which binds the receptor proteins in the insect midgut
membrane. Domain III (C-termini; ~ 150 residues) is
functionally less well defined and may transduce infor-
mation from domain II (receptor binding domain) to do-
main 1 (channel-forming domain). Domain III may also
regulate channel activity, stabilize the toxin, and function
together with Domain II in receptor binding.

The structure of Domain I of insecticidal &-endotoxin
(Cry3A) is shown diagrammatically in Figure 6. In it, the

Cry3A THS-THY

Figure 6. Central helices of insecticidal 8-endotoxin of Cry 3A.
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central helix is not entirely hydrophobic as there are a
few polar residues, all of which are involved in hydrogen
bonds and salt bridges. It is likely that the central helix
plays an important role in insertion as its residues are
highly conserved throughout the 8-endotoxin family and
mutations of nonpolar residues to polar residues in the
helix inhibit pore formation®'.

Taking energy considerations, for CrylAa, it is expec-
ted that the o4 (Prol24-Leul48) and oS5 (GInl54-
Phel78) helical pair would insert spontaneously into the
membrane. Similarly, for Cry3A, o4 (Prol60-Prol82)
and o5 (Ser187-Gly215) helices are likely to form the
hairpin insertion domain.

Human blood haemoglobin

This is the protein, which resides in the blood of humans.
It is an oxygen carrier protein. Most of the amino acids in
haemoglobin form alpha helices, connected by short non-
helical segments. Haemoglobin has no beta strands and
no disulphide bonds. It consists of 16 ct-helices. A haemo-
globin molecule is composed of a protein group, known
as globin, and four heme groups, each associated with an
iron atom. Each haemoglobin molecule also has attached
a single cysteine amino acid.

Haemoglobin is a water-soluble globular protein, which
prefers to stay inside the cytosol and has no tendency to
diffuse into the membrane. We have obtained the same
results by inferring from the positive net free-energy
change, as a pair of its helices (a15 and a16), of length

Figure 7.

Hydrophobic bent at-helical hairpin of colicin A.
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just sufficient to span the membrane, gets transferred to
the nonpolar environment (octanol) from aqueous medium.

E. coli colicins

The pore-forming domain of the o channel forming tox-
ins (o0 CFTs) are characterized by three layers of 7-10
a-helices, in which the putative pore former, the hydro-
phobic helical hairpin is shielded in the middle (Figure
7). Structural changes with acidic pH are believed to ex-
pose this hairpin and allow channel formation. Increasing
evidence indicates that these toxins do not insert to form
a well-ordered oligomeric structure in the membrane.

In the case of Colicin A, previous work indicated a
‘molten globule’ intermediate for the inserted state. The
‘molten globule’ state is a partially unfolded but compact
state characterized by a marked increase in sidechain
flexibility whilst retaining a near-native secondary struc-
ture. The increased flexibility afforded by the molten
globule state reduces the energy barrier for unmasking
the hydrophobic hairpin.

The three-dimensional fold of the pore-forming domain
of Colicin consists of ten o-helices with the two outer
layers sandwiching a middle layer of three helices (heli-
ces 8, 9 and 10), the first two of which are completely
buried and consist of hydrophobic residues only. Three of
the helices (1, 8 and 9) are sufficiently long to span a
membrane. Colicins are known to preferentially insert
into negatively charged lipid bilayers at low pH. It is
known to get inserted spontaneously following the inter-
action of hydrophobic loop of the hairpin with the lipid
bilayer. The hydrophobic hairpin is known to follow a
perpendicular insertion.

Free-energy of insertion has been calculated for each
pair of consecutive helices in Colicin A. They have been
represented by a hypothetical hairpin bend structure, with
the angle between two helices in two different media to
be obtained from energy minimization using DISCOVER
module in INSIGHTII (see Table 1). In accordance with
what we expected, smaller helices have high free-energy
cost due to their higher tendency to ‘perturb’ the lipid bi-
layer (see AGy, values in Table 3), therefore they are
unlikely to enter the membrane. Only single pair of heli-
ces, a8 and a9 satisfy the negative free-energy require-

ment, and thus is expected to get inside in the form of a
hairpin (Table 2).

Discussion

Till now, not much work has been done on the problem of
hairpin bend protein insertion into a membrane. Our goal
in this paper is to determine the origin of the various con-
tributions to the free-energy of inserting a hairpin bend
o-helical peptide sequence into a lipid membrane. We
have started with basic thermodynamics and calculated
the different free-energy contributions by adopting an
‘elliptical frustum’ model for hairpin bend protein. Our cal-
culations of ‘solvation’, ‘lipid perturbation’ and ‘immobi-
lization’ free energies are not conceptually different from
those given in previous studies of the protein insertion
problem. Here we have dealt quite differently from the
previous work in the case of ‘packing free-energy’ term.
This term has never been accounted for in the previous
studies. This has been calculated by energy minimization
techniques using DISCOVER module of INSIGHTII soft-
ware. Apart from this, many hairpins, which are known to
form a hairpin inside the membrane, have been correctly
categorized as transmembrane by the free-energy values
we calculated. Then we have extended our method to
identify the other transmembrane hairpins on a few other
proteins like Bcl-xI and Bcl-2. The results are in accor-
dance with the speculated data in literature.

Then we have enlisted those sequences, which are hy-
drophobic and of sufficient length to span the membrane
but which differ in their insertion properties due to dif-
ferences in their loop size and loop sequence (see Table
3). It has been observed that those hairpin proteins, which
get inserted into the membrane, have their loops rich in
valine, alanine, proline and leucine. As explained from
the insertion properties of proteins like haemoglobin,
which do not insert, histidine, lysine and threonine inhibit
insertion process. This can be a potential source of infor-
mation about the prediction of those helices which are
hydrophobic and long enough to span a membrane but
unable to make it due to the loop sequence.

By applying the above method of calculating the net
free-energy change that accompanies the insertion of a
hairpin bend, transmembrane helices can be predicted. By

Table 3. Helices of size sufficient to span a membrane

Size AGi
Entity (helix-loop-helix) Loop sequence kcal/mole  Insertion
DT TH8 TH9 22-10-19 IPLV-GELVDIGFAA-Y 5432 Yes
Bel-2 H5 H6 23-2-24 VNRE-MS-PLV -45.68 Yes
Bel-xI H5 H6 20-3-18 ESVD-KEM-QVL -3.92 Yes
CrylAa 25-5-25 IPLL-AVQNY-QYP -87.45 Yes
Cry3A 23-4-29 SMPS-FAIS-GY -79.27 Yes
Colicin A H8 H9 18-4-17 ALS-LGVP-ALAV -7.06 Yes
Haemoglobin H15 H16 ~ 19-5-21 AHH-FGKEF-TPP 92.81 No
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applying such calculations, one can also have an insight
into the mechanism of insertion process of soluble pro-
teins, which is critical to the understanding of targeted
drug delivery.

An important finding of this work is the existence of a
deep free-energy well for the hairpin insertion into apolar
medium. The earlier estimate’ was very primitive and did
not take into account other different free-energy terms.
We have determined that only ‘hydrophobicity’ does not
form the key. There are other factors involved, which in
some cases, are much more significant. Our model is
much more refined and accounts for all energy terms of
significance, thereby giving it a note of validity, as ob-
served from the matching of results in literature. Some
hairpins tend to lie strongly into apolar environment de-
pending upon their free-energy cost. Higher negative values
indicate greater propensity to lie inside the membrane.

Finally, we note that the theoretical model presented
here, which was applied only for the case of hairpin bend
a-helical pairs is valid for all membrane proteins and, in
addition, can be readily extended to the oligomeric aggre-
gates in the membranes. A variety of biological processes,
for example, viral infection and signal transduction, in-
volve interaction between proteins and protein fragments
in lipid bilayers®. Targeted drug delivery is a major res-
earch area related to this. The theoretical development
presented in this work provides a platform for a detailed
study of the molecular events that underlie these proc-
esses.
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