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pH-Induced Helix —Coil Transition of Amphipathic ionizable residues, a given ionization statevheren = 1 to
Polypeptide and Its Association with the Lipid 2N, can be defined in terms of the vecty(i), i =1 to N. dn(i)
Bilayer: Electrostatic Energy Calculation is equal to zero when the groups neutral and unity when it

is charged. A reference state of zero free energy is defined as
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Introduction NZ1 N i
o . . . Z Z 0,()0,()AG" (1)
Amphipathic helix is a helical polypeptide, one face of which =157

is hydrophilic and the opposite face is hydrophobic. Amphipathic _

helices are involved in many membrane-dependent processeswhere iK' is the [K, of ith residue in the protein when all
since they can form an interface between agueous and hydro_other ionizable residues are in their neutral stat€! is the
phobic environments Recently, many synthetic polypeptides €lectrostatic interaction between residuesd; in their charged
have been designed to mimic viral fusion peptides sequencesstate, andy(i) = —1 or 1 for an acidic and basic residue,
for delivery of gene and drug into cells. Among them, GALA respectively. Therefore, the total free energy of the ionizable
is a Synthetic peptide designed to interact with ||p|d bi|aye|’s residues in the helix can be obtained from the statistical
preferentially at acidic pH. GALA is composed of 30 amino Mechanical expression

acids with a sequence of WEAALAEALAEALAEH- _

LAEALAEALEALAA. 2-5 GALA shows a helix-to-coil transi- G(helix) = — kT In(Z") )

tion as the pH is increased from 5 to 7. It has been observed o . . Lo

that the binding of GALA to vesicles made of POPC or egg whereZH is the partition function for Rionization states of the

PC becomes strong at low pH due to the stabilization of the N€liX

amphipathic helix of GALA! Interestingly, a leakage experi- N

ment with lipid vesicles entrapping compounds of different H_ AN

molecular weights ranging from 445 to 2000 g/mol reveals that z nZl exp[-G (helx)/kT] 3)

the leakage induced by the binding of GALA to the vesicle

proceeds via an all-or-none mechanism, i.e., the vesicles eitherThe above equations are used for determining the GALA helix
leak their entire content or do not leak at&allherefore, ithas  structure. An identical set of equations can be derived for coil
been suggested that a specific number of GALA peptides aresate, but no single conformation is defined for coil state. It is
embedded into a vesicle to induce the leakage of its contents.most likely that all ionizable residues are exposed to solvent
Further experiments and the mathematical description for the and do not interact with one another electrostatically in coil
kinetics of leakage provide the evidence that the rate-limiting state (8). Therefore, thekgs of ionizable groups in coil state
step for the leakage is the formation of an aggregate composedare assumed to be identical to those of isolated amino acids in
of 10 + 2 peptides in the bilayes® In this note, the factors  solution. The pH-dependent free energy of title state in coil
affecting the pore formation of GALA peptide in a lipid bilayer  stateG"(coil) is given as

and the origin of the specific aggregation number are theoreti-

cally discussed in terms of the solvation free energy of peptide n N 0

and the free energy of pore formation. For theoretical analysis G'(coil) = 2.KT) 0,(1)y(i)(PH — pKy) (4)

of the pH-induced GALA insertion into a lipid bilayer, the pH- =

dependence of the stability of the amphipathic helix is first
calculated by using the finite PoisseBoltzmann method.
Second, the preferential orientation of a single GALA in the
lipid bilayer is investigated, and finally the change of free energy
associated with the pore formation by aggregation of GALA —H neutral on/L 1 iony -
peptide is calculated as a function of the aggregation number AG™ = AG™ !+ G° (helix) - G*(coil)

of the polypeptide. — AG"etural 4 Aglon )

where p(g is the K, value of an isolated amino acid in
solution. G°(coil) can also be defined similarly to eqs 2 and
3. The total free energy of unfoldirgG®" can be written as

Computational Method whereAGeutrdls the denaturant energy for the protein with all

Calculation of pH-Dependent Stability of Amphipathic neutral residues, and onlyG*"is pH-dependent. More details
Helix. The structure of a GALA helix is generated by using are well described in the references by Honig and co-worlrs.
the CHARMM progranf The change of electrostatic free energy  The electrostatic energies in the above equations are calculated
as a function of pH is calculated according to the method Py using the finite difference Poisseioltzmann method
developed by Honig and co-worket8.If a protein hasN implemented in the PBEQ of CHARMN.

Model of an Implicit Lipid Bilayer. The insertion of a single
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free energy differenceNGior) between peptides in lipid bilayer
and in the aqueous phase is decomposed into electrostatic
contribution AGeled, Nonpolar contribution4Gny), lipid per-
turbation effect AGyp), peptide immobilization effect{Gimm),

and contribution from conformational change of peptid&{.)

AG = AGge+ AG,, + AG;, + AG,, + AG,

imm
= AGq, + AGy, + AGyy, + AG, (6)

Total charge

solv

whereAGqqy, is the free energy of transfer of a solute from water
to a bulk hydrocarbon phadeSince the contributions from
AGiip, AGimm, and AGgon are not significant as compared with
that of AGson, Only AGejec and AGyp are considered in the
insertion of a single peptide. The electrostatic contribution to
the free energy for transfer of a peptide molecule from water
to lipid bilayer along thez axis (AGeled is calculated with the
PBEQ in CHARMM. The continuum model for a lipid bilayer
is represented as a planar slab with thickness of 40 A
corresponding to the distance between phosphate groups in an
egg PC bilayeP.Dielectric constantse are assigned to have

= 80 for bulk water¢e = 2 for lipid bilayer, ande = 1 for the
proteini® The nonpolar contributionAGyp) is assumed to be
related to the water-accessible surface of the peptide

~(al-2)2IAz if |z] = Z,
- _ p|€
AGy==7 8|, izl <z

wherez, is thez position of atomi, §* is the water-accessible
Surfa_lce of the_th_ atom, andx 2_9'033 kcaI/r_noI/,& is the Surface Figure 1. (a) Electrostatic free energy and the total charge plotted
tension coefficient? The position of the interfacezd) and its against pH, where the average charge of each residue [p{is defined
width (Az) are set to be 17.5 and 2.5 A, respectively. White a5 = 52' 6,()y(i) exp(—AG"kT)/Z= and the total charge is the
and co-worker8 calculated the transfer free energy of amino sum of (p/Jover all residues. (b) The average charges of ionizable
acid by using the Monte Carlo simulation when the pentapeptide residues are plotted against pH. N-terminal, Glu2, His16, and Glu19
as a model pep“de is transferred from aqueous medium toare fU”y Charged in the whole range of pH examined in the present
octanol phase, whereas in the present study, the transfer energfft“dy'

of amino acid has been calculated when a GALA helix is
inserted into lipid bilayer. When the above two cases are
compared with each other, it reveals that there is a difference

of the free energy between two cases. This is probably because —0) — 2 2, 2
the solvent-accessible surface area of GALA helix is much C(Roore = 0) = 2yS-+ 20k 124)(L/2)Tro ©)

different from that of the pentapeptide. wherey is the water/lipid interfacial tensior§ is the surface

Free Energy for Pore Formation in Lipid Bilayer. The area of the bilayery is the surface density of lipid alkyl chain,
change of free energy upon pore formation is calculated as a (= 40 A) is the thickness of the bilayer, anglis the RMS

function of the aggregation number. The total free energy is gnq tg-end distance of a single lipid molecule in unimer state.
decomposed to electrostatic contributioAGeied, noNpolar |5 e right-hand side of eq 9, the first term and the second
contribution (\Grp), contribution due to immobilization of helix 4o correspond to the surface free energy and the lipid
Into I'P'd .b|Iayer. (AG‘E“”‘)' and contribution due to pore stretching energy, respectivé¥in the formulation of eq 9,
formation in the lipid bilayer £Ggpore the bending effect due to formation of a vesicle is neglected,
®) since the vesicle radius (typicallg 100 nm) is much larger
than the thickness of bilaydr. The surface area per a lipid
molecule and are 63.5 & and 8 mN/m, respectivelg Since
a lipid molecule has two alkyl chaing,becomes 2/63.5 .
The end-to-end distance of an unperturbed lipid molecgle
can be calculated by the rotational-isomeric-state (RIS) model.
In this calculation, the lipid tails are modeled as a fully saturated
hydrocarbon, -(Ch),-CHjs, with n = 10, andr is estimated to
be 10.5 A according to the RIS model. When a pore of radius
Roore is formed, the free energy can be written as

chain stretching energy. When the pore is absent, the free
energy of the bilayer can be written as

AGyp = AGqge+ AGy, + AGyyy + AG

elec pore

The electrostatic contributionAGeled to the free energy of
transfer of an aggregate from water to lipid bilayer alongzhe
axis is calculated with the PBEQ in CHARMM. Since the
cylindrical pore in the bilayer is exposed to water, the dielectric
constant in the pore is set to 80 using the cylindrical boundary
condition in the PBEQ of CHARMM. The nonpolar contribution
(AGyp) is calculated according to eq 7. Since the loss of free
energy due to immobilization of a single helix in a lipid biayer
is reported to be 5 kcal/mé8lthe total immobilization free energy _ 2 i
of an aggregate of polypeptideAGmm) can be calculated by G(RPO’G) = 2rS= 2y7Rsore + 27Rd" +

multiplying the aggregation number by 5 kcal/mol. The free 20,4 SKT?124)(L'12)%r ;2 (10)
energy associated with the pore formation in the lipid bilayer

can be expressed as the sum of the surface free energy and thetherel' is the thickness of the lipid bilayer after pore formati&BV
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Figure 2. Change of free energy as a function of the distance
between the center of lipid bilayer and the center of the helix as the
polypeptide is inserted into a lipid bilayer horizontally (a) or vertically
(b), where the distance between the center of mass of polypeptide
and the center of lipid bilayer is denoted as h. All glutamate residues
of GALA peptide are set to be neutral in the calculation, which
corresponds to an acidic condition favoring a helical state of GALA
peptide.

andpert is the effective surface density of a lipid alkyl chain. If
the volume of the lipid bilayer is conserveld, can be written
as

LS=L'(S — 7R o) (12)
and thenpes can be defined as
pert = PSS = Rd) = pl(1 — ARG TS  (12)
Therefore, the contribution to the total free energy from the

perturbing effect of lipid due to the formation of a pore of radius
Rpore Can be represented as

AGporez G(Rpore) - G(Rpore= 0) (13)

Results and Discussion
Stability of GALA Peptide. When the change of the

Biomacromolecules, Vol. 7, No. 1, 2006 405

[

13 A

s

:ﬁ%‘: 48 A
3
w

Figure 3. (a) Structure of GALA helix. (b) The structure of pore
formed by aggregation of 10 GALA polypeptides. The polypeptides
are arranged to minimize the nonbonded interactions between them
by using the CHARMM program. The energy minimized pore structure
is shown (top view): stick representation (left) and surface repre-
sentation (right). The side chains colored as blue and red represent
hydrophilic Glu residues and hydrophobic residues, respectively.

resulf that the fraction ofx. helix increases from 19% to 69%,

as pH is decreased from 7.0 to 5.0. When the GALA peptide
forms ana helix, the Glu residues in GALA are positioned
repeatedly every 4 residue and hence they make a hydrophilic
face to generate an amphiphatic helix. Therefore, it is easily
expected that the helical structure is destabilized as the Glu
residues are charged negatively, because the chalgege
repulsion between Glu residues becomes large under the helical
conformation. When the average charges of ionizable residues
are plotted against pH, as shown in Figure 1b, it reveals that
all Glu residues except Glu2, Glu7, and Glul9 are nearly neutral
at pH < 7. This result leads us to conclude that there exist a
helix-coil transition as pH decreases and that the helical structure
is favored at low pH.

Orientation of GALA Peptide upon Insertion into Lipid
Bilayer. To find a more probable orientation of GALA peptide
when GALA is inserted into a lipid bilayer, we first calculated
the free energy changes upon insertion of a single helix for two
cases (vertical insertion and horizontal insertion) and compared
the free energy changes with each other, as shown in Figure 2.
It is obvious from Figure 2 that GALA is not thermodynamically
stable when it is inserted fully into the lipid bilayer in both
cases. Since the contribution &fSeecis very large due to the
free energy for transferring the seven glutamate residues in
GALA from water to the center of lipid bilayer, the total free
energy becomes positive although the hydrophobic interaction
between the peptide and the alkane chains in lipid bilayer
contributes to reduce the nonpolar free energy term. Close
examination of Figure 2a reveals that the total free energy shows
a minimum value {25.03 kcal/mol) when the center of GALA
is located at the interface between water and the lipid bilayer,

electrostatic free energy and the total charge of GALA are whereas Figure 2b does not show a minimum with negative
calculated as a function of pH, as shown in Figure 1a, it reveals free energy. This indicates that the orientation parallel to the

that AG°" decreases and becomes negative atpH4 as pH

surface of the lipid bilayer is more probable than the vertical

decreases, which means that the helical state is favored at pHnsertion. Indeed, this horizontal orientation has been predicted

< 7.4. This result agrees qualitatively with an experimental for other peptides?
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200 4a, it reveals that there exists a minimum of the total free energy
at M = 10, which is very consistent with an experimentally
100 L observed value of 1& 2.2 To analyze the origin of the specific
5 aggregation number, each of free energy contributions is plotted
£ as a function of the aggregation number in Figure 4, panels b
8 of and c. The electrostatic free energy increases with increasing
3 M, whereas the solvation free energyGy,) due to hydrophobic
3 interaction between the lipid alkyl chain and the hydrophobic
-100 |- face of the aggregate decreases with large negative values as
(@) M increases, as shown in Figure 4b. The change of free energy
o001y due to the change of surface area starts to decreade=at
2 4 6 8 10 12 14 16 18 20 and becomes negative t= 13, whereas the free energy due
M to chain stretching of lipid increases with large positive values
asM increases, as shown in Figure 4c. Here, it should be noted
=0 0 that the contributions of the electrostatic free eneyBded
and the surface free energ¥Gpore(surface) to the total free energy
1400 of pore formation are relatively very small. In short, as the
g B aggregation number increases, the solvation free energy (Figure
= 1-800 3 4b) decreases whereas the free energy due to chain stretching
g 8 increases. As a consequence, the balance between the solvation
w% 1-1200 3 and chain stretching terms results in a minimum of the total
< = free energy aM = 10.
- -1600
Conclusion
10 12 14 16 18 20 29 - ° The pH-dependent helixcoil transition of an amphipathic
M polypeptide GALA and its association with the lipid bilayer
are investigated. The amphipathic helix is more stable atpH
40 1600 5 than at pH= 7 by 14 kcal/mol. At low concentration of GALA
peptide, a GALA molecule lies parallel to the surface of lipid
= 0T 00 B bilayer with its hydrophilic face exposed to water. As the
£ Ll E aggregation number increases, the solvation free energy de-
8 ® _ cheln siretching z creases, whereas the free energy due to chain stretching
5 20} L 800 g increases. The balance between these free energy terms results
g £ in a minimum of the total free energy &t =10, which is very
O;% -40 - 400 “Bé consistent with an experimental value of 2022
| =
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