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Abstract;
Gramicidin
cell

in

is

an antibiotic peptide that can be incorporated into the monolayers of

membranes. Dimerization through hydrogen bonding between gramicidin monomers

opposing

leaflets

of the membrane results in the formation of an iontophoretic channel.

Surrounding phospholipids, with various associated mechanical properties, have been

shown to influence the

gating properties of this channel. Conversely, gramicidin

incorporation has been

shown to affect the

structure of spontaneously

assemblies. Using small-angle x-ray diffraction and model systems

formed

lipid

composed of

phospholipids and gramicidin, the physical effects incurred by gramicidin incorporation

were measured.

The reverse hexagonal

(H^) phase composed of dioleoylphosphatidylethanolamine

(DOPE) monolayers decreased in lattice dimension with increasing incorporation of
gramicidin. This indicated that gramicidin

was adding negative curvature to the

monolayers. In this system, gramicidin was measured to have an apparent intrinsic radius

of curvature (Rop*™") of

-7. 1

A. The addition of up to 4

mol%

gramicidin in mixtures with

DOPE did not result in the monolayers becoming stiffer, as indicated by unaltered bending
moduli for each composition.
Dioleoylphosphatidylcholine

(DOPC) alone forms the lamellar (LJ phase when

hydrated, but undergoes a transition into the
lattice repeat

gramicidin.

The

dimension decreases systematically with increased gramicidin content. Again,

this indicated that

mol%

H^ phase when mixed with

gramicidin was adding negative curvature to the monolayers. At 12

gramicidin in mixtures with

DOPC, the apparent radius of intrinsic curvature of

gramicidin (Rop*"^) was measured to be -7.4 A. This mixture formed monolayers that were

very resistant to bending under osmotic pressure, with a measured bending modulus of

1

15

kT.

The measurements made in this study demonstrate that peptides are able
the spontaneous curvature

to

modulate

and other mechanical properties of phospholipid assemblies.
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Introduction:
Biological

membranes perform numerous functions ranging from

barrier for single-celled organisms to the

the permeability

membrane fusion events necessary for

neurotransmission in multi-cellular organisms. This repertoire of function almost certainly
results

from the complex composition of membranes, with a vast assembly of proteins and

lipid species.

The lipid bilayer architecture,

appears simple, with two

flat

of the lipid species within a

first

proposed by Gortel and Grendel in 1925,

opposed monolayers forming a flat

membrane have been found

curved, non- bilayer structures

when

isolated

bilayer.

However, many

to spontaneously assemble into

and hydrated (Luzzati and Husson 1962).

These assemblies are most easily conceptualized as resulting from the projected shapes of
the lipid molecules,
lipids

where cylindrical

lipids

form the

flat

lamellar phase and cone-shaped

form the highly curved hexagonal phases (reviewed by Cullis and de Kruijff (1979)).

Why are non-bilayer prone lipids included in flat biological membranes? The
answer surely

lies

within the complexity of membrane function.

example, requires two

flat

membranes

lipidic intermediates

(reviewed by

are thought to play a

key role

structures.

Membrane fusion

for

to join together through a series of highly curved

Chemomordik et al.

(

1995)). Non-bilayer prone lipids

in reducing the energetic barriers of

forming these non-flat

Membrane protein conformations, and subsequently their activity, are also

sensitive to the mechanical properties of the surrounding lipids (Elliott et

al.

The

1983).

lowest free-energy conformation of these proteins necessarily involves the energetic
contribution of membrane deformation

components

(Huang 1986). In forming

do not necessarily pack into a flat

that

compensated for

bilayers with

surface, stresses arise that

must be

in order to maintain this assembly, possibly through lipid-lipid

interactions or lipid-protein interactions.

Quantification of stresses introduced by individual lipid species can be achieved by

studying purified lipids in model systems.
lipid assemblies

(Gruner 1985),

lipids

As described by

the intrinsic curvature

pack into the lowest free-energy

structures.

model of

When

11

allowed to form unstressed assemblies, lipids forming curved structures do so as a
manifestation of their intrinsic curvature. Intrinsic curvature combined with monolayer

bending moduli allows a measure of the stresses that arise when these non-bilayer prone
lipids are

lipids

unbent into

flat bilayers.

The intrinsic curvature and bending moduli of several

have been measured (Chen and Rand 1997, Epand

Rand et al.

However unlike lipids,

1990).

et al. 1996, Leikin et al. 1996,

the intrinsic curvatures of

membrane

proteins

have not yet been measured.
Gramicidin
(1939).

is

has been

It

a membrane peptide with antibiotic properties

shown

to induce a transition

both model and biological systems (Killian et
et al. 1982,

Van Echteld et al.

1981).

be easily modified, and the function
effects of peptide

and Andersen

is

It is

from

al.

first isolated

flat to non-flat lipid structures in

1986,

Toumois et al. 1987b, Van Echteld

an ideal peptide to study because

well -documented.

It

it is

small, can

provides a model for

i)

the

sequence on three-dimensional structure (reviewed by Wallace ( 1990)

et al.

(

1996)),

ii)

for the structure-function relationship of an iontophoretic

channel (reviewed by Koeppe and Andersen (1996) and Busath (1993)), and
protein interactions. Specifically, gramicidin

the lipids

by Dubos

is

iii)

lipid-

a model peptide for studying the effects of

on channel function (reviwed by Andersen

peptide inclusion on the mechanical properties of a

et al. (1998)),

and the effects of

membrane (reviewed by Killian

(1992)).

In the current study, the effects of gramicidin on the mechanical properties of model
lipid assemblies will

be analysed using small angle x-ray diffraction. Through systematic

increases in gramicidin content and the resultant changes in the dimensions of the molecular

assemblies, the intrinsic curvature and bending modulus of this model peptide will be

measured

in order to demonstrate the curvature stress contributions of gramicidin

membrane

systems.

on

12

Literature Review;

Background on gramicidin

shown to produce an extract

Several species of spore forming soil Bacilli have been
that is able to exert

an antibiotic effect on gram positive bacteria (Dubos 1939). This

alcohol-soluble, water-insoluble extract
peptides, tyrocidine

Hotchkiss 1941).
gramicidin and

was

and

called tyrothricin

is

composed of two

and gramicidin, which both contain D-amino acids (Dubos and

It is

believed that the content of this mixture

40-60%

tyrocidine, with the remainder

is

approximately 10-20%

composed of peptides, waxy

substances and fatty acids (Hotchkiss 1944). Tyrocidine has a hemolytic effect on red

blood

cells

and affects both gram positive and gram negative bacteria

gramicidin does not cause hemolysis and exerts

gram positive bacteria, giving
Gramicidin

is

rise to the

not very soluble in alkanes and

and bactericidal

effects

name gramicidin (Dubos and Hotchkiss

1941).

(DMSO),

its

bacteriostatic

acetone, dioxane, and fluoroethanol, but

insoluble in water (Wallace 1990).

is practically

volume of gramicidin was measured

(Gross and Witkop 1965). Gramicidin

which has been

In contrast,

on

very soluble in a number of alcohols, organic acids and other organic

solvents such as dimethylsulfoxide

specific

in vitro.

attributed to

acid sequence (Sarges and

its

is

to

is

The partial

be 0.8205cm^/g in dimethylformamide

also resistant to conventional

enzyme cleavage,

and the alternating L- and D- amino

insolubility in water,

Witkop 1965).

The biosynthesis of gramicidin occurs by enzymatic reactions
polynucleotides (Ramachandran 1975).

in the

absence of

Sarges and Witkop (1965) were able to sequence

the pentadecapeptide subspecies gramicidin A:

HCO- L - *VaI
-

D - Leu

-

L

-

- ( 1

Gly - L - Ala - D - Leu
l)Trp

-

D - Leu

-

L

-

-

L

-

Ala

-

-

L

-

Val

-

D - Val

-

L

-

Trp

Trp - D - Leu - L - Trp -NHCH^CH^OH

The amino terminus has a formyl group attached and
ethanolamine group. Along with gramicidin
also

D - Val

the carboxy terminus

is

blocked by an

A (having 4 tryptophan residues), there are

two other characterized isomers, gramicidin B and gramicidin C. Gramicidin B

differs

13

from gramicidin

A in that it has a phenylalanine residue at position

tryptophan (see the sequence of gramicidin A). Gramicidin
position

1 1

also have

instead of a

C has a tyrosine residue at

instead of a tryptophan (see the sequence of gramicidin A). All three isomers

2 congeners: valine-gramicidin with a

above sequence of gramicidin A)

is

abundance of 10%, where

relative

1 1

mixture of 80% gramicidin A,

abundance of 90%, where

* (in the

a valine residue; and isoleucine-gramicidin with a

* (in the

Witkop

isoleucine residue (Gross and

relative

above sequence of gramicidin A)

1965). Gramicidin

is

an

D (Dubos) refers to the natural

5% gramicidin B, and 15% gramicidin C (Wallace 1990).

Therefore, including the congeners, there are 6 isomers of gramicidin within the gramicidin

D mixture.
The movement of ions

membranes

across mitochondrial

gramicidin has been demonstrated (Pressman 1965).

Due

in the presence

of

to step- wise conductance jumps

and the fact that the ionic mobility across a gramicidin-incorporated membrane is only
slightly less than the ionic mobility in water,

passive pore through the host
1970).

It

was

later

it

has been deduced that gramicidin forms a

membrane as opposed

to

an ion carrier (Hladky and Haydon

shown that the pore formed by gramicidin is

cations, especially alkali metal ions,

selective to

monovalent

where the relative permeabilities have been

documented by Myers and Haydon (1972). The gating properties of a gramicidin channel,
such as the frequency of opening and the average lifetime, are affected by the thickness of
the host

membrane (Girshman

Aside from

its

et al. 1997,

Hladky and Haydon 1972).

antibiotic properties, another function for gramicidin in the host

Bacillus involves growth inhibition during the transition into a spore. During this change,
differential

gene transcription occurs where several sporulating genes are activated

(Haldenwang and Losick 1979). The detachable

a

subunit of

RNA polymerase, which is

involved in promotor recognition, seems to be the key player in this altered gene regulation.
It

has been

shown

holoenzyme, the

that there are other

unbound a

factors present

result is the transcription of genes

and when they bind to the

under early sporulation control

14

(Haldenwang and Losick 1979, Haldenwang and Losick 1980). Gramicidin acts directly
(Sarkar and Paulus 1972) on vegetative gene transcription as an inhibitory regulator

(Ristow et

al.

1975).

The interaction of gramicidin with the c

subunit of

RNA polymerase

has been demonstrated by trypsin experiments, where the cleavage rate of the bound

a

subunit was increased in the presence of gramicidin (Fisher and Blumenthal 1982). This

evidence points to a novel function for gramicidin during the transition of the
spore,

whereby gramicidin could alter the

holoenzyme.

By affecting which a

o

factor's affinity for the

a

cell into

RNA polymerase

factor binds, gramicidin ultimately affects

which

set of

genes (vegetative or sporulation) are activated (Fisher and Blumenthal 1982). For the
present study however, the interactions of gramicidin with cell membranes, giving rise to
the antibiotic effects, are

more relevant.

Conformation of gramicidin

in solution

In solutions of organic solvents, gramicidin forms structures that
physiological channel in a bilayer environment. Veatch et
different interconvertible
later

dimer species

1

and 2 are left-handed

peptide strands), species 3

is

parallel

(1974) described four

in organic solvents (species

determined in ethanol, by two-dimensional

species

al.

may not exist as the

1,

2,

3 and

NMR (Bystrov and Arseniev

4). It

was

1988), that

double helices (differing in arrangement of the

a left-handed antiparallel double helix, and species 4

right-handed parallel double helix (mirror image to species

1).

All

is

a

4 species have 5.6

amino acid residues per turn and 28 interpeptide hydrogen bonds, the maximum number
for gramicidin dimers (see Figure

dimers are

known as

1

for the possible arrangements).

These double-stranded

gramicidin pores, but do not appear to conduct ions in

membranes (Girshman

et al.

artificial

1997) making this nomenclature ambiguous. In these dimers,

intermolecular hydrogen bonds form between the strands, giving rise to a double helix with

a cylindrical hole appearing through the centre (Veatch and Blout 1974). Decreasing
solvent polarity favours peptide association, with higher dimerization constants in non-

15

Figure

1 - Schematic diagrams of intertwined, double-stranded p helices. A) depicts the
left-handed, anti-parallel conformation; B) depicts the left-handed, parallel conformation;
C) depicts the right-handed, anti-parallel conformation; and D) depicts the right-handed

parallel conformation.
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polar solvents where a substantial

number of hydrogen bonds

are stabilized by the

hydrophobic surroundings (Veatch and Blout 1974). This demonstrates that the
conformation of gramicidin in solution depends heavily upon the environment of the
peptide.

The mere presence of amphiphilic (or a mixture of hydrophilic and

hydrophophobic) solvents

not conducive to the native bilayer channel structure of

is

gramicidin and cannot be used as a model for the physiological conformation (discussed in

an upcoming section).

It

appears as though the

membrane matrix is

required for the

channel structure (Wallace et al. 1981).

Using synthetic peptides with an alternating D-L configuration
intertwined double helices, Lotz et

al.

that also

form

(1976) postulated interactions between the solvent

and the peptides. The dimensions of the helices appear to be dependent upon the molecular
size of the solvent used,

helices

by

where larger solvents allow the formation of larger diameter

fitting inside the core.

Once

inside the central hole, van der Waals' interactions,

dipolar interactions and possible hydrogen bonding occurs between the solvent molecules

and the peptides
It is

to stabilize the structure.

also important to note that the presence of monovalent cations can influence the

three-dimensional conformation of the double- stranded helices in solution (Arseniev et al.
1985, Wallace and Ravikumar 1988). In

1: 1

chloroform

:

methanol solution in the

presence of Cs^, gramicidin A forms a right-handed antiparallel double-helical dimer with
7.2

amino acid residues per

turn and

26 intermolecular hydrogen bonds. This 27

A diameter pore has two Cs"" ions bound within it (Arseniev et al.
gramicidin was crystallized from a CsCl

/

helical

dimer with 6.4

and 28 intermolecular hydrogen bonds. This structure was

A in length and had a pore diameter of 4.9 A.

approximately 26
slightly distorted

turn

However, when

methanol solution, the conformation of the pore

was different. This complex was a left-handed antiparallel double
amino acid residues per

1985).

A long, 4

The

peptide backbone was

where the two Cs^ ions bind because several carbonyl groups

the centre of the pore, indicating a conformational change

when

this structure

tilt

toward

of gramicidin

17

binds ions (Wallace 1986). Along with the cations, three CI" ions were also found within
the double-stranded pore (Wallace and
rationalized this observation

Ravikumar 1988)

by suggesting

Sung and Jordan ( 1987) have

.

that ion selectivity of the

membrane channel

opening. In solution with organic solvents, the conformation of gramicidin

occurs at

its

different

from

that of the physiological channel,

and therefore the opening

is

is

unable to

select against the anion.

Conformation of gramicidin within a membrane

The conformation of gramicidin

within a lipid bilayer (referred to as the channel

conformation) has been proposed by Urry (1971) based on what was
antibiotic in the

membrane setting:

i)

hydrophobic region of the membrane;

domain;

iv)

iii)

ii)

the length of the channel has to span the

the hydrophobic side chains have to be pointed

polar interactions between peptides have to form by inter-

and/or intra-molecular hydrogen bonding; and v)

not result in a change of the

the

two monomers of gramicidin are required to form a

transmembrane channel (Goodall 1970);

into the hydrocarbon

known about

it

was

membrane conformation,

later

as

it

shown

that ion binding

does

does in organic solvents

(Wallace 1986). The double-stranded p helix would not be the most favourable structure in

a membrane since the orientation of alternate amino acid

R groups would be nearly in the

plane of the P-pleated sheet, where steric hindrance would provide a greater energetic cost.

The proposed model (Urry 1971)

involves a unique conformation due to the alternating

and D amino acids of the peptide.

It

has approximately 4.4 residues per turn and

model accounts

for the following:

i)

attachment of two n^^^ monomers by 6 inter-peptide hydrogen bonds;

ii)

to as a left-handed k^^^ helix. This

dimers span 40 A;
into the

medium;

iii)

the

amino acid R groups

is

L

referred

head-to-head
the head-to-head

are directed perpendicular to the helix axis

iv) the optimization of intra- peptide

hydrogen bonds; and

v) the presence

of ions results in only small changes in conformational energy. This model was refined by

Urry

et al.

(1971) based on minor considerations. Because of the alternating

18

sterecx^hemistry, the peptide carbonyl

oxygens of the L amino acids point toward the

carboxy terminus (ethanolamine group) and the peptide carbonyl oxygens of the
acids point toward the

D amino

amino terminus (formyl group). This configuration allows

intra-

molecular hydrogen bonding to form a helix with an even number of amino acids per turn
(4, 6, 8, etc),

symbolized by Tt^f^y

etc.
'^^(m^ ^^(ld)'

See Table

1

for several properties of

the hypothesized 4- and 6- sided n,^^ helices.

Table
TC^^^j))

1

-

A comparison of the expected physical properties of the proposed Tt^,^) and

helices (Urry et

al.

1971).

VMMMUVMWVVVWVWVWWVVVVVNAVMAArtArtAVVVVVVVVWWM^^

Property

Ti\^^^

%\^^^

amino acids per turn

4.4

6.3

dimer length

40 A

30 A

pore diameter

1

A

4.0

TZ^^^ helices

would not be

A

permeable

impermeable

water permeabilty

Larger sided

.4

selectively permeable,

and the dimers would

not be long enough (< approximately 24 A) to span the hydrocarbon layer of the

membrane. Therefore, the

six sided

ti^^ld)

model

structure best

fits

the proposed criteria.

To better describe the intramolecular hydrogen bonding pattern of the gramicidin
monomers, these n^^^ conformations are now

referred to as single- stranded

P

helical

dimers (Wallace 1990).

Using ^^C nuclear magnetic resonance (NMR) and labelled gramicidin A molecules
in

model dimyristoylphosphatidylcholine (DMPC) membranes, Cornell

et al.

(1988)

determined that the majority of conformers were consistent with p^^ single-stranded
dimers, with
helices

some

alterations in

were not detected

handedness and

in this study.

pitch.

Again using ^^C

amino terminus (head) or carboxy terminus

(tail)

However, double-stranded p

NMR and labelling either the

with ^^C, Weinstein et

able to conclude that single-stranded helical dimers of gramicidin

al. (

1980) were

A associate N-terminus to

19

N-terminus (head to head) in phosphatidylchohne (PC)
residues at the

tail

region of gramicidin

vesicles. Consistently, tryptophan

A localize into the lipid/water interface at a very

shallow depth, probably by hydrogen bonding with water molecules at the bilayer surface
(Persson et

K(ijy^

al.

1998). In dodecyl sulfate sodium micelles, a right-handed single-stranded

structure of gramicidin

A was observed by ^H NMR and theoretically examined using

a computer model for energy refinement (Arseniev
spectroscopy,

Ketchem

et al. (1993)

et al. 1990).

By

were also able to demonstrate

NMR

solid state

A forms

that gramicidin

a right handed, single-stranded helix with 6-7 amino acid residues per turn in a
phospholipid environment.
gramicidin

It

should be noted however, that the conformation of

A in model membrane systems is dependent upon the solvent used prior to

bilayer insertion (Killian et

al.

1988b, Salon et

al.

1997).

High performance size-exclusion chromatography (HPSEC) can be used
either double-stranded dimers or single-stranded

(Braco et

al.

1986).

The

to detect

monomers in a phospholipid medium

peptides of double-stranded dimers associate by 28 intermolecular

hydrogen bonds which are not interrupted when dissolved

in tetrahydrofuran,

and are

subsequently eluted as dimers. Single-stranded dimers are held together by only 6
intermolecular hydrogen bonds which dissociate and elute as monomers. In
tetrahydrofuran solution, an equilibrium between double-stranded dimers and single-

stranded

monomers

exists over time, with the majority

egg-PC (phospholipids)
conformation (Braco et
gramicidin

forming dimers. The addition of

to the solution results in a drastic shift towards the

al.

1986). Furthermore,

monomer

when double-stranded dimers of

A are incorporated into a bilayer, equilibration between the double- and single-

stranded forms occurs over several days (less than a week) whereby the single-stranded

monomers predominate over the initially incorporated double- stranded dimers (Salon

et al.

1997). Heating the mixtures of lipid and gramicidin results in an increase in the rate of

conversion from the double-stranded helix to the single-stranded helix (Cox et

This has also been demonstrated in dioleoylphosphatidylcholine

al.

1992).

(DOPC) (Toumois

et al.
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1987a) and

DMPC (Killian et al.

1988a), with the single-stranded hehx forming the most

thermodynamically stable structure in a lipid environment.

The acyl chain composition of the surrounding phospholipids influence

the

conformational transition of gramicidin from the double-stranded helix to the singlestranded helix. Unsaturation allows greater freedom for the structural transition of the
peptides to occur

(Cox

et al. 1992).

Also, Rice and Oldfield ( 1979) previously concluded

that the acyl chains adjacent to the peptide

have to fill spaces between the hydrophobic

R

groups of the amino acids, making the task of a conformational transition easier if the
chains have a greater motional freedom. Systems

composed of lipids with acyl chains

than 8 carbons long do not house the single stranded

8 or more carbons do allow

et al. 1997),

whereas acyl chains with

the formation of p^^ helices (Greathouse et

double-stranded helices persist

(Mobashery

(3^^ helices,

if

the bilayers

become too

thick,

less

i.e.

al.

1994).

The

22 carbon acyl chains

presumably because the environment becomes non-polar,

like the

organic solvents.

So how does

the conformation of gramicidin affect channel formation

and ion

conduction through membranes? Using electrophysiological recordings, a model was
devised to account for the present data in the

field.

Firstly, the

absence of long-lived

permeation events indicates that the conducting form of the gramicidin dimer
intertwined double-stranded conformation. Rather, P^^ helical
leaflet

not the

monomers reside in each

of a bilayer where transmembrane associations (by head-to-head hydrogen bonding)

form the conducting species of gramicidin channel (see Figure

The
as a

is

role of lipids will be described in the

mere passive lubricant, but

their properties.

Alamethicin

is

sections, since they

al.

1990).

do not act

rather the function of the antibiotic is integrally related to

another peptide ion channel whose function

the spontaneous curvature of the

membrane are perturbed by

upcoming

2) (O'Connell et

is

affected by

membrane. Conversely, the curvature properties of the

the presence of alamethicin, as observed

by the

transition of a

21

Figure 2 - Schematic representation of single-stranded p^^ helices of gramicidin
dimerizing by head-to-head (N-to-N) associations through hydrogen bonding to form a
transmembrane channel.

22

flat

membrane into a non-flat membrane following the incorporation of alamethicin (Keller
This transition

et al. 1996).

may indicate that an ion channel

monolayer curvature of the membrane

The mechanical and

it

finds itself

functionally sensitive to the

is

in.

structural properties of hydrated, spontaneously

assemblies are affected by the incorporation of gramicidin, in both
(Killian et

1983, Killian et

al.

al.

1986,

Van Echteld et al.

1982,

and naturally occuring erythrocyte ghost membranes (Toumois

artificial

formed

lipid

membranes

Van Echteld et al. 1981)
et al. 1987b).

These

physical perturbations associated with the incorporation of gramicidin into a lipid assembly

can best be analysed using well-defined model systems, described in the next section.

Lipid assemblies and spontaneous curvature

According to the

fluid

Nicolson 1972), proteins
diffraction,

it

lipid species

sissociate

layers.

with

flat lipid bilayers.

By

small-angle x-ray

has been observed (Luzzati and Husson 1962) that

when

isolated, various

found within a biological membrane are able to spontaneously form liquid-

crystalline phases that are

structure,

mosaic model of cell membrane structure (Singer and

composed of either flat or highly curved monolyers. The

flat

termed the lamellar phase (LJ, has an alternating sequence of lipid and water

Among the highly curved structures are two hexagonal

phases. In the first (the Hj

phase), indefinitely long, hexagonally packed cylinders form with the hydrocarbon chains
filling the interior

core and the polar headgroups interacting with water in between the

The second hexagonal phase

cylinders.

indefinitely long tubes,
this phase,

however there

is

(the reverse hexagonal or

H^ phase) again

involves

an opposite orientation of the lipid molecules. In

water interacts with the polar headgroups

filling the interior,

with the

hydrocarbon chains separating the cylinders. In a naturally occuring membrane, Hjforming

lipids constitute

lipids are

a minor portion of the membrane whereas L„ and Hj forming

major constituents of the membrane (Cullis

et al. 1983).

,
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To account for these spontaneously formed lipid assemblies,
proposed by Cullis and de Kruijff (1979) and reviewed by Cullis
the molecular shape of the lipids to the various structures formed.

composed of lipids

that

have similar cross-sectional areas

polar headgroup, providing this molecule

(i.e.

DOPC)

at the

a model has been

et al. (1983),

which

The flat L,^ phase

hydrocarbon

tails

links

is

and the

with an overall cylindrical shape.

Lipids that have larger areas at their polar group than at their acyl chains

(i.e.

lysolipids

with only a single acyl chain) would have a cone shape, allowing these lipids to assemble
into a structure like the hexagonal Hj phase. Finally, lipids with a small

compared

to the cross-sectional area of the acyl chains

ethanolamine

-

DOPE)

(i.e.

headgroup

dioleoylphosphatidyl-

have an 'inverted' cone shape, which are able to assemble into such

structures as the reverse-hexagonal (H^) phase (see Figure 3). This shape concept

however, does not properly describe the energetics of
for illustrating the tendencies of lipids to

lipid assemblies,

but rather

is

form a particular phase.

Analyses have been presented to describe the physical interactions between
that

is

assemble into either lamellar or non-lamellar

attributed with a specific intrinsic curvature

which

is

useful

(

structures.

lipids

To this end, each lipid species

1/R^) or radius of intrinsic curvature (R^)

defined as the monolayer curvature that minimizes the bending elastic free energy

(Gruner 1985). The lamellar phase has zero curvature or an

Hj phase has been assigned positive curvature, and the
negative curvature.

described by the

The total

sum

Hjj

infinite radius of curvature, the

phase has been assigned

free energy per lipid molecule in these assemblies

is

of the following energies. Curvature (as discussed), electrostatics

(for charged lipids),

van der Waals forces, hydration forces, and hydrocarbon chain

packing stress (Kirk

et al. 1984).

barrier results

from the

In the

inability of the

H^ phase,

the hydrocarbon chain packing energy

hydrophobic voids to form, shown in Figure

3.

It

has been demonstrated (Gruner 1985) that alkanes are able to reduce this energy barrier by

occupying these spaces

at the interstices.

This allows an L^-Hu phase transition in mixtures

24

A) Lamellar Phase

-

La

B) Hexagonal Hi Phase

C) Reverse Hexagonal

Hii

Phase

Interstice

Figure 3 - Schematic diagrams of macromolecular assemblies or phases spontaneously
formed by various hydrated lipids. A) The lamellar phase (LJ of alternating bilayers and
water, formed by effectively cylindrical lipids with zero curvature. B) The hexagonal (Hj)
phase consisting of hydrocarbon tubes surrounded by water, and formed by effectively
conical lipids with positive curvature. C) The reverse hexagonal phase (HJ consisting of
water tubes surrounded by the hydrophobic acyl chains, and formed by effectively inverted
conical lipids with negative curvature.
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of DOPC and

DOPE, where in the absence of alkane these lipids would be confined to the

(Rand et

flatL„ phase

al.

energetically frustrated

was

shown

later

lattice

dimensions

that tetradecane (td

regions of the

interstitial

may

still

be able to form an

Hj phase of high curvature where the acyl chains can reach the

however the

interstices,

1990). Several lipid systems

-

may not be the same as

an unstressed system.

It

with 14 carbons) was best able to partition into the

Hu phase and not alter the curvatures intrinsic to the lipid layers

(Chen and Rand 1998).

With these previous arguments

in mind, a very peculiar

observed in

DOPE

Hjj

phase

present,

the

L„ phase forms, and when dehydrated

is

water systems (Gawrisch

/

when dehydrated to an

et al. 1992).

phenomenon has been

At high water contents a

single

intermediate level a phase transition occurs and

further the

H^ phase

reappears. This has been

referred to as a re-entrant Hj-L^-Hn phase transition. This transition is counter-intuitive in
that as dehydration occurs, less water interacts with the polar headgroups, effectively

reducing their size to form more conically shaped lipids (Kozlov et
quantitative

£il.

1994).

model was provided

It is

to

interstitial

Hjj

is

H^ phases

can interconvert as observed when the balance of energies

shifts as

A delicate

are very slight, they

a result of the change in

An experimentally derived phase diagram is in strong agreement with this

model (Kozlov

which reduce the
transition

et

more favourable and therefore

forms. Since the energetic differences between the L„ and

theoretical

A

phases in terms of elastic

(chain packing), and van der Waals energies.

balance between these energies determines which phase

hydration level.

1994).

account for this unexpected phase sequence (Kozlov

an energetic description of both the L„ and

bending, hydration,

al.

et al. 1994).

interstitial

(Gawrisch

has also been

shown

that the addition of alkanes,

energy, abolishes the existence of this re-entrant phase

et al. 1992).

The Hii-L„-Hj
structural parameters

It

re-entrant transition has allowed an inquiry into

change through highly controlled phase

how various

transitions.

Rand and Fuller
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(

1994) have characterized these structural changes and determined that the L„ to Hji phase

transition is

accompanied by a shortening of the acyl chains

the length in the interstitial direction remains the

in the interaxial direction, while

same as in the

bilayer configuration.

From

molecular area measurements, the idea of a pivotal plane has arisen where a position within
the

monolayer undergoes no change

(Rand
the

et al. 1990). In the

same as

that of

its

in molecular area as the

monolayers change curvature

DOPE system, the area at the pivotal position in the Hjj phase is

L„ phase.

The lattice dimensions of the liquid-crystalline lipid phases are dependent on
temperature (Luzzati and Husson 1962).

As

the temperature increases, the lattice

dimension decreases, in part due to the increased thermal motion of the acyl chains and
subsequent thinning of the monolayers. The temperature dependences of the H^ lattice

dimensions of DOPE and
1989), where

it

DOPE/DOPC mixtures have been characterized (Tate and Gruner

was determined

that

R^ (radius of the water core) accounted

for

most of the

reduction in the lattice dimensions. Therefore, this thermally-induced reduction of lattice

dimension

is

a

result of both a

change

in acyl chain length,

and a change in R^.

The anomolous temperature dependence of the lattice dimensions for
cholesterol/egg-PC bilayers (L„ phase) was used to detect a structural rearrangement, or

complex formation, between cholesterol and
(Rand and Pangbom 1973). This idea

will

the phospholipid at a specific composition

be applied to the system of the present study,

with the hope that any structural rearrangement, or complex formation with gramicidin in
the Hj, phase,

would become apparent.

Several lipids have been studied to measure their intrinsic radii of curvature; see

Table

2.

These values can be used

to begin building a picture of curvature stresses

within biological membranes. For lipids that do not form the

H^ phase on

their

found

own, such

as diacylglycerols, cholesterol, and lysolipids, their incorporation into a phospholipid

assembly has been employed. The curvature contributions from the phospholipid

H^

(DOPE
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or DOPC) and the inclusion add in a linear manner (Leikin et

upcoming 'Data analysis'

The individual

al.

1996), as discussed in the

section.

properties of

membrane lipids and proteins, and their mutual

interactions, are important to overall function.

The mechanical

properties of lipid

assemblies can modify the function of various integral proteins or peptides, for example
gramicidin. Conversely, the incorporation of proteins affects the mechanical properties of
the lipid assemblies.

upcoming

The models that address these interactions

sections. It is the

gramicidin to

aim of the current study

membrane curvature, as a model

will

be reviewed in the

to characterize the contribution of

of protein-induced curvature stress within a

membrane.

biological

The intinsic curvatures of various lipids measured in model membrane
assemblies, using x-ray diffraction and the proceedure described in the 'data analysis'
section. Dioleoyl glycerol (DOG) has two 18 carbon, monounsaturated acyl chains and
dicapryl glycerol (DCG) has two 10 carbon, saturated acyl chains. Lyso PE's have a single
acyl chain with a phosphatidylethanolamine (PE) headgroup. Lyso PC's also have a single
acyl chain but their headgroup is the larger phosphocholine group.
Table 2

-

DOPE(-Htd)
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The effects of lipids on the gating properties of gramicidin

From
thickness

was

the early observations of

Hladky and Haydon (1972), the host membrane

realized to be an important property for gramicidin channel formation

gating characteristics. Based

upon experimental measurements,

the hydrophobic thickness of the bilayer

channel, local

was

it

was proposed

and

that

when

greater than the length of the gramicidin

membrane deformation energies reduced the dimer stability causing

monomerization (Elliott et al. 1983). Based upon the assumption that the hydrophobic
coupling (described by Killian and von Heijne (2000)) between the channel and the bilayer

was an energetic requirement, mathematical models were presented to describe the lipidprotein interactions during gramicidin channel formation.

Jakobsson

(

1990) and Nielsen et

al. (

Huang

(1986), Helfrich and

1998) describe the bilayer as an elastic sheet that is

able to deform and dimple to accomodate the shorter gramicidin channel.

penalty for exposing hydrophobic regions
bilayer

must adjust through the following

distortion,

elastic

and

iii)

is

The energetic

very high, therefore the thickness of the lipid

variables:

i)

compression-expansion,

ii)

splay-

surface tension. These free-energy contributions dictate the shape of the

membrane deformation (see Figure 4) and consequently the stability of the

gramicidin dimer.

It

was shown by Nielsen

et al.

energy (~2/3) results from the dimpling of the

By this means,
associated with

1998) that the majority of deformation

(

first

annulus of lipids adjacent to gramicidin.

lipids with positive curvature tendencies reduce the energetic barriers

accommodating the

short gramicidin dimer (see Figure 4C).

The presence of lysolipids reduces

the energetic cost of

around the gramicidin dimer because they prefer

to

membrane deformation

form positively curved surfaces. This

subsequently leads to an increased duration of gramicidin dimerization seen as increased

open times (Lundbaek and Andersen 1994). Using the anionic
differing ionic strengths,

it

was shown

lipid phosphatidyl serine at

that gramicidin channel stability

spontaneous curvature became increasingly negative (Lundbaek et
applying tension to a

membrane containing gramicidin causes the

al.

was reduced as

1997).

Also,

bilayer to thin, and

the
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Potential

Hydrogen
Bonds

Figure 4

A) In the closed-channel configuration, single-stranded P monomers exist in
of the bilayer. B) Head-to-head association of the monomers occurs through
hydrogen bonding. C) The hydrogen bonds cause the monomers to reduce the overall
length of the dimer, thereby causing elastic deformations of the lipids as a result of
each

-

leaflet

hydrophobic coupling.
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leads to increased channel stability, as observed by electrophysiological recordings

(Goulian et

1998). Based upon the mathematically defined elastic deformations,

al.

gramicidin has been used as a tool to measure the stiffness (Lundbaek et

al.

1996) and the

spring constants (Lundbaek and Andersen 1999) of the host membranes.

The

effects

of gramicidin on

Through

the 1980's, various techniques

effects of gramicidin

characterizations

lipid assemblies

were used

to characterize the perturbing

on spontaneously formed, hydrated phospholipid assemblies. These

were used

to postulate

models for the interactions between gramicidin and

various lipid systems.
In lyso-PC aggregates, the incorporation of gramicidin causes a phase transition

from positively curved micelles

to the flat lamellar L^^ phase,

where each gramicidin

molecule induces four lysolipids to adopt a bilayer type structure (Killian
^^P

NMR and electron microscopy. Van Echteld et

mixtures with

al. (

1981) were able to

show

that in

DOPC, gramicidin is able to induce the transition from the flat L„ phase to

the highly curved reverse hexagonal
the acyl chain length of the

H^

phase. This

PC molecules, where

was

later

shown

to be dependent

(Van Echteld et al. 1982). This property was

further investigated

length of the single stranded gramicidin dimer and mixing
It

on

16 or more carbons are required for

gramicidin to induce the transition of the assembly into the reverse hexagonal

et al. 1989).

By

et al. 1983).

it

Hj phase

by chemically altering the

with various

PC lipids (Killian

was observed by ^^P NMR and small angle x-ray diffraction

that

a

hydrophobic mismatch was required for gramicidin to induce the transition from L„ to the

Hj phase, where

the hydrophobic thickness of the bilayer (in

LJ exceeded the length of the

dimer.

Water is also an important component of the gramicidin induced lipid assemblies.
Using small angle x-ray

shown

that

diffraction, ^^P

and ^H

NMR,

Killian

and de Kruijff (1985a) have

under limited water conditions, the hydration of gramicidin

is

favoured over the
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PC headgroups; and hydration of gramicidin is required for H^ phase induction of DOPC
assembUes. The authors proposed that upon interaction with water molecules, gramicidin
adopts a conformation that

is

required for this transition,

i.e. it

switches from a double

stranded dimer to the single stranded P^^ structure.

Phase separation between a "gramicidin-poor L„ phase" and a "gramicidin-rich H^
phase" has also been observed, and proposed to be necessary for the induced transition

from the L„ phase to the H^ phase

in

PC assemblies

(Killian

and de Kruijff 1985a, Killian

and de Kruijff 1985b). By chemically modifying the tryptophan residues of gramicidin,
Hjj

phase-inducing propensity in

DOPC was hampered (Killian et al.

for aggregation to occur.

that

These

may not allow the aromatic stacking interactions

modifications of the tryptophan residues

between gramicidin molecules

1987).

its

have been proposed,

in this early study, to

However other possibilities also exist, such

dimensional conformation of the peptide, because channel function

is

be necessary

as an altered three-

also affected.

It

was

concluded however, that gramicidin aggregates form a structural backbone for the H^ phase
(Chupinetal. 1987).

Although the PC's constitute the best characterized
gramicidin-induced rearrangements,
peptide.

it is

Upon hydration at neutral pH,

transition

is

affected

by the

negatively charged anionic lipids such as

(DOPG), and dioleoyl phosphatidyl serine (DOPS)

L„ phase. The addition of gramicidin causes a

from the L„ phase to the negatively curved H^ phase as observed by small angle

x-ray diffraction, ^^P

was deduced

NMR and freeze fracture electron microscopy (Killian et

that the driving force for this phase transition

headgroup repulsion would
that the

flat

systems that undergo

not the only lipid species that

cardiolipin, dioleoylphosphatidyl glycerol

spontaneously assemble into the

lipid

resist the

al.

1986).

must be strong because

formation of the Hj phase.

It

was

the

also speculated

headgroup dehydration induced by gramicidin would provide the energy for

transition.

this

It
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The spontaneously assembled
addition of gramicidin.
phase.
the

L„

formed by PE's are also affected by the

When fully hydrated and below

Above 10°C, hydrogen bonding between

Hq arrangement (Chupin
-

structures

(Van Echteld et al. 1981) as well as

DOPE forms the flat L„

PE headgroups allow DOPE to adopt

The addition of gramicidin effectively lowers the

et al. 1987).

Hn transition temperature of DOPE,

the

10°C,

indicating a strong Hn-inducing effect in PE's

the other lipids documented.

To account for these experimental

results, several

groups have proposed models for

the phase altering ability of gramicidin. These ideas have been reviewed

Kruijff (1986) and Killian (1992), with

some key

by Killian and de

ideas explained here.

When the length of the hydrophobic region of a protein or peptide is different from
the thickness of the hydrophobic core of the host
arise.

To reduce the stresses

adjust

its

length, or

their thickness

membrane, one of two

(more importantly to the current study) the membrane

(reviewed by Killian (1998)). The lipids

The tryptophan residues

lipids

to

/

also play an important role

water interface (Persson et

al.

1998).

can adjust

may change their thickness by
(i.e.

Hn phase

when referring to the

mismatch phenomena involving gramicidin, as tryptophan has been shown
the polar group

may

associated with hydrophobic mismatch, either the protein can

altering the acyl chain order, or disrupting the bilayer organization

induction).

situations

By adjusting

to interact with

the bilayer thickness

compensate for hydrophobic mismatch, these tryptophan residues can maintain

their

favourable position at the interface.
In a previous study (Van Echteld et

al.

1981), the

L„ destabilizing ability of

gramicidin was attributed to either of two possibilities related to molecular shape:

bulky tryptophan residues at the carboxy terminus give
peptide.

rise to

model was opposite

to the

The

an overall cone shape of the

An earlier model considered this (Killian and de Kruijff

orientation of the peptide in this

1)

1988),

however the

now accepted orientation of

gramicidin in a membrane; and 2) the interaction of gramicidin with the surrounding lipids
gives rise to an overall cone shape. Hydrophobic mismatch causes meniscus formation at
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Hq phase by inducing an effective inverted cone

the polar interface, thereby promoting the

shape together with the hpids. The reasonableness of
the

upcoming models. In

gramicidin

sits

the

H^

phase,

it

this

argument will be discussed in

was proposed (Van Echteld et al. 1981)

that

within the hydrophobic region with the helix axis perpendicular to the

tube axes. Since the helix axis

is parallel

to the acyl chains, gramicidin

would be able

H^
to

dimerize in the interaxial direction between the aqueous compartments of adjacent tubes.

Monolayer thickness of the Hj phase in the interaxial

direction

is

thinner than in the lamellar

phase (bilayer configuration) in part due to increased acyl chain disorder, or chain

tilt.

Therefore the effective bilayer in the interaxial direction would have a thickness with the
least

more

mismatch

stress (Killian 1998), providing the gramicidin-enriched

substantially rigid

backbone

structure.

Using a mathematical model.
the gramicidin induced

L^-Hj phase

May and Ben-Shaul

transition.

compressing and/or

tilting.

(1999) describe the energetics of

The hydrophobic mismatch between the

gramicidin dimer and the hydrocarbon region of the
stretching,

H^ phase with a

membrane results

in the acyl chains

The addition of these gramicidin

inclusions and

subsequent stresses result in altered elastic properties of the membrane. Through

this,

deformation energy arises because of the lipid chain stretching and the bending of the
hydrocarbon- water interface (May 2000).

phase transition in

PC

believed that this energy drives the L„-Hji

systems (May and Ben-Shaul 1999).

The final model
relates to

It is

to be discussed loosely involves the effective molecular shape, as

spontaneous curvature, proposed by Gruner (1985). Watnick et

attempted to account for the dependence of the L^-Hj phase transition of
gramicidin on the acyl chain length of the

lipids.

Using ^^P and ^H

al. (

PC

NMR,

it

it

1990)

systems by

was

determined that gramicidin interacts with the headgroups of three different acyl chain length

PC systems in a similar manner. By this,

gramicidin

is

differentially

adding to the

molecular area of the hydrophobic region (A^) of the three systems, but not the molecular
area at the headgroup region (A^). Therefore, these interactions alter the ratio of A^/A^ to a
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critical

to

value which spawns the onset of H^ phase induction. This

accomodate the new

ratio is

ratio

new phase is

by geometrical packing considerations.

analogous to spontaneous curvature (I/Rq), which

the inclusion. If the hydrophobic mismatch

subsequently the ratio does not reach that

is

is

believed that this

related to the effective shape of

not great enough

critical

It is

better able

(i.e.

in

DMPC),

the

A^ and

value required for phase transition.

It

has

been stated that this model does not account for the gramicidin-poor L„ phase separation

from the gramicidin-rich H^ phase, or the possible protein aggregation phenomena
previously described (Cornell 1987).
In the present study, using gramicidin-incorporated models of

systems with minimized

interstitial

DOPE and DOPC

energy, various measurements will be made.

The

changes in the structural parameters of the H^ phase induced by increasing gramicidin
content will be observed in an attempt to understand the physical perturbations incurred by
gramicidin. Properties intrinsic to the phase-altering ability of gramicidin, such as

curvature contributions, temperature dependence, and bending rigidity will be determined
in these qualitatively different

model

lipid systems. Overall, this

understanding the reciprocal interactions of proteins and

lipids.

work is aimed toward
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Materials and Methods:
Sample preparation
All PC's and PE's were purchased from Avanti Polar Lipids (Birmingham,

and stored under nitrogen
Co.

(St.

Louis,

MO)

at -18°C.

Gramicidin

and stored under nitrogen

from Sigma Chemical Co. and stored
glycol

20 000 (PEG)

(Georgetown,

crystals

ON) and

at

D was purchased from Sigma Chemical

at 2°C.

Tetradecane

stored at

room

temperature.

PEG solutions were prepared by
distilled water.

For all

D were used to obtain the

fractions of the mixtures, for a total of approximately

materials were dissolved in 3:

was purchased

were purchased from Caledon Laboratories Ltd

Appropriate dry weights of phospholipid and gramicidin

mole

(td)

room temperature. Ruke Chemika polyethylene

mixing the desired weight of PEG crystals with double

desired

AL)

1

(v/v) chloroform: methanol

20 - 30 mg. These

and mixed together in

solution.

PC mixtures, the solvent was partially removed by rotary evaporation, and the

remainder of the sample was chilled and pipetted into a sample
nitrogen gas

removed

rotary evaporation followed

PE mixtures,

by dessication under vacuum

was scraped from

and weighed. For selected samples,
total lipid

A steady stream of

the majority of the remaining solvent and dessication under

for at least 10 hours ensured a dry sample. For

the dry lipid mixture

bottle.

td

the solvent

was removed by

for at least 10 hours, after

the conical flask, transferred into a

was added

to

vacuum

sample

which

bottle

make up 16% of the dry weight of the

mixture and allowed to equilibrate for 72 hours at room temperature. Appropriate

proportions of double-distilled water were added to the lipid mixtures by weight fraction

and the samples were allowed
Alternatively, hydration

to equilibrate for at least

was achieved by immersing

5 days

at

room temperature.

the lipid mixtures in approximately 3

mL of the appropriate PEG solution and allowing equilibration for at least 5 days.
equilibration, the samples

calibration standard)

were examined by x-ray

and the hydrated

and sealed between mica windows

1

lipid

diffraction.

After

Teflon shavings (the x-ray

mixtures were placed into x-ray sample holders

mm apart.

.
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X-ray diffraction

A Rigaku rotating anode was used to generate x-rays where the CuK„j

Une

(wavelength of 1.540 A) was isolated using a bent quartz crystal monochromator. The
diffraction patterns

were captured on film using Guinier x-ray cameras. Exposure times

ranged from 20 to 90 minutes, after which films were developed in a dark room and

allowed to dry for 24 hours prior to examination. Thermoelectric elements and a

thermoconducting paste were used to maintain the desired temperature to + 0.5°C

The x-ray diffraction pattern was used to characterize
mixture, and Bragg's
teflon,

Law (eq.

1)

was used

to

determine the

the phase
lattice

formed by the

lipid

dimension. Shaved

with a repeat spacing of 4.87 A, was used as an internal x-ray calibration standard

to determine the

the ratios of

1,

sample to film distance. Hexagonal phases gave repeat order spacings

l/Vs, 1/V4, l/V?, 1/V9, 1/Vl2, etc.

quantify the repeat lattice dimension
the ratios of

1, 1/2, 1/3, 1/4, etc.

repeat lattice dimension d^^.

dj,^^.

Bragg's law (eq.

The lamellar phase gave

Again, Bragg's

Law

(eq. 1)

1)

was used

in

to

repeat order spacings in

was used

to quantify the

The coexistence of independent sets of repeat order spacings

indicated the coexistence of phases within the sample.

Experimental systems

The fully hydrated phase characteristics were observed
gramicidin

D in several lipid mixtures.

for increasing contents of

This was performed on

DOPC systems with td and

DOPE systems without td to determine the composition range to conduct further analysis.
The effects of hydrophobic mismatch between gramicidin and PC membranes of different
hydrocarbon thickness was also tested by

was added

this

method. In these experiments, gramicidin

D

to the following lipids in the presence of td: dimyristoleoylphosphatidylcholine

(DM^PC) with 14 carbon monounsaturated acyl

chains; dipalmitoleoyl phosphatidylcholine

(DP^PC) with 16 carbon monounsaturated acyl chains; dioleoylphosphatidylcholine

(DOPC) with 18 carbon monounsaturated acyl

chains; dieicosenoyl phosphatidylcholine
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Figure 5 - Schematic representation of the reverse hexagonal phase with the structural
parameters shown. These variables are described and defined in the text.
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(DE^PC) with 20 carbon monounsturated acyl chains; and dierucoylphosphatidylcholine
(DEjPC) with 22 carbon monounsaturated acyl chains.
Phase diagrams relating

lattice

dimension as a function of water content were

constructed for mole fractions of 0.07, 0.08,

with

DOPC in the presence of td.

to samples of

of 0.00

-

0. 10, 0.

12 and

0.

14 gramicidin

D in mixtures

Increasing amounts of water were added gravimetrically

each composition. Phase diagrams were also constructed for mole fractions

0.04 gramicidin

D in mixtures with DOPE.

The dependence of lattice dimension on temperature was determined in excess water
for

mole

fractions of 0.07, 0.08, 0. 10, 0. 12,

DOPC in the presence of td.
0.00

-

0.

15 gramicidin

14 gramicidin

0.

D in mixtures with

The same experiment was performed on mole

D in mixtures with DOPE.

the lattice dimensions at 22°C,
at

and

fractions of

This was accomplished by measuring

30°C and 40°C, where the sample was allowed

to equilibrate

each temperature for at least 15 minutes prior to x-ray exposure.
Sensitivity of the lattice dimensions to osmotic stress

fractions of 0.07, 0.08, 0. 10, 0. 12,

and

0.

presence of td and mole fractions of 0.00

Various concentrations of

samples (Parsegian

14 gramicidin
-

were measured for mole

D in mixtures with DOPC in the

0.04 gramicidin

D in mixtures with DOPE.

PEG 20,000 were used to exert known osmotic stresses on the

et al. 1986).

Data analysis
Variable definitions

For lipid assemblies

that

form multi-planed

Figure 5) and the L„ phase, Bragg' s
spacing, d:

a

lattices,

such as the

Hji

phase (see

Law can be used to determine the repeat lattice

- X/

^^-

^^
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where X

From

is

the wavelength of the x-rays and

this repeat

spacing of the

H^

phase,

is

d^^^,

the angle of the diffracted x-ray beam.

the interaxial distance s can be calculated by:

_ 2d^/
-

,

(eq.2)

7^

'

To allow structural comparisons of different mixtures,
molecule is used. The volume of an effective molecule (V,)
V.

V^

=

+

xV,..

+

is

the molecular

The £imount of water added
J, which

is

(eq.3)

is

the molar ratio of gramicidin to

V^^ is the molecular volume of gramicidin, y is the molar ratio of td to

phospholipid, and V^^

((j)

calculated by:

yV,

where Vp^ is the molecular volume of the phospholipid, x
phospholipid,

is

the concept of an effective

calculated

by the

to

volume of td.

each system

relationship

is

described as a water volume fraction

between the volume of water added per lipid

molecule (V J and the volume of an effective molecule (V,) (Chen and Rand 1997) by:

(b

=

(eq.4)

^y{

,

Using these variables, the following equations describe geometrical relationships
that

can be applied to determine the structural pararameters of the

Hj,

phase shown in Figure

5 (Leikin et al. 1996). The radius of the water cylinder (RJ measured
group interface, defined as the Luzzati plane,

is

to the

water / polar

determined by:

Subsequently, the radius measured to any cylindrical dividing surface separated from the
Luzzati plane can be calculated by:

R
where

-

R.

Jl

V is the volume of the effective molecule up to the dividing surface.

that the plane at the acyl chain termini

'^'^

+ ^'-'^'%v.
It is

assumed

forms a circle of radius R, and not a hexagon.
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Twice the thickness of a monolayer in the interstitial

direction (dj, the thickness of

an effective bilayer in the interaxial direction (dj), and the hydrocarbon thickness
interaxial direction

(d,j^^)

in the

(see Figure 5), can be calculated by:

= 2

d.

V
d =

'^

-

(eq. 7)

Ry

J
(eq-8)

S-2R.

(eq-9)

= S-2R,,

d^^

where Rp^ is the radius of a cylinder measured

to the polar group/hydrocarbon interface.

The area of an effective molecule at the Luzzati plane is determined by:

_ 20.yy

A
^^
-

(eq. 10)

/(l-(pjR.

The cross-sectional area of an effective molecule can be determined at any dividing

surface

by:

A
where

=^Jl

+ »-*-'%

(eq. 11)

V is the volume of the effective molecule up to the dividing surface.

Intrinsic curvature analysis

To characterize the curvature contributions of an inclusion such as gramicidin in a
model membrane system, changes

in radii of the

Hj

tubes measured to a defined position or

plane are plotted as a function of the gramicidin content.

measurements, the H^ phase
is at less

is

To define a position for these

observed under dehydrated conditions.

than full hydration, the hexagonal lattice dimension

the molecules are

is

When the Hj, phase

reduced, the polar ends of

compressed and the acyl chains expand. Within the effective molecule,

there exists a position

where the cross-sectional area remains constant and

is

non-

compressible as the hydration of the phase changes. Over the range of hydration, the

monolayer bends or pivots about

this position, called the pivotal

plane (Rand et

al.

1990).
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To determine whether a well-defined pivotal plane exists, the geometrical relationships
described in eq.

1 1

can be rearranged and normalized to give a diagnostic equation:

4/, _

A/

^Vy A/

where a linear relation of (AJV^f versus {AJW^RJ
constant molecular area.
pivotal plane

al.

The

and the intercept yields the molecular area (Ap)

By definition, curvature refers to the

up to the

at the pivotal

is

plane (Leikin et

pivotal plane at VpA^,.

inverse of the radius of the

to the pivotal plane (1/Rp); spontaneous curvature

Hq tubes measured

the inverse of the radius of
l/R^p);

and

the curvature contribution of a single lipid species or inclusion

(i.e.

of a global lipid mixture at
is

indicates a well-defined pivotal plane of

slope of this plot provides the relative position ( VpA^j) of the

1996). All radii of curvature are measured

curvature

(eq. 12)

full

hydration, under relaxed conditions

(

H^ tubes

intrinsic

gramicidin), as an intrinsic property of the molecule observed within a system (1/R^p^™").

A linear plot of the spontaneous curvature of a mixture versus the mole fraction of inclusion
(i.e.

gramicidin) suggests that the intrinsic curvatures of the components add in the

following

manner

%.

= (l-m

J >^

where the mole fraction of gramicidin

and X

is

the

mole

+ (m,J %,^^

{m^

is

(eq. 13)

given by:

ratio of gramicidin to phospholipid.

Temperature coefficients

The temperature dependence of the
following linear equation (Rand and

\ns=

lipid layer thicknesses is

Pangbom

described by the

1973):

asT + constant

(eq. 15)
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where the slope of the

In s versus

Tplot yields the temperature coefficient

a^,.

Osmotic force and bending modulus

By applying a known osmotic force to the H^ phase,
increased monolayer curvature.
is

Any change from

proportional to the osmotic force that

is

water

is

removed, resulting

spontaneous curvature

at full

in

hydration

required to bend the monolayers of the Hjj phase

through the following relationship:

^'

=

2^ j^^ -

yA

(eq. 16)

V

where

11 is the

osmotic pressure and K^p

is

the bending modulus,

which

is

a measure of the

monolayer's resistance to bending. The slope of a IIRp^ versus 1/Rp plot allows the
determination of the bending modulus, K^p in thermal energy units (kT), where IkT

10'^ ergs.

=4x
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Results:
Structural characterizationsfor mixtures ofgramicidin and

DOPE

By itself, DOPE spontaneously forms the Hj phase when
spontaneous curvature of these monolayers
lipids to

occupy the

Therefore, td

is

is

interstitial

energy

barrier.

not required to reduce the chain stress in these systems.

The lattice dimensions of H^ phases formed by
gramicidin and

The

sufficient to allow the acyl chains of the

thereby reducing the

interstitial regions,

hydrated.

fully hydrated mixtures of

DOPE were measured using x-ray diffraction.

associated with the

d,,^^

measurements

is

approximately

- 0.2

The experimental

error

A. Figure 6 shows that

dj,^^

decreases systematically as the composition of gramicidin increases up to mole fractions
greater than 0.05, after

which the dimensions change very

observed at higher mole fractions of gramicidin

The

little.

small changes

may be due to the exclusion of gramicidin

from the Hq phase, or to different interactions between gramicidin and
affect the

DOPE that do not

H^ lattice dimensions.

From

this

gramicidin and

experiment,

it

was concluded

that the phases

formed by mixtures of

DOPE could be analysed in the absence of tetradecane and between mole

fractions of 0.00

and 0.04 gramicidin.

Temperature coefficients of the Hj^ phase of gramicidin and DOPE mixtures

For phases composed of gramicidin and DOPE, the temperature

was measured and compared

to phases

sensitivity of d^^^

composed of DOPE only. This method was

also

used to determine whether gramicidin continued to be incorporated into the H^ phase above

a mole fraction of 0.05

in mixtures

the temperature coefficient, a^,

is

with

DOPE. From

derived from the slope of a In

for each fully hydrated composition of gramicidin

were made over a temperature range of 20°C
coefficients

the relationship described in eq. 15,

s

versus temperature plot

mixed with DOPE. These measurements

to 40°C.

From Figure 7,

the temperature

become significantly less negative (less temperature sensitive) between mole
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K
U

c
c
g

8

I
C
o

mole

Figure 6

-

relate to the

The hexagonal

lattice

dimension

fraction of gramicidin

dj^^^

of the fully hydrated Hjj phases as they

mole fraction of gramicidin in mixtures with DOPE.
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fractions of 0.00

and approximately 0.05 gramicidin (see Appendix

2).

Above this

composition, a^ does not change significantly, determined by an analysis of variance

(ANOVA) statistical test and the 95% confidence intervals (see Appendix 2).

Phase diagrams for mixtures of gramicidin and DOPE

The

Hji

and L„ lattice dimensions of phases formed by mixtures of gramicidin and

DOPE were measured over a range of water content (Figure 8).

The

repeat spacings for

all

of the gramicidin compositions measured increased as the weight fraction of water to lipid
(1-c) increased, until

a

maximum

spacing was reached at

error associated with each 1-c value

is

approximately

full

- 0.02.

hydration.

The experimental

The dehydrated data for all

gramicidin contents were pooled and fitted to a common exponential curve.

The maximum

repeat spacings at full hydration were averaged and fitted to a horizontal line.
error associated with these

maximum

The range of

spacings can be seen in Figure 8, as the scatter

between the samples of each composition. As the content of gramicidin increased from a

mole

fraction of 0.00 to 0.04, the

listed in

maximum

repeat spacings systematically decreased, as

Table 3. The minimal water content required for each phase

to achieve full

hydration, as determined from the intersection point of the exponential curve and the
horizontal line

is

referred to as equilibrium hydration; values are also listed in Table 3.

range of error associated with the equilibrium hydration values
(Figure 8). In the dehydrated regions of the phase diagrams,

is

all

The

approximately - 0.03
compositions of

gramicidin exhibited the appearance and disappearance of an L„ phase, described as the
reentrant Hjj

-

L„

-

Hjj transition.

These two-phase samples were not used for further

analysis because the composition of each phase

was unknown. However,

several

dehydrated samples formed the H^ phase only, and were used in the diagnostic analysis
described by eq. 12.
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- The equilibrium water fraction 1-c required to achieve the maximum lattice
dimensions, and dj,^^ at full hydration, as determined from the phase diagrams (Figure 8)
for various contents of gramicidin in mixtures with DOPE.

Table 3

mole fraction of gramicidin

equilibrium water fraction

maximum lattice dimensions

OOO

032™

64/7

0.01

0.32

64.3

0.02

0.31

62.9

0.03

0.29

60.6

0.04

0.28

59.1

Structural parameters of the fully hydrated Hj^ phases formed by mixtures of gramicidin

and

DOPE
Several structural parameters of the

Hj phase, shown

as they relate to gramicidin content in mixtures with
9).

in Figure 5,

have been plotted

DOPE at equilibrium hydration (Figure

The radii measured to the Luzzati plane (R J and to the plane at the acyl chain terminals

(ly are shown

in Figure

9A. The plots of both

radii are parallel,

and decrease as the

composition of gramicidin increases. From the experimental errors, these

radii

measurements are accurate to - 0.4 A. The thickness of an effective bilayer

(dj)

and the

thickness of the hydrocarbon region of an effective bilayer (d,^J in the interaxial direction

of the
9B).

Hq phase both remain constant as

the composition of gramicidin increases (Figure

The area of an effective molecule at the Luzzati plane (A J remains constant over the

range of gramicidin composition. However, the areas of an effective molecule at the
pivotal plane (Ap)

and at the acyl chain terminals

gramicidin content (Figure 9C).

(A,) both increase with increasing

From the experimental

errors, these

molecular area

measurements are accurate to - 3 A. A, has a greater dependence on gramicidin content than
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Figure 9

-

fraction of gramicidin

Through the geometrical

mole

fraction of gramicidin

relationships described in the 'data analysis' section,

dimensions of the structural parameters shown in Figure 5 are plotted as they relate to the
mole fraction of gramicidin in mixtures with DOPE at equilibrium hydration. A) R^ is the
radius measured to the polar group/water interface (Luzzati plane) and R^ is the radius
measured to the acyl chain terminals. B) dj is the thickness of an effective bilayer in the
interaxial direction, and di,^^ is the thickness of the hydrocarbon region of an effective
bilayer in the interaxial direction. C) The areas of an effective molecule at the Luzzati plane
(A J, the pivotal plane (Ap) and at the acyl chain terminals (A^). D) The number of water
molecules associated with each effective molecule.

,
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Ap, indicating that the effective molecules are becoming
incorporated.
full

more conical

more gramicidin is

as

The number of water molecules per effective molecule required to achieve

hydration (n

J decreases with increasing gramicidin content (Figure 9D).

Diagnostic plotfor mixtures ofgramicidin and DOPE

From
phase

the limited water samples

exists, structural

on the phase diagrams (Figure

8)

where only

the Hjj

parameters were determined, substituted into the diagnostic

equation (eq. 12) and used to construct a diagnostic plot (Figure 10). All mole fractions of

gramicidin in mixtures with

common, linear plot. This

DOPE (0.00, 0.01, 0.02,

0.03 and 0.04) resulted in a

indicates that a pivotal plane

is

well-defined and exists at the

same relative position for all gramicidin compositions examined (including DOPE alone).

From

the slope of this plot, the position of the pivotal plane ( VpA^j) has been determined to

be 0.36. Radii of spontaneous curvature are measured to

this plane.

Spontaneous curvature of monolayers containing gramicidin and DOPE

To determine the radii

of spontaneous curvature (R^p) for each gramicidin

/

DOPE

mixture, the fully hydrated structural parameters and the position of the pivotal plane were
substituted into eq.6.

As

mole

the gramicidin content increased from

0.04, the spontaneous curvatures (1/Rop) increased linearly (Figure
is

described in a least squares linear

the intrinsic curvature of gramicidin

curvature (R^ ^™")
this

m

is -7. 1

fit

(

IIK^^)

=

0.

is -0.

lOTm^^ +

1 1).

0.033.

This relationship

From

this equation,

14 A"\ and the radius of intrinsic

A. From the standard error of the regression line in Figure 11,

measurement ranges from -6.4 A

=0,

as l/R^p

fractions of 0.(X) to

the intrinsic curvature of

to -8.0

A. From the y intercept of Figure 11, where

DOPE (1/Rop^*^^^)

is

-0.033 A"\ with a corresponding

radius of intrinsic curvature (Rop°*^^^) of -30.3 A, in agreement with the literature values

(Table

2).
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0.037
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Figure 1 1 - Spontaneous curvatures of fully hydrated mixtures of gramicidin and DOPE,
measured to the pivotal plane, as a function of gramicidin content.
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Osmotic stress exerted on mixtures of gramicidin and DOPE

The osmotic pressure exerted by PEG 20 000 on mixtures of gramicidin and DOPE
alters the

H^

lattice

dimensions as shown in Figure

12.

For mole fractions of 0.01, 0.02,

and 0.03 gramicidin, there was a coexistence of L„ and Hq phases
pressures

(11),

consistent with the previously described

However, only the

Hji

high osmotic

H^ - L„ - H^ reentrant transition.

phase existed when the osmotic pressure was reduced. For

compositions of gramicidin examined, the H^

lattice

relating the lattice dimensions

The bending moduli

all

dimensions increased as the exerted

osmotic pressure decreased. From Figure 12 however, there

gramicidin in

at

is

no discemable trend

and gramicidin composition.

for

mole

fractions of 0.00, 0.01, 0.02, 0.03,

DOPE were measured using the slopes of Figure

and 0.04

13 (described by eq. 16) and

displayed in Table 4. These bending moduli, in thermal energy units (kT), ranged from

kT

to 13

kT with no observable trend with

experimental error and are therefore not detectably different.

be concluded that the addition of up

to

The values

gramicidin content.

From

this

1

are within

experiment,

it

can

a mole fraction of 0.04 gramicidin in mixtures with

DOPE does not detectably increase the stiffness of the monolayers.

Structural characterizations for mixtures ofgramicidin and

DOPC

The liquid-crystalline phases formed by mixtures varying in content of gramicidin
and DOPC

at full hydration

these phases

were observed by x-ray

were measured and plotted

diffraction.

and allow the Hj phase

to realize the lattice

also performed in the absence of td to

Killian et

al.

lattice

dimensions of

as they relate to the gramicidin content (Figure 14).

This experiment was performed in the presence of tetradecane
stress

The

(td) to

reduce

interstitial

dimension of lowest free energy.

compare with previous studies (Chupin

It

was

et al. 1987,

1987, Killian and de Kruijff 1985a, Killian and de Kruijff 1985b, Killian et

al.

1989, Killian et

al.

1981).

al.

1986,

Toumois

et al.

1987b,

Van Echteld

et al.

1982,

Van Echteld

et
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)

Figure 13 - The osmotic force exerted by PEG 20 000 as it relates to monolayer curvature
of the Hj phase measured to the pivotal plane. These plots are derived from the data
presented in Figure 12 for mole fractions of 0.00, 0.01, 0.02, 0.03 and 0.04 gramicidin in
mixtures with DOPE. The bending moduli for these compositions were determined from
the slopes of each plot and displayed in Table 4.
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Table 4

-

The bending moduli,

K^p, for various mixtures of gramicidin

and DOPE.

bending moduli K^p (kT)

mole fraction of gramicidin

,

0.00

1

0.01

12

0.02

13

0.03

11

0.04

11

The results indicate that td does have a qualitative effect on

the phase that is

formed

spontaneously by the mixture of lipid and peptide. Without td the L„ phase persists, and
the lattice dimension d^^ increases until a

mole

fraction of 0.04 gramicidin is reached, at

which point the Hq phase appears with a very small repeat spacing,
of td, however, very
phases.

At mole

little

gramicidin

is

td,

and higher, the Hu phase

the lattice dimension of the

with increasing gramicidin content. At mole fractions greater than
relationship

between

lattice

0.

L^^^

and

Hj,

transition is

Hj phase

decreases

15 gramicidin, the

dimension and gramicidin content appears to change very

(see Figure 14). This observation

gramicidin and

With the addition

required to induce the coexistence of the

fractions of 0.03 gramicidin

complete. Unlike the situation without

dj^^^.

little

may be due to a changing of the interactions between

DOPC molecules, or simply to the exclusion of gramicidin from the Hj

phase.

From
lattice

this

experiment,

it

was concluded that the

dimensions of DOPC mixtures could be studied

fractions of 0.07

and

0. 14.

Based upon the

phospholipids (see Appendix

1), it

structural

was expected

gramicidin molecules between 9 and 10 mol%.

ability

of gramicidin to alter the H^

in the presence of td,

between mole

dimensions of gramicidin and

that gramicidin

would contact other

The temperature dependence of several

mixtures were analysed below this composition range (in the

DOPE study) and above this
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Figure 14 - The lattice dimensions, d, of the reverse hexagonal phase (open symbols)
and the lamellar phase (closed symbols), in the presence and absence of td, as they relate
mole fraction of gramicidin in fully hydrated mixtures with DOPC.
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58

-0.0005

u

o

-0.001

-

-0.0015-

2

-0.002 -

B

-0.0025

mole

fraction of gamicidin

Figure 15 - The temperature dependence of the H^ lattice dimensions as they relate to the
mole fraction of gramicidin in fully hydrated mixtures with DOPC in the presence of td.
The temperature coefficient for each composition was measured over a range of 20°C to
40°C.
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composition range (in both the
structural rearrangements or

DOPE and DOPC studies), in an attempt to detect any

complex formation

(as in

Rand and Pangbom

data could provide an experimentally derived stoichiometry for the

(1973)). This

number of lipids

required to surround a gramicidin molecule.

Temperature coefficients of the

Hj^ phase

of gramicidin and DOPC mixtures

For each composition of gramicidin

in mixtures with

td at full hydration, the lattice dimensions of the

is

Hj phase were measured at 22°C, 30^0

A plot of In s versus temperature indicates that the lattice dimension of the H^

and 40°C.
phase

DOPC, and in the presence of

dependent upon the temperature of the sample. As described by

of this plot yields the temperature coefficient, a^.

As

the

mole

eq. 15, the slope

fraction of gramicidin

increases between 0.07 and 0. 14 (Figure 15), a^ does not change significantly as

determined from an

ANOVA statistical test and the 95% confidence intervals (Appendix 2).

Phase diagrams for mixtures of gramicidin and DOPC
For each composition of gramicidin
td, double-distilled

hexagonal
lipid, 1-c

and
first

0.

lattice

in mixtures with

DOPC and in the presence of

water was added gravimetrically to provide a range of hydration. The

dimension dj^^^ was plotted as a function of the water fraction by weight to

(Figure 16). This was performed for mole fractions of 0.07, 0.08, 0.10, 0.12

14 gramicidin.

On this

plot, there are

two

The

distinct regions for all compositions.

region shows a dependence of d^^^ on hydration, where the lattice dimension increases

as the concentration of water increases. For each composition, this region
fitted

with an exponential curve. The second region

change of dj,^, with

1-c.

is at full

was

individually

hydration where there

Here, the Hn phase coexists with excess water.

is little

The average

dj^^,

value of each fully hydrated sample was fitted with a horizontal line for each composition.

The intersection between these two regions indicates
to achieve the

the

minimal amount of water required

maximum spacings (equilibrium water fraction at full hydration). These
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Figure 16 - The hexagonal lattice dimension, dj^^^, as it relates to the amount of water
added to mole fractions of 0.07, 0.08, 0.10, 0. 12 and 0. 14 gramicidin in mixtures with
DOPC and td. With increasing hydration, but still limited water, d^^^ increases until an
equilibrium hydration spacing is reached at full hydration. The average dj^^^ value of each
fully hydrated sample was fitted to a horizontal line for each composition. 1-c and dj^^^ at
the intersection points (described in the text) are listed in Table 5 for each composition.
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Table 5 - The equilibrium water fraction, 1-c, required to achieve the maximum lattice
dimensions, dj,^^, at full hydration, as determined from the intersection points on the phase
diagrams (Figure 16) for various compositions of gramicidin in mixtures with DOPC and
td.

equilibrium water fraction

maximum lattice dimensions

1-c

d,„(A)

007

041

S3

0.08

O40

81

0.10

038

72

0.12

033

69

0.14

O30

65

mole fraction of gramicidin

values are listed in Table 5 for each content of gramicidin.

From

these data, structural

parameters of the fully hydrated systems can be determined through the relationships
described in the 'Data Analysis' section.

Within phase diagrams of previous studies (Chen and Rand 1997, Fuller and Rand
2001, manuscript in preparation, Leikin

et al. 1996),

and the

DOPE systems of the present

study (Figure 8), the hexagonal lattice dimensions of the dehydrated samples of several

compositions of lipid mixtures were common, pooled and
indicates that the dehydrated lattice dimensions

the inclusion but only

on the

mixtures of gramicidin and

phase diagrams (Figure

a

common curve.

This

were not dependent upon composition of

fraction of water present. In the present study, various

DOPC do not yield common dehydrated dimensions on the

16).

0.08, 0. 10

and

a common dehydrated curve but 0.07 and
this.

fitted to

0.

0.

14 mole fractions of gramicidin do

12 mole fractions of gramicidin deviate from

These data of limited and known water contents provide information

several structured parameters,

make up

which were used

to determine

to construct a diagnostic plot (eq. 12).
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Structural parameters of the fully hydrated H^ phases formed by mixtures of gramicidin

and

DOPC
Some of the structural

parameters of the

Hjj

phase shown in Figure

5,

plotted as they relate to the gramicidin content in fully hydrated mixtures with

(Figure 17).

The radii measured

terminals (R^) are
the

mole

shown

to the Luzzati plane

in Figure 17A.

The

fraction of gramicidin increases.

DOPC and td

(RJ and to the plane at the acyl chain

plots of both radii are parallel

The

have been

and decrease as

thickness of an effective bilayer

thickness of the hydrophobic region of an effective bilayer

(djj^^)

(d,),

and the

in the interaxial direction

remain relatively constant as the mole fraction of gramicidin increases (Figure 17B). As the
composition of gramicidin increases, the area of an effective molecule at the Luzzati plane

(A J increases slightly compared to the relatively large increase in area at the acyl chain
terminals {A^) (Figure 17C).

The number of water molecules

associated with each effective

molecule decreases as the composition of gramicidin increases (Figure 17D). These data
will

be used to discuss the structural effects of gramicidin on the H^ phase.

Diagnostic plot of gramicidin in mixtures with DOPC
Structural parameters

were also determined for the limited water samples on the

phase diagrams for each gramicidin composition, substituted into the diagnostic equation
(eq.l2) and used to construct diagnostic plots (Figure 18).

gramicidin in mixtures with

The varying mole

fractions of

DOPC did not yield a common plot, which indicates that the

properties defining any pivotal plane change as the content of gramicidin
non-line2irity of the diagnostic plots for 0.07, 0.08, 0.10

and

0.

is altered.

The

14 mole fractions of

gramicidin indicate that a well-defined pivotal plane does not exist for these compositions.

However, 0.12 mole

fraction of gramicidin does

show a linear relationship which

the existence of a well-defined pivotal plane for this composition.
pivotal plane (VpA^j), determined

greater than

1,

meaning

that the

from the slope of Figure

volume up

indicates

The position of this

18, is 1.2.

This ratio has a value

to the pivotal plane (Vp) is greater than the
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- Diagnostic plots for mole fractions of 0.07, 0.08, 0. 10, 0. 12 and 0. 14
gramicidin in mixtures with DOPC in the presence of td. The non-linearity of the 0.07,
0.08, 0. 10 and 0. 14 compositions indicate that a pivotal plane does not exist. The linear
relationship of the plot for the 0. 12 composition indicates that a well-defined pivotal plane
does exist at a relative position (VpA^,) of 1.2.

Figure 18
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volume of the effective molecule ( Vj). According
exists outside the effective molecule,

to this information, the pivotal plane

beyond the acyl chain terminals.

Spontaneous curvature of monolayers containing gramicidin andDOPC

The spontaneous curvature
with

DOPC is -0.022A'\ using eq.

(

1/Rop) of 0. 12

mole

fraction of gramicidin in a mixture

6 and the calculated V^fVy The

intrinsic curvature of

DOPC determined from a previous study (manuscript in preparation), which is analagous
to the spontaneous curvature of

mole

plot of these spontaneous curvatures

seen in the
Fuller

is

fraction of gramicidin in

shown

DOPC is -0.0066 A"\ A

Assuming

in Figure 19.

linearity, as

was

DOPE system of the present study, and in other systems (Chen and Rand

and Rand 2001, manuscript

relationship results: 1/Rop

=

0.

in preparation, Leikin et

l2Sm^^^ + 0.0066. From

of gramicidin (I/Rq/™") has been determined to be

-0.

al.

this,

1997,

1996), the following

a tentative intrinsic curvature

13 A"^ which translates into an

apparent radius of intrinsic curvature for gramicidin (Rop^"^) equal to -7.4 A, remarkably
close to that measured in

DOPE, which was

-7. 1

A.

Osmotic stress exerted on mixtures of gramicidin and DOPC

The polymer PEG 20 000
phase.

is

excluded from the interior water core tubes of the

Known concentrations of PEG 20 000 exert known osmotic

Hji

pressures on the lipid

mixture by competing for water molecules. Osmotic dehydration of the lipids causes a
decrease in the hexagonal lattice dimensions by increasing the monolayer curvature. This

change

in curvature relates to the

monolayer bending modulus,

bending force (using osmotic pressure) through the

as described

by

eq.

15 in the 'Data Analysis' section. In this

experiment, 0.07, 0.08, 0.10, 0.12, and 0.14 mole fractions of gramicidin in mixtures

with

DOPC (and td) were exposed to various known osmotic forces and the subsequent

phases and their lattice dimensions were recorded (Figure 20).
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The spontaneous curvature of fully hydrated mixtures of gramicidin and
The
1/Rqp value for mole fraction of gramicidin was taken from a previous study (manuscript

Figure 19

-

DOPC (with td), measured to the pivotal plane as a function of gramicidin content.
in preparation).
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At low osmotic

stresses,

largest lattice dimensions,

0.07 and 0.08 mole fractions of gramicidin yielded the

whereas

0.

12 and

0.

14 mole fractions of gramicidin yielded the

smallest lattice dimensions. Both 0.07 and 0.08
the coexistence of an

L„ phase and an

Hjj

phase

mole

fractions of gramicidin resulted in

at intermediate

osmotic pressures. For

these gramicidin contents, the dependence of the Hjj lattice dimensions

was
all

the same. 0. 12 and 0. 14

osmotic

stress conditions.

mole

fractions of gramicidin resulted in single

Again, the

fractions of gramicidin are dependent

gramicidin content.

on osmotic

lattice

upon

dimensions for

0.

12 and

0.

stress

H^ phases

for

14 mole

the osmotic stress, but independent of

The intermediate composition, 0. 10 mole fraction of gramicidin had an

intermediate setof dj^^^ spacings, without the coexistence of an L„ phase.

From

this

osmotic

stress experiment, the resistance

of the monolayers to the

bending force can be quantified from the relationship described by eq. 15. The change in
curvature, measured at the pivotal plane, allows the calculation of the bending
(K^p) in thermal energy units (kT),

by the slope of the

line in Figure 21.

previously, a well-defined pivotal plane exists only at a

thereby allowing a calculation to be

made

As described

mole fraction of 0. 12 gramicidin,

for this composition only. Therefore, the

bending modulus for a mole fraction of 0. 12 gramicidin
It

modulus

in

a mixture with

can be concluded that this content of gramicidin forms very

stiff

DOPC is

1

15 kT.

monolayers that require

a large force to bend them.

Structured characterizations for mixtures of gramicidin

The phases formed by PC
examined

in the presence of td

and various PC lipids

lipids of varying acyl chain length

and

in excess

and gramicidin was

water (Figure 22). These lipids

all

had

symmetrical, monounsaturated acyl chains, varying in length from 14 carbons to 22
carbons.

EM^jPC, with 14 carbon acyl chains, spontaneously formed the L„ phase even

when mixed with up to 0.07 mole fraction

of gramicidin. At higher gramicidin contents,
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Monolayer curvature, l/R

Figure 21

-

The osmotic force as it relates to monolayer curvature of H^ phases measured

to the pivotal plane. This data is derived

the system

from the osmotic

composed of 0. 12 mole fraction of gramicidin

The bending modulus,
relationship.

(A'^)

K^p, has been determined to be

1

stress analysis (Figure 20) for

in mixtures with

15

kT from

DOPC and td.

the slope of this linear
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the mixture did not form a structure that

is

observable using x-ray diffraction.

with 16 carbon acyl chains, spontaneously formed the

when mixed with mole fractions

into the Hji phase

0.05.

The

dimensions of

lattice

gramicidin.

The structural

already been described.

this Hjj

phase but underwent a transition

of gramicidin equal to or greater than

phase decreased with increased content of

characterizations for mixtures of gramicidin and

DE^PC

alone, with

Hj phases together. The addition
the formation of a single

L^^^

H^

DP^PC,

20 carbon acyl

DOPC have

chains, forms both the

L„ and

of 0.05 mole fraction of gramicidin or greater results in

phase.

the content of gramicidin increased.

The

lattice

DE^C,

dimensions of

this

Hj phase decreased as

with 22 carbon acyl chains, spontaneously

forms the L„ phase but underwent a transition into the Hj phase when mixed with mole
fractions equal to or greater than 0.05 gramicidin.

The lattice dimensions of this H^ phase

decreased slightly with increased content of gramicidin.

The lattice dimensions of the L^^^ phases formed by
increased as the length of the acyl chains increased.
is

It is

the lipids (without gramicidin)

likely that the increased thickness

a result of the longer acyl chains, with increased hydrophobic thickness of the

From Figure 22,

monolayers.

it

can be seen that the

lattice

A to 76 A for DM^,PC and DEJPC respectively.

range between 61

Gramicidin was not able to induce the short chain
transition to the

H^

This

(DP^PC and DE^C), shown

in

is

best exemplified

by the extremes

0.

each system

the

this

phase to undergo a

same

were

in acyl chain length

Figure 22. Interestingly, these plots intersect at

12 mole fraction gramicidin, demonstrating that the

approximately

From

L^^

The dependence of d^^^ on the content of gramicidin mixed

Hjj phase.

PC is different.

is

DM^PC

phase. Lipids with acyl chains that are longer than 14 carbons

induced to form the
with each

dimensions of these L„ phases

lattice

dimension for

at this composition.

experiment,

it

was concluded

that the phases

and

lattice

dimensions

formed by mixtures of PC and gramicidin are influenced by

the acyl chain length of the

To determine the nature of these differences,

would be

lipids.

further analysis

required.
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(closed symbols) as they relate to gramicidin content in fully hydrated mixtures with
various PC lipids and td. For a description of the acyl chain structures, see text. The lines
are fits through the \^^ data for DP^PC (solid lines) and DE^C (dotted line).
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Discussion:

From

these data, one can envisage several key physical interactions between

As discussed

gramicidin and the surrounding phospholipids.

many studies which focus on the effects of the
gramicidin channels. Here, a description
the effects of gramicidin

surrounding lipids on the function of

given of the inverse interactions, specifically

on the mechanical properties of lipid assemblies.

The model systems

used,

DOPE and DOPC monolayers, are qualitatively different
The PC headgroups

in their inter-headgroup interactions.

hydrated than their

is

previously, there have been

PE counterparts. PE headgroups form

are able to

become more

inter-molecular hydrogen bonds,

thereby excluding water molecules and behaving as though they have a smaller effective
polar region

compared

PC

to

lipids.

The phase behaviour of the two lipids

difference in the absence of any inclusion

(i.e.

gramicidin), even

when

reflects this

relaxed with excess

water and alkane. Incorporation of gramicidin influences the structural properties of both
these

model systems.

gramicidin

/

First, the

gramicidin

PC system, in an attempt

/

PE system

will

be described, followed by the

to correlate the interaction of gramicidin with these

different classes of lipids.

The conformations of gramicidin

in the H^j phase

Before discussing the results of

this study,

it

conformational preference of gramicidin within the
previously, there are three possibilities:

i)

1).

The tryptophan

terminal half, and
(Scarlata

would

phase

is

unknown. As described

iii)

monomers,

ii)

single-

double-stranded helical dimers (see

residues of the single-stranded helices are localized to the C-

interact

by hydrogen bonding with the polar regions of the

and Gruner 1997). These

interactions

with their helix axis perpendicular to the

would be expected

Hjj

single-stranded p^^ helical

stranded P^"^ helical dimers (see Figure 2), and

Figure

should be noted that the

to diffuse

Hjj

would

tube axis.

lipids

orient the single-stranded peptides

The

single-stranded

monomers

around the H^ monolayers. The single-stranded dimers

iV
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would be expected to form
Figure 5)

is

in the interaxial direction because

an effective bilayer (see

required to form the N-to-N hydrogen bonds (see Figure 4).

stranded dimers would probably exist in the

interstitial regions,

dj

of

The double-

which mimic the non-polar

environment of organic solvents. Also, the double-stranded dimers would not be expected
to

have the same orientation as the single-stranded helices because the tryptophan residues

are located along the entire length of the double helix, as opposed to the C-terminal half of
the single-stranded forms.

Preliminary results using high-performance size exclusion chromatography

(HPSEC)

indicate that in the Hjj phases of the present study, the majority of gramicidin

exists as double-stranded helices (Greathouse, personal
results

must be confirmed, because

histories of the

there

communication). However, these

were differences

in protocols

samples used to obtain the x-ray diffraction data and

and thermal

HPSEC data that must

be addressed.

Mixtures ofgramicidin and DOPE

By itself, DOPE spontaneously forms the
excess water.
the

Interstitial

Hj phase and

affects

Hjj

phase under unstressed conditions in

chain packing stress does not appear to restrict the formation of
its lattice

dimensions very

little.

When the dj^^^ spacings are small

as a result of the high spontaneous curvature of the monolayers,

chains of DOPE are able to occupy the space in the

chain stress (Rand and Fuller 1994). This
curvature of

DOPE, which are remarkably

absence of td (see Table
hydrated

2).

DOPE samples, i.e.

For H^

lattice

is

it is

presumed

interstitial regions,

that the acyl

thereby reducing the

evident by the measured radii of intrinsic

similar

when measured

in the presence

and

dimensions that are smaller than those of fully

by the addition of gramicidin,

it is

likely that there

would be

less interstitial chain stress.

For mixtures of gramicidin and DOPE, the phases formed and
dimensions were characterized, and are shown in Figure

6.

Between

their lattice

and 4

mol%
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gramicidin, there

is

a systematic reduction of

curvature introduced by gramicidin

compositions greater than 4

mol%

is

Hjj lattice

dimensions; increased negative

be the reason for this observation. For

likely to

gramicidin,

dj^^^ is

indicating that gramicidin's curvature contribution

is

small and remains constant, thereby

somehow altered, or the peptide is

excluded from the H^ phase.

The changing

structural parameters of the

H^ phase composed

of gramicidin and

DOPE at full hydration, calculated from the the equilibrium hydration values listed in Table
3, are

shown in Figure 9. The area of an effective molecule at the Luzzati plane (A J

remains constant over the range of gramicidin content, whereas the molecular areas at the
pivotal plane (Ap)

and the acyl chain terminals

This indicates that gramicidin

is

(A^) increase.

A^ increases more than Ap.

contributing molecular area and

hydrophobic regions of the monolayer and not

at the polar

volume deep into the

group / water

interface.

This

conclusion can be rationalized on the basis that the inter-PE hydrogen bonds interfere with
interactions

between the tryptophan residues of gramicidin and the polar regions (Scarlata

and Gruner 1997). Consequently, gramicidin would be

restricted to the

hydrophobic

regions of these monolayers.

There

a common, well-defined pivotal plane for

is

of gramicidin in
are measured.

DOPE (Rop*™")

DOPE (Figure

The
is

10).

is

the plane to

of the examined compositions

which the monolayer curvatures

radius of intrinsic curvature for gramicidin measured in mixtures with

-7.

1

A. From the standard error of the regression line in Figure 11,

measurement ranges from -6.4 A
that introduces

This

all

to -8.0 A.

These values are

all

this

indicative of a molecule

a great deal of negative curvature into a membrane. Di acyl glycerols and

cholesterol, both powerful Hjj-phase inducing lipids, introduce less negative curvature into

a membrane than does gramicidin (see Table

By applying a known osmotic
increased monolayer curvature.

monolayer curvature

2).

force to the Hji phase, water

The bending modulus

to the applied

is

removed, resulting

(K^p) relates the

in

change in

bending (osmotic) force. Therefore,

K

is

a measure of
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Pivotal

Pivotal

Plane

+ gramicidin

Plane.

gram/DOPE

Figure 23

-

Schematic representation of the pivotal position after the addition of

gramicidin to DOPE.
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the monolayer's resistance to bending.

As shown in Figure
gramicidin and

13 and listed in Table 4, the bending moduli for mixtures of

DOPE do not change appreciably within this range of gramicidin content.

This could be due to the relatively small ratios of peptide to
gramicidin

may

where the

lipid,

effects of

be too diluted to be observed. At these compositions, there are enough

completely surround each gramicidin molecule.

lipids to

Mixtures of gramicidin and DOPC

When gramicidin is mixed with DOPC and hydrated, the phase preference is altered
from the flat L„ phase of

isolated

(Figure 14) that without

td,

DOPC assemblies into the H^ phase.

the Hjj phase of gramicidin

smaller and invariant lattice dimension.
regions

is

It

can be seen

DOPC mixtures has a much

and

As described previously,

the size of the interstitial

geometrically linked and proportional to the H^ lattice dimensions. For

monolayers with low spontaneous curvatures and with no hydrocarbon
interstices, the interstitial

to

fill

the

energy either prevents the H^ formation or causes the monolayer

curvature to increase so that the Hjj lattice dimensions decrease and the acyl chains can

occupy the

interstitial regions.

This produces a stressed

Hjj

phase of high

interstitial

and

curvature free energy. For curvature studies on such lipids of low spontaneous curvature,
td

must be added

to

reduce the

interstitial

energy, thereby allowing the monolayers to

express the curvature of lowest free energy (Gruner 1985).

The

insensitivity of Hji lattice

dimensions to various mixtures of gramicidin and different phospholipids, such as

DOPS and DOPG (Chupin et al.
would be abolished by

the addition of

The L„ to Hu phase
gramicidin in
there

1987)

transition

is

believed to be a result of chain stress, which

td.

was complete with

as

little

DOPC when td is present and at full hydration.

was a coexistence of the L„ and H^ phases,

was unknown.

DOPC,

as approximately 3

Between

mol%

and 3 mol%,

therefore the composition of each phase
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The compositions of gramicidin used in

this

DOPC

/

td study

were carefully chosen

so that only single-phase regions were examined. In excess water there was only a narrow

range of gramicidin content (between

observed and a reduction in the

Hjj lattice

gramicidin content. Even within

caused a

shift in the

4 and 15 mol%)

in

which single phases were

dimensions could be measured with increasing

this range, i.e.

between 4 and 7 mol%, dehydration

balance of energies between the

causing phase coexistence. The decrease in

lattice

L^^

and H^ phases (Leikin et al. 1996),

dimensions between 7 and 14

mol%

suggested that gramicidin was acting by introducing greater negative curvature into the
system.

The analysis

gramicidin in

reported here

to

measure the

intrinsic curvature

of

DOPC.

Above 15 mol%
gramicidin content.
the

was an attempt

It

gramicidin, the lattice dimensions were unaffected by increasing

was

difficult to

Hj phase above 15 mol%

determine whether gramicidin was incorporated into

or not. Since

it

was not critical

to the present study, the

question of whether gramicidin continued to be incorporated into the Hjj phase past 15

mol% remains unexplored.
The structural parameters

how the dimensions
in

within the

calculated and

shown

in Figure 17

to determine

H^ phase were changing with increasing gramicidin content

DOPC. The area of an effective molecule at the Luzzati

and the area at the hydrocarbon

were used

tails (A,)

content. This indicates that gramicidin

is

plane (A

J increases very little,

increases significantly with increasing gramicidin

contributing area and

volume mainly

to the

hydrophobic region of an effective molecule, thereby adding negative curvature to the
monolayers.

From

the diagnostic plots, a well-defined pivotal plane exists only at 12

gramicidin in mixtures with
plane at VpA^, greater than

1.

DOPC.

mol%

This composition yields a position for the pivotal

This indicates that the monolayers are bending around a plane

outside of the lipid molecules (Figure 24) (to be discussed in the

upcoming

section).
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12% gram/DOPC
Pivotal

+ 12mol%

Plane

gramicidin

Pivotal

Plane

Figure 24
12

mol%

-

Schematic representation of the change in pivotal position after the addition of
DOPC monolayers in the presence of td. See text for description.

gramicidin to
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Since a measure of spontaneous curvature could be

made only

for 12

mol%

gramicidin, the analysis for the intrinsic curvature of gramicidin required the intrinsic

curvature of

DOPC (0 mol% gramicidin), determined from a previous study (manuscript in
Using

preparation).
linearly,

an

that value

and making the unproved assumption

that curvatures

DOPC was calculated.

intrinsic curvature for gramicidin in

add

At 12 mol%, the

gramicidin molecules are behaving as though they have an intrinsic radius of curvature
(Rq *™") of -7.4 A. Consistent with the measurement

molecule

reflective of a

Again, using

that introduces

known osmotic

made

energy

compared

units),

gramicidin in

this

forces, the

to the range of

an order of magnitude more
gramicidin and

1

this

value

is

bending modulus (K^p) was measured.

mol%

As seen from Figure

composition.

DOPE (see Table 4).

DOPE,

a great deal of negative curvature into a membrane.

Since monolayer curvatures could only be measured for 12

only be measured for

in

1 1

to 13

kT

in

gramicidin, K^p could

21, K^p

is 1

15

mixtures of up to 4

kT

(in thermal

mol%

15 kT indicates that these monolayers are very

resistant to

change

in curvature than

stiff,

monolayers composed of

DOPE.

The stiffness may be a result of the high concentration of gramicidin found within
the monolayers. Lateral interactions between adjactent peptides, perhaps through aromatic

stacking interactions of the tryptophans,
interaxial

more

may

contribute to this observed stiffness. Also,

hydrogen bonds of single-stranded dimers may provide the phase structure with a

rigid

backbone, as proposed by Van Echteld

et al. (1981).

Temperature coefficients and gramicidin - gramicidin interactions

Based upon the

structural

dimensions of gramicidin (15

indifferent for the various conformations (Wallace 1986))

radius of 3.9

A in the H^ phase)

was estimated

(see Figure 25),

that approximately

molecule (see Appendix

1

8-9 lipids

A outer diameter, which is

and the

lipids (cross-sectional

and through geometrical relationships,

were required

to

it

surround a single gramicidin

for calculations). Therefore, gramicidin

was expected

to contact
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lipid

Figure 25

-

Schematic representation of the cross-sectional interactions of gramicidin and
Hq phases. See Appendix 1 for variable definitions and

phospholipids in both the L„ £ind
calculations.
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other gramicidin molecules at approximately 9

temperature sensitivity of the Hjj

lattice

-

10 mol%.

An observable change in the

dimensions might be expected

at

approximately 9

-

10 mol%, indicating peptide- peptide interactions or complex formations (Rand and

Pangbom(1973)).

DOPE study, the H^ lattice dimensions did not change at gramicidin mole

In the

fractions greater than

5 mol%. Subsequently, further analyses on the H^ phase

curvature, structural parameters, and osmotic stress) were performed

from

(i.e.

0-4 mol%

gramicidin and, therefore, at a composition lower than that expected for peptide-peptide

At these lower contents of gramicidin

interactions.

between a^ and gramicidin content was

fitted to

in

DOPE (0-5 mol%), the relationship

a linear regression (line a in Figure 26).

significant positive slope indicates a decreased temperature

A

dependence with increasing

gramicidin content.

DOPC study, phase coexistence prevented analysis at compositions lower

In the

than 7

mol%

7 mol%

gramicidin. Temperature analysis

in mixtures with

was conducted

DOPC and with DOPE separately.

at

compositions greater than

This was in the range of the

Each of these systems were

mole

fraction expected to result in peptide-peptide interactions.

fitted

with linear regressions (lines b and c in Figure 26). From analysis of variance

(ANOVA)
line

and

95% confidence intervals (C.I.), it was concluded that neither regression

had a slope different from

dependence of the

Hjj

(see

Appendix

phases containing

2).

gramicidin.
into the

26, the temperature

DOPE changed slope at approximately 6-7 mol%

gramicidin, indicated by the intersection of a and

In the

From Figure

b.

DOPC system, d^^^ changes but a^ does not, between 7 and

The changing dimensions indicate

H^ monolayers. This demonstrates

curvature into these

H^ phases even when

that gramicidin is

still

14

mol%

being incorporated

that gramicidin continues to introduce negative

peptide-peptide contacts are expected.
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Gram/DOPE

Gram/DOPC

mole

fraction of gramicidin

Figure 26 - The temperature dependence of the interaxial spacing s, of the Hj phase as it
relates to mole fractions of gramicidin in mixtures with DOPE and DOPC (with td) at full
hydration. Line a is a regression line through 0-5 mol% gramicidin in DOPE, line b is a
regression line through 9-15 mol% gramicidin in DOPE, and line c is a regression line
through 7-14

mol%

gramicidin in

DOPC.
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Neither dj^^^ nor a^ changed at gramicidin concentrations above approximately 5

mol% in DOPE (Figures 6 and 26 respectively).
probably excluded from these

Hjj

It

can be concluded that gramicidin

phases with small

lattice

dimensions. However,

is

it is

possible that gramicidin continues to be incorporated into these Hji phases but does not
contribute increasing negative curvature to the monolayers.

Gramicidin-gramicidin interactions

measurements made using osmotic

may also be expected to affect the K^p

DOPE study with low gramicidin

In the

stress.

contents and in the absence of peptide-peptide interactions, the stiffness of the monolayers

remained the same as measured for
expected at 12

mol%

gramicidin in

DOPE alone.

DOPC, very stiff monolayers formed.

PC lipids

Mixtures of gramicidin and various

From Figure 22,

it

However, where the interactions are

can be seen

that the

PC lipid with the shortest acyl chains

(DM^PC) was not induced by gramicidin to undergo a transition from
phase, even in the presence of
the incorporation of 5

one of the following

td.

The longer chain PC

mol% gramicidin or lower.

possibilites: a)

Gramicidin

lipids

the

do form

L„ to the

the

Hj,

H^ phase with

may be explained by

These observations

may not be incorporated into PC

monolayers with acyl chains shorter than 16 carbons. This possibility

is

unlikely because

up

to

7 mol%

with DM^PC. These changing dimensions indicate that gramicidin

is

not excluded, b)

the dimensions of the

L„

to Hj,

L„ phase

increase with gramicidin content

phase transition temperatures (T^)

addition of gramicidin for

all lipids

DM^PC.

If Tj,

were not reduced

or lower, the transition would not have been detected in the present study.

the shape of an effective molecule in each of the
it

has been

to

22°C

To address this

and DM^PC, the experiment could be repeated

higher temperatures, c) Finally, the incorporation of gramicidin

chain lengths,

The

may have been sufficiently reduced by the

tested except

possibility for the mixtures of gramicidin

in mixtures

PC lipids.

at

may differentially affect

Using

PC lipids of varying acyl

shown by ^^P and ^H NMR that gramicidin causes more disorder
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of the acyl chains than the polar groups (Watnick et al. 1990).

From

there,

it

was

concluded that gramicidin contributes more hydrophobic volume to the longer chain
lipids,

PC

thereby causing the effective molecules to form a more conical shape, and to pack

into a curved surface. Since gramicidin is apparently unable to

volume

to the short chain lipids

and continue

to

(i.e.

add enough hydrophobic

DM^^PC), the effective molecules remain cylindrical

pack into monolayers

that are flat.

The pivotal planes

The radii of intrinsic curvature for gramicidin measured in DOPE and DOPC are
remarkably similar,
contributing the

-7. 1

A and -7.4 A respectively.

This suggests that gramicidin

is

same relative hydrophobic volume in the effective molecules in each model

system. There are, however, significant differences in the interactions of gramicidin with

each lipid species.

The position of the pivotal plane does not change by the incorporation of gramicidin
into

DOPE monolayers (see Figure 23).

hydrocarbon interface (Rand

monolayers containing
cholesterol

This plane, at approximately the polar goup

et al. 1990), appears to

remain

at the

same position

for all

DOPE. Even the addition of diacylglycerols (Leikin et al.

(Chen and Rand 1997),

lysolipids (Fuller

/

1996),

and Rand 2001), and now gramicidin

did not change this position of constant area.

The pivotal plane within DOPC monolayers has also remained at the same relative
position with the incorporation of various inclusions, including diacylglycerols (manuscript
in preparation), cholesterol

For the

first

(Chen and Rand 1997), and lysolipids (Fuller and Rand 2001).

time, however, this position has been drastically altered

by the incorporation of

gramicidin (see Figure 24).

There was not a well-defined pivotal plane for any composition of gramicidin

DOPC,

except 12 mol%. Therefore, for most compositions, the monolayers of

were not bending or pivoting around a single plane. At 12

this

in

system

mol% gramicidin in DOPC, a
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well-defined pivotal plane does exist, however

its

position

was unexpected. The position

of this plane exists beyond the acyl chain terminals, outside of the lipid molecules. This

means that all

positions along the entire length of the effective molecule are changing area

as the monolayers curve.

The position of constant area that appears non-compressible,

which the monolayers bend around,

is virtual.

How are the interactions of gramicidin with DOPE different from DOPC? To
address this question, consider the interactions between the lipid headgroups. PE' s are
able to form inter-molecular hydrogen bonds, thereby reducing the effective size of the
polar region. These bonds partially exclude water from interacting with the headgroups.

They also prevent hydrogen bonding between
of the lipids (Scarlata and Gruner 1997).

from the polar group, residing deeper
polar group

/

It

in the

the tryptophan residues

was postulated

and the polar regions

that gramicidin is

excluded

hydrocarbon region. This would leave the

hydrocarbon interface free and the monolayers could

still

pivot around this

position.

PC's on the other hand, do not form strong inter-headgroup associations, are more
fully hydrated,

and allow hydrogen bonds between the tryptophan residues and the polar

region (Scarlata and Gruner 1997). This would position gramicidin closer to the polar

groups (compared to the

DOPE systems), at the usual position of the pivotal plane in PC

monolayers. The presence of gramicidin at

this position

as the monolayers bend. This lack of a pivotal position

of gramicidin in
bending. This
(Figure 16).

unique and
bending.

may disrupt its constancy in area

may also indicate that the position

DOPC monolayers is not constant, either with composition or with

may account for the variation in dimensions seen

The existence of the pivotal

position at 12

mol%

in the

DOPC system

gramicidin in

DOPC is

may suggest that gramicidin does not change position within the monolayers on
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Conclusions:

The effects of including gramicidin in spontaneously formed model
were measured. In

(Rop^

of

-7. 1

DOPE,

A. In

gramicidin behaves as

DOPC,

if it

has an intrinsic radius of curvature

mol% only,

gramicidin at 12

lipid assemblies

behaves as

if it

has an R^p^^

of -7.4 A. These values are reassuringly similar and indicative of a molecule that
introduces a great deal of negative curvature into a membrane, the most observed to date.

However, gramicidin

interacts differently with

pivotal plane remains at the

gramicidin. In

it is

bent.

position with the incorporation of

DOPC, a well-defined pivotal

This suggests that
as

same

at other

At 12 mol%,

Through

DOPE than with DOPC.

In

DOPE, the

up to 4 mol%

mol% gramicidin.

plane exists only at 12

compositions, gramicidin changes position within the monolayer
the pivotal plane

is

outside of the lipid molecules.

the molecular dimensions of gramicidin and lipids,

it

was estimated that

gramicidin would contact other gramicidin molecules above 9 to 10 mol%. Below

approximately 7 mol%, the temperature coefficients of the H^ phases composed of
gramicidin and

DOPE became less negative as the gramicidin content increased.

Above 7

mol% gramicidin in DOPE and in DOPC, the temperature coefficients did not significantly
change with increasing gramicidin content. Peptide-peptide contacts

may be responsible

for the reduced temperature sensitivity of the Hjj lattice dimensions.

The
analysis.

resistance of the monolayers to bending

At low compositions of gramicidin

in

was measured using osmotic

DOPE, no change in stiffness could be

detected as the gramicidin content increased. High contents of gramicidin in

mol%)

stress

resulted in the formation of very stiff monolayers.

DOPC

(

12

The peptide-peptide interactions

may be responsible for stiffening the DOPC-containing monolayers.
This work clearly demonstrates that peptides are able to change the mechanical
properties of a

membrane, and provides some measures of these changes. The

local

spontaneous curvature of a membrane must reflect the contribution of both the proteins and
the lipids.

An integral membrane peptide like gramicidin, with a high content of
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hydrophobic amino acids, introduces high negative curvature, and would cause high local
curvature stress. Such stress would be relieved by surrounding the protein with lipids of
positive or particularly

low curvature.

protein, very high concentrations
rigidity of the constituent

If

gramicidin

is

typical of

an integral membrane

would be expected to increase the bending and thermal

monolayers.
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Appendix

1:

Estimate of the number of lipids that surround a gramicidin molecule in the L^phase
cross-sectional area of a lipid

= Aj = 65 A^

therefore, the radius of a lipid

=

the radius of gramicidin

=

therefore

rj

= V(Aj

/

= 7.5

A

r^

r^^^

(Rand et al. 1990)

7C)

= 12 A

A

= 4.5

(Wallace 1986)
(see Figure 25)

the circumference of the centres of the surrounding lipids (see Figure 25)

=
the

number of lipids

that

=
Therefore in the

from

eq.

14

L^^

C,,^

=

27Cr,,^

= 75.4A

can surround a gramicidin molecule
n,

phase,

=
1

C,^g

/

(2r,)

= 8.4

lipids

gramicidin molecule

this is equivalent to

is

surrounded by 8.4

a gramicidin mole fraction of

0.

lipids,

and

106.

Estimate of the number of lipids that surround a gramicidin molecule in the Hjj phase

A^ of DOPE = 49 A^
therefore

r,

(Chen and Rand 1998)

= V(A^ / 7i) = 3.9 A

r..g=11.4A
C,,,

n,

=

= 71.6A
9.2 lipids

Therefore in the Hu phase,

from

1

gramicidin molecule

eq. 14 this is equivalent to a gramicidin

Therefore, during the transition from the L„ to

Hj

is

mole

surrounded by 9.2

lipids,

and

fraction of 0.098.

phase, gramicidin will be surrounded by

8.4 to 9.2 lipids and one would expect gramicidin-gramicidin contacts above 9-10 mol%.
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Appendix 2 - The statistical

variables derived from the temperature coefficient data for
and
various composition ranges of gramicidin in mixtures with
(see Figure

DOPE

DOPC

26).

mole fraction
range ofgram
in

DOPE

molefraction
range of

gram in

DOPC
a) 0.00

-

0.05

slope

95%

ANOVA

ANOVA

Confidence

F-value

p-value

Interval

7928

