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Abstract

The

interaction of biological molecules with water

is

an important determinant of structural

properties both in molecular assemblies, and in conformation of individual macromolecules.

By

observing the effects of manipulating the activity of water (which can be accomplished by
limiting

its

concentration or by adding additional solutes, "osmotic stress"), one can learn

something about

intrinsic physical properties of biological

molecules as well as measure an

energetic contribution of closely associated water molecules to overall equilibria in biological
reactions.

Here two such studies

are reported.

lysolipid which, while present in relatively

shown

to affect

interactions.

many cellular processes

Monolayer

The

first

of these examines several species of

low concentrations

in

biomembranes, have been

involving membrane-protein or

elastic constants

membrane-membrane

were determined by combining X-ray

diffraction

and

the osmotic stress technique. Spontaneous radii of curvature of lysophosphatidylcholines were

determined to be positive and in the range

proved to be essentially

monolayer

in

which

it

flat.

+30A

to

+70A, while lysophosphatidylethanolamines

Neither lysolipid significantly affected the bending modulus of the

was incorporated. The second study examines

process of polymerization of actin into filaments. Water activity

the role of water in the

was manipulated by adding

osmolytes and the effect on the equilibrium dissociation constant (measured as the

monomer concentration) was
concentration

was reduced

determined.

As water activity was

is

decreased, the critical

for Ca-actin but not for Mg-actin, suggesting that 10-12 fewer water

molecules are associated with Ca-actin in the polymerized
of water

critical

discussed in the context of the

common

state.

This unexpectedly small amount

structural motif of a nucleotide binding cleft.
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Chapter

1.

Water - The
Water

is

Biological Solvent

the solvent for biology. All

familiar, that

it is

life

takes place in an aqueous environment. But water

often taken for granted; a simple fluid; a substrate for the

reactions of life involving large protein sind

with very special solvent properties.

molecules into

i)

life as

we know

It is

DNA molecules.

is

so

more complicated

In fact, water

is

a unique liquid

the interaction with water that organizes organic

it.

The Hydrophobic Force

Much of water's
systems,

uniqueness, and the driving force for the assembly of functional biological

comes from

the ability of water molecules to form

many hydrogen
The

water, these hydrogen bonds are continually breaking and reforming.
don't mix"

phenomenon

is

a result of the fact that nonpolar solutes such as

been used to describe

The term 'hydrophobic

In liquid

familiar "oil and water
oil,

bond with water. The aggregation and sequestering of non-polar substances
observed, and obviously a spontaneous process.

bonds.

do not hydrogen

in water

is

readily

force' (fear of water) has

this observation.

The exact nature of the 'hydrophobic

force'

upon closer examination however,

is

quite

complex

and not yet completely understood (Ball 1998). Thermodynamic observations (Kauzmann 1959)
of the transfer of hydrocarbons from water to non-polar solvents confirms that this

is

a

spontaneous process with a negative change in Gibbs free energy (AG=AH-TAS). Surprisingly,
though, the process was

shown

Clearly, the driving force

to be endothermic, or enthalpically unfavourable (positive AH).

must be an increase

segregated from bulk water.

in entropy (positive

An explanation was

AS) when the hydrocarbon

is

suggested by Frank and Evans in 1945 (Frank

and Evans 1945). Since a non-polar molecule would disrupt the hydrogen bonding

in water, they

proposed that in order to minimize the loss of hydrogen-bond energy, water molecules would
orient themselves around the non-polar molecule in a

hydrogen bonded network (possibly similar

which could extend several layers

to a clathrate structure). This ordering of water structure,

beyond the

first

hydration shell, would result in a decrease in entropy. Aggregation of non-polar

molecules in water would then be favoured since the surface area of the aggregate (and therefore
the

amount of water

structuring)

would be

less than that of the individual molecules.

The

aggregation process would be one of positive AS.

Recent advances in techniques such as neutron scattering and

EXAFS

(Extended X-ray

Absorption Fine Structure) spectroscopy, have allowed investigators to

test the

above model by

probing the nature of the proposed ordering of water around hydrophobic solutes. Using alcohol
-

water mixtures, (Soper and Finney 1993) showed for the

first

hydration shell tended to be oriented with their dipole

first

time that water molecules in the

moments

tangentially centered

methyl carbon of the alcohol. Further experiments on other systems confirmed
that the structure

was more disordered than expected and

this,

on the

but indicated

in fact, not significantly different

from

7
bulk water (Bowron et
interactions
al.

1997).

So

the nature of the entropic driving force of hydrophobic

remained a mystery. This same research team reports very recent

1998) that

shown a

al.

may be part of the answer. Experiments on a tertiary-butanol

significant

change

in the solvent water

densely packed) beyond the

first

neighbour

-

results

(Bowron

et

water system have

network (the solvent becomes

more

slightly

shell.

While the exact nature of the entropic driving force of hydrophobic
subject of active investigation, the force itself

is

undisputed and

interactions remains the

role in determining structure

its

of biological molecules has long been recognized. The folding and stability of the native
structure of globular proteins

proposed to depend on the hydration of polar and non-polar

is

molecular groups (Kauzmann, 1959). Non-polar amino acid sidechains are typically found
together, in the interior of the protein, shielded

proteins also depends

on hydrophobic

membrane assembly and

Furthermore,

from water. Insertion and

interactions (White

stability

of

and Wimley 1998, White

membrane

et al. 1995).

resulting material properties, the subject of the

investigation described below, are determined

by hydrophobic/hydrophilic interactions with

water.

ii)

The Hydration Force

In relatively recent investigations, beginning in the early 1970's, evidence has been accumulating
that polar surfaces

are also hydrated

-

from biological macromolecules and assemblies

by water

phenomena (Leikin

in a

way

et al. 1993).

that

may

distance,

et

al.

and

is

1976).

much

The magnitude of this

was

first

discovered between lipid membranes

surface hydration force varies exponentially with

stronger than can be explained by the double-layer theory for electrostatic
in

aqueous solution,

from the structure under investigation and therefore compete with
et al. 1986),

that are excluded

for solvent water (Parsegian

it

has allowed the measurement of a hydration force in diverse biological systems.

These include molecular assemblies such as approaching membrane surfaces (Lis
1982),(Rand and Parsegian 1989), hexagonally packed
fibre assemblies (Leikin et

al.

technique are

DNA arrays (Rau et al.

1984), collagen

which hydration forces have been measured using osmotic

membrane channel openings (Bezrukov and Vodyanoy

1990, Zimmerberg and Parsegian 1986),

and substrate binding

et al.

1994), and linear polysaccharides (Rau and Parsegian 1990). Other

biological macromolecules for

cavities in

enzyme binding

sites in

stress

1993, Zimmerberg et

DNA

al.

(Sidorova and Rau 1996),

enzymes such as hexokinase (Reid and Rand 1997) and

aspartate

transcarbamylase (LiCata and Allewell 1997).

Surface hydration phenomena have been observed by other researchers using different
techniques.

-

Interaction of such surfaces with water results in a significant

Use of osmolytes of known osmotic pressure

interactions.

and mica surfaces

be explained by solvent structuring entropic

repulsive force between approaching surfaces that

(LeNeveu

to glass

Timasheff measures changes

in solution density

when

large proteins are added

under conditions of constant chemical potential of water and cosolvent. Variation

in

observed

8
apparent specific volume of the protein with concentration of the cosolvent
'preferential hydration' of the protein.

Preferential hydration has

is

attributed to

been measured for bovine serum

albumin, lysozyme, chymotrypsinogen, ribonuclease A, and P-lactoglobulin (Bhat and Timasheff
1992) and, significantly, a change in preferential hydration has been observed upon
polymerization of microtubules (Na and Timasheff 1981) and denaturation of proteins (Timasheff
1993).

In

summary,

it

has

become

clear that water not only drives the association of molecular

assemblies such as biomembranes, but the physical properties of the assemblies as well as the
function of other large macromolecules are sensitive

to,

and influenced by, forces of interaction

with water. In one part of this work, control of water activity in a model lipid system
tool to

is

used as a

probe the specific material properties of one component of biomembranes, lysolipid. The

resulting

measurements are an attempt

to understand

and quantify

lysolipid's influence

on the

free

energy of the membrane in vivo and subsequent membrane related cellular functions. In the

second study reported here, the influence of water activity on the polymerization of actin allows
the calculation of the

number of water molecules involved

monomer to a growing actin

filament.

in the reaction

which adds one

actin

Chapter

2,

The Role of Water
i)

Determining Structure and Properties of Lipid Assemblies

in

Lipid Molecules Self-assemble in Aqueous Solution

Lipid molecules are amphiphilic in nature. That

non-polar regions (hydrocarbon

tails).

is,

they contain polar regions (headgroups) and

In a biological

membrane, many

molecules assemble in a bilayer structure with hydrocarbon
interaction with water
lipid species

by the polar headgroups.

form bilayer structures

hydrophobic forces, some
hydrocarbon

tails

lipids

In

tails

on the

different species of lipid

model studies however, not all

(the lamellar phase) in

isolated pure

aqueous solution. Driven by the same

form hexagonally packed cylinders in a water matrix with

phase, or inverted hexagonal phase). See Figure

lipid species,

The

relative area

occupied by the

hydrated polar headgroup compared to the area at the end of the hydrocarbon
the effective molecular shape being either a cylinder, (eg.

charged lipids such as DOPS), or an inverted cone
shapes to minimize hydrocarbon

Hn phase

While molecular shape

-

(eg.

lipids that

cylinders),
fill

among

may be

DPPC), a cone shape,

(eg.

lysoPC or
of these

water interaction, will result in the lamellar phase, the Hi

respectively.

is

a useful

way

to conceptualize the tendency of a particular lipid to adopt
is

also dependent on packing

the hydrocarbon chains (Gruner 1985, Tate

would pack

tails, will result in

DAG's and DOPE). Packing

a particular structure, whether the structure actually forms
constraints

one for

can be predicted largely on the basis of the projected shape of the

individual lipid molecule (Cullis and DeKruijff 1979).

phase, and the

Hn

L

structures (lamellar or hexagonal as illustrated in Figure 1) is the preferred

any particular

their

inside the cylinder (the Hi phase). Other lipid species assemble so that water

cylinders are lined by lipid headgroups and the hydrocarbon chains form the matrix (the

Which of the

from

interior, shielded

in the

Hn phase

forced to form

and Gruner 1987). In

particular,

with small curvatures, (or large radii of the water

flat bilayers

since the hydrocarbon chains cannot stretch and

the interstitial regions (see Figure 1) between hexagonally packed cylinders. In such cases,

increasing temperature and therefore the motion of the chains effectively changes the shape of the

molecule, increases the curvature of the resulting cylinder, and a curved structure forms. The

temperature at which

Husson 1962) (Kirk

this

occurs

et al. 1984).

is

the lamellar to hexagonal transition temperature (Luzzati and

Alternatively, the addition of hydrophobic molecules, such as

alkanes, to the lipid structure can relieve chain packing stresses by filling the interstice. In this

way, smaller curvature structures (larger water cylinders) are able to form that

reflect the

'spontaneous' curvature of the individual lipid molecule. This strategy has been adopted in order
to investigate the 'spontaneous' or relaxed curvature of a

Gruner 1985) (Rand

et al. 1990)

characteristic curvatures induced

gramicidin ((Chen and

Rand

number of lipid

species ((Kirk and

(Chen and Rand 1998) (Fuller and Rand 2001)

)

as well as the

by bilayer inclusions such as cholesterol, tocopherol, and

1997), (personal communication Bradford), (Szule 2001)).

10

dlam

cylindrical

Interstice

H
II

inverted cone

H,

cone

Figure

1.

Schematic diagram of phases or assemblies formed by various

species in water. L, lamellar phase; Hj, hexagonal phase;

hexagonal phase.

Some

Hu

,

lipid

inverted

relevant structural parameters that can be determined

from X-ray diffraction and knowledge of volume composition of

lipid in

water

are indicated, dlam, dhex, lattice repeat spacing for the lamellar phase and the

hexagonal phase respectively;

dl, lipid

bilayer thickness; dhc,

hydrocarb^

thickness; dw, water thickness; Aw, Ap, At, lipid molecular surface area at the

water interface, pivotal plane, and hydrocarbon

tail

terminals respectively;

Rp, cylinder radius to the water interface and pivotal plane respectively.

Rw,

11

Such knowledge of

membranes
whole. In

components of biological

be key in further understanding the dynamics of the functioning membrane as a

will

fact,

the characteristic properties of individual

many examples have

already been cited where cellular activities appear to be

modulated by material properties of the membrane. Some of these are presented

measurements on various membrane components are described.

section, before the experimental

ii)

in the following

Significance of Membrane Material Properties

Following the proposal of the bilayer structure for biologically relevant membranes (Danielli and

Davson 1935, Robertson 1959) smd

its

refinement into the fluid mosaic model (Singer and

Nicolson 1972), the focus of study for cellular functions involving the membrane shifted to

its

imbedded and associated protein complexes. Recently however, there has been increasing
evidence that far from being simply a permeability barrier and a substrate for membrane proteins,
the lipids of biological

membrane and

membranes play a dynamic

Given

and regulation of many

cellular activities. Furthermore, there is evidence that this control is a function of

the material properties of the
proteins

role in the control

membrane and

not specific chemical interactions of the lipids with

and other biomolecules.

that

isolation,

many

lipid species

and particularly

if

found in biological membranes would form non-bilayer phases in

chain packing constraints were relieved, their presence in

membranes would appear to be under packing

stress.

flat

In addition, insertion of other non-lipid

molecules into the membrane would be expected to introduce (or relieve) packing stresses related
to their partitioning into polar or nonpolar regions.

or the presence of inclusions, these stresses

may

Whether due

to

shown

to be influenced

through material properties include: membrane
proteins, conformation of

membrane

proteins,

-

lipid

composition

represent stored free energy which in turn

contribute to the equilibrium of processes taking place nearby in the

Cellular activities that have been

membrane

may

membrane.

by membrane composition presumably

membrane

interactions, insertion of

and activation of membrane

proteins.

membrane

Some

examples are described below.

Membrane - membrane

interactions

The observation and measurement of hydration
described in Chapter
structure,

1

would suggest

membranes would not

that,

interact.

forces between stable bilayer

membranes

without at least transient disruption of the bilayer

Consistent with

this, interacting

biomembranes have

been observed to involve non-bilayer structures, and membrane fusion has been correlated with
the presence of non-bilayer lipids. Because of their disruptive nature, non-bilayer structures are
rarely observed in a stable

form

in vivo.

However, freeze

junctions shows structures suggestive of the cylindrical
^^P

fracture electron

microscopy of tight

Hn phase (Kachar and Reese

1982) and

NMR spectra of rat liver microsomes shows correlation of increased transbilayer movement

i

V

12
of lipids to an increase in isotropic signal (characteristic of non-bilayer phases) (van Duijn et

al.

1986). X-ray diffraction

and electron microscopy evidence for non-bilayer phases has also been

cited for retinal rod outer

segment (ROS) membranes (Gruner

Membrane
changes

et al. 1982).

fusion necessarily involves transient disruption of the stable bilayer membrane. Lx)cal

in material properties of the

membrane due

to non-bilayer

involved. Early studies reported that erythrocytes fused
different "fat soluble"

components (Ahkong

components are

upon addition of approximately 30

et al. 1973). In vivo, several

namely myoblast fusion (Wakelam 1983), secretory exocytosis

fusion,

likely

examples of membrane

in sea urchin eggs

(Whitaker and Aitchison 1985), as well as numerous other examples of exocytotic secretion
(sited in

(Whitaker and Aitchison 1985) and (Berridge 1984)), have been associated with

increased diacylglycerol

(DAG)

production.

As

part of the complicated cell signal transduction

DAG is produced by activation of phospholipase C breakdown of phosphatidylinositols
or phosphatidylcholine. DAG is a powerful non-bilayer forming component of membranes that
system,

in

model systems (Das and Rand 1986)

capable of disrupting the bilayer and causing the

is

formation of hexagonal phases. Furthermore, studies in erythrocytes showed that measured

enrichment of
phosholipase

DAG in the membrane correlated with pinching off of vesicles (if endogenous

C was activated)

((Allan et

al.

1976) (Allan and Michell 1975)), or invagination of

C was added (Allan et al.

vesicles (if

exogenous phospholipase

interaction

and fusion of the inner or outer membrane respectively;

1975).
ie.,

These

results

the site of

imply

DAG

production.

Models of membrane fusion have emphasized
((Siegel 1993), (Cullis et

((Chemomordik

al.

1985)).

One

et al. 1995b), predicts a

with opposite curvatures, each of which

components

the importance of non-bilayer lipid

of these, the stalk pore hypothesis in particular

requirement for highly curved intermediate structures
is

effective at different stages

and

in different

monolayers. Experiments on baculovirus gp64-induced fusion of insect cells (Chemomordik et
al.

1995c), influenza hemaglutinin-mediated fusion of fibroblasts

on model systems (fusion of vesicles

to planar

membranes) (Chemomordik

proven supportive of that prediction. Inverted cone shape

DAG)

(Chemomordik

promote the hemifusion stage when present

et al. 1997),

et al. 1995a),

lipids (arachidonic acid

have

(AA) and

Cone shaped

at the interacting surfaces.

and

lipids

such as lysolipids, promote pore formation in the opposite monolayers. Furthermore, both
classes of lipids inhibit fusion if present in the 'wrong' monolayer, (figure. 2

Membrane

-

).

Protein Interactions

Short of aiding in the disruption of the bilayer, the energy stored in lipid packing stresses can
influence the activities of molecules inserted into the membrane. In fact, material properties of
the

membrane may play a

role in regulating

cytidylyltransferase (CCT), a rate limiting

its

own composition. CTP:phosphocholine

enzyme

in the biosynthesis of phosphatidylcholine,

is

13

Net negative curvature

Figure

2.

Net positive curvature

Stalk pore hypothesis for fusion.

Contacting monolayers exhibit net negative curvature in the stalk formation, while pore

formation requires positive curvature in the oposite monolayers.

14
activated

upon

membrane. The

insertion into the

insertion

CCT appears to be

and activation of

sensitive to material properties in the hpid environment. Negative curvature lipids (fatty acids,

DOPE)

diacylglycerol, and

inhibitory (Attard et

al.

stimulate activity, while positive curvature lipids (eg. lyso-PC) are

2000).

The hypothesis

packing stresses in bilayers containing

that

is

highly negative curvature lipids are relieved by insertion of the protein, and the energy released

promotes

its

partitioning into the

signal to regulate

ensures

PC

membrane.

synthesis thus maintaining

membrane

tension within a critical range that

its integrity.

Sensitivity to the lipid environment has also
that

In effect, the packing stress acts as a feedback

been demonstrated for integral membrane proteins

As noted by Andersen

undergo conformational changes when activated.

total free

energy difference between two integral protein conformations (AG^^t

of the free energy from the protein conformation change
resulting

et al. (1998), the

from the interaction of the protein with

yields a deformation energy (AG^^^

).

of the membrane. Several examples of

its

itself,

(AG^p^,

environment,

i.e.

)

).

and the

will

be the sum

free energy

perturbation of the bilayer

AG^d^r will vary as a function of the material properties

membrane

proteins

appears to correlate with deformation energy of the

whose conformation or

membrane

as

activity

opposed to specific

lipid

interaction are discussed below.

Rhodopsin, an integral protein in the rod outer segment (ROS) membranes,

when exposed

to light

(Salamon

membrane monolayers

to

et al. 1994).

is

thought to elongate

The elongated form presumably

bend with negative curvature, and consistent with

requires the

this,

negative

curvature lipids (phosphatidylethanolamines (PE's) and polyunsaturated phosphatidylserines
(PS's))

disc

enhance the

membrane

that has

light

protein,

ABCR,

been implicated in

increased activity in

(Ahn

induced response in reconstituted systems (Brown 1997). Another

et al. 2000).

(a

member of the

superfamily of ATP-binding transport proteins)

retinal transport across the

membrane, has also been shown

membrane systems with high PE content, while PC

Here, the suggestion

conformational changes coupled to

two other membrane

proteins;

is

that

ROS

membrane

II

have

lipids decrease activity

material properties

may

constrain

ATP hydrolysis, thus influencing the reaction rate.

mannosyl transferase

to

At

least

of the rough endoplasmic reticulum (Jensen

and Schutzbach 1984), and the ATPase linked Ca^^ transporter of the sarcoplasmic reticulum
(Navarro et

al.

1984),

show

similar enhanced activity correlated to the presence of negative

curvature PE's or other non-bilayer, inverted cone-shaped lipids. Non-bilayer promoting

components of both positive and negative curvature,
respectively) have also been

(Asaoka
and

et al. 1992,

shown

to affect the activity of

Nishizuka 1984, Oishi

C (Dawson et al.

1983,

(eg. diacylglycerol

Dawson et al.

membrane

et al. 1988, Sasaki et al.

1984).

and

lyso-lipids

associated protein kinase

1993) and phospholipase

A

C

15

Channel Proteins
Channel proteins provide another example of the influence of membrane material properties on
conformational changes in integral proteins. Gramicidin

monomers

(small

membrane

peptides) dimerize across the lipid bilayer to form open functional channels in the

soluble

membrane.

Experiments on planar bilayers have shown that when lyso-PC

is

activity is dramatically increased, both in the rate of formation

and duration. Since the dimension

of the dimer

is

added

to the bilayer, channel

generally less than that of the bilayer, the resulting cost of deforming the bilayer

is

presumably relieved by the lyso-PC's positive curvature, stabilizing the open channel (Lundbaek

and Anderson 1994). Consistent with these

results, cholesterol,

decreased open channel duration times (Lundbaek et

Membrane

al.

a negative curvature promoter,

1996).

curvature frustration has also been implicated in the energetics of alamethicin channel

formation (Keller et

al.

1993). Single channels reconstituted in

Hn prone DOPE bilayers

(Montal-Mueller bilayer membranes, or black-lipid membranes) differed from those in
bilayers in conductance burst duration,

and expression of higher conductance

Conductances of each level were independent of
functional structure of the channel

seemed

lipid

was not altered,

states.

composition suggesting that the essential
of channel formation

rather, the energetics

to correlate with inherent nonlamellar strain in the black-lipid

presence of

DOPC

membrane due

to the

DOPE.

Biological Control of Membrane Composition

Two in vivo observations of biological membrane composition that point to the importance of
membrane

material properties are: 1) that

species (de Gier and

Van Deenen

conditions (Van Golde and

membrane phospholipid composition

1963) and

Van Deenen

is

adjusted and regulated under diverse growing

1966), and 2) that

it is

even organelles. Further experimental evidence of the former,
lipid
et al.

varies between

specific for specific organs or
is

the regulation of

membrane

composition by A. Laidlawii in response to manipulation of growth temperature (Wieslander
1981) and acyl chain and cholesterol composition (Osterberg et

appears that polar headgroup composition

is

altered in order to

phase transition within a narrow temperature range.
addition of foreign molecules

Again the response

known

lipid ratio

keep the lamellar

similar response

to partition into the

correlates with the equilibria

no consistent correlation between

A

is

was observed upon
1986).

between lamellar and non-lamellar phases with

and chain melting temperatures,

the important parameter regulated

al.

T^, , or the chain

1986), or

membrane

by the organism. Indeed, when

measured under these conditions, curvature of the membrane extracts

(at the water/lipid interface

of the hexagonal cylinder) was maintained in the narrow range between -58 and -73
to the individual pure lipids (-17 to -123

it

to non-lamellar

membrane (Wieslander et al.

order parameter. These results imply that lipid packing, (Lindblom et
curvature (Gruner 1989)

1995). In each case,

al.

A) (Osterberg

et al. 1995).

A

compared

A dynamic equilibrium

CI
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between bilayer and non-bilayer

lipids has also

been reported for the chemically different

membranes of Clostridium butyricum (Goldfine

Many examples can now

be cited showing specificity in membrane

segment membranes, highly enriched

(DHA),

are an

free energy

typically

in the

Hn promoting

example of membranes with high packing

(Brown 1994, Huster et

low

et al. 1987).

al.

2000).

in metabolic activity but that

forming phospholipids and are extremely
intracellular fusion reactions, for

On

lipid composition.

stresses

and potentially

1978) and most of their

asymmetry

is

undergo large mechanical

example secretory chromaffin

et al. 1989)

stresses,

(Chemomordik

et al. 1995b).

model

95% bilayer

and Golgi apparatus,

10%

of

total lipid

(Moreau and Morre 1991) (Voyta et al.
et al. 1989). This lipid

for "ideally fusable"

membranes

For a review of other examples of correlations between

composition and function in biological membranes see (Cullis et

iii)

have

membranes undergoing

grcinules

PE lipid in the outer monolayer (Zachowski

consistent with the stalk pore

therefore, stored

the other hand, erythrocyte membranes,

stable. In contrast to these,

(Westhead 1987, Zachowski

outer

polyunsaturated docosahexaenoic acid

have a significant amount of lysolipid in the inner monolayer (17% and
respectively)

Rod

al.

lipid

1985).

Measuring Material Properties of Membranes

Quantifying Structural Characteristics of Individual Lipids

As suggested

above, the structural properties of lipid assemblies are a complicated function of

hydrocarbon chain packing interactions, headgroup-headgroup interactions, and interaction with
water.

The

by these

resulting structure represents a minimization of the molecular free energies generated

interactions. In a theoretical

model proposed by

May and Ben-Shaul (May and Ben-

Shaul 1999), the free energy per molecule in an assembly can be expressed as the

sum of three

terms:

f =fH+f,+fc
each of which contains a molecular constant characteristic of the

The

first

term represents headgroup

electrostatic, steric,

and hydration

-

lipid.

headgroup interaction (generally repulsion) as a

interactions. It takes the form, ff=Bla^

where

result of

B is the

molecular constant that characterizes the strength of the repulsion and depends on headgroup
size, shape,

and charge,

The second term

is

a^, is

the surface area per molecule at the plane of headgroup repulsion.

the surface energy associated with the hydrocarbon

represents an "opposing force" (Israelachvili and

Wennerstrom 1992)

-

water interface. This

in that

it

results in effective

17
attraction

between molecules

in order to

minimize contact between the hydrophobic core and the

aqueous solvent. Here /,=)«, where yis the surface tension
(estimated to be O.llksTlk^ at

The final term/^
Waals

,

room temperature) and a^

is

at the

water

hydrocarbon interface

the area per molecule at this interface.

represents interactions between the hydrocarbon

attraction as well as repulsion

-

tails,

and involves van der

due to loss of entropy associated with

therefore stretching of the chains. Treating the hydrocarbon

tail

tight

packing and

as a Gaussian chain, the

conformational free energy,/^ =1*^ where ris the energetic cost of chain stretching and b

is

the

chain length.

The molecular free energy expression can now be

f = ya.+
And

written:

— + rb

moleculeir free energies can be used to predict lipid phase formation and interaction with

membrane

proteins.

Molecular constants

B (strength of headgroup repulsion) and T

measurable directly. Rather,

monolayer

that

it is

(cost of chain stretching) are not

the resulting structural characteristics of the

membrane or

can be determined by experimental observation. Measurable parameters in

assemblies include the elastic constants;

Uq, the

equilibrium area per molecule,

spontaneous (equilibrium) monolayer curvature,

k^,

c<,,

lipid

the

the bending rigidity of the monolayer, and A,

the area compressibility modulus.

In terms of these elastic constants, the elastic free energy per molecule at any dividing surface has
the

form (Helfrich 1973, Kozlov and Winterhalter 1991);

f
«0

^0

2

2
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Once values have been determined

for the elastic constants describing the lipid assemblies, they

can be related to the molecular constants described above (May and Ben-Shaul 1999) and used to

model phase formation and

lipid

-

protein interactions.

Experimental Determination of Elastic Constants

The

fact that there exists

final

an equilibrium structure for

lowest energy structure

added

is

lipid

assemblies in water, implies that the

dependent on specific interactions with the aqueous solvent (water

remain

in excess of the equilibrium concentration will

experiments where the water concentration

is

in

a separate phase). Indeed, in

limited, or the activity of the water in the solution

is

lowered, the lipid assembly can be seen to respond with changes in structure. For example,

during the hydration of a multilayer assembly of neutral lipid bilayers from greater than
lipid to its equilibrium concentration

around

60% lipid, it can be

spacing increases due to the incorporation of water into the
decreases and the area per molecule increases (Lis et

hexagonal phase increases up to

its

Rand

lattice,

,

1982). Similarly, as the hydration of a

at the

ends of the hydrocarbon

tails

decreases (Rand and

et al. 1990).

a^,

and spontaneous

can be accomplished by measuring and analysing the structural changes described

above for hexagonal phase

lipid assemblies as

a function of water content. Further, the use of

osmotic pressure to limit the water content of the

bending

rigidity, k^.

lipid

assembly, allows the determination of

Since these elastic constants are measured at a specific dividing surface

within the molecule, their value will depend on the choice of this surface (Leikin et
Ideally,

lattice repeat

the thickness of the lipid layer

Determination of the equilibrium elastic constants, area per molecule
curvature, Cq

while the

that,

equilibrium value, the area per molecule at the water interface

can be seen to increase, while the area
Fuller 1994,

al.

seen

90%

1996).

al.

one would use the neutral surface where bending and compressibility are uncoupled

(Kozlov and Winterhalter 1991), however in practice, a pivotal surface where the area per
molecule

is

constant during hydration,

is

experimentally more accurately identified.

words, the control of water activity in these systems

is

used as a tool to

first identify

dividing surface and then to probe the physical properties of the lipid monolayers.

experimental technique

on

is

a relevant

The

described in detail in the included paper "The Influence of Lysolipids

the Spontaneous Curvature

and Bending

Elasticity of Phospholipid

Membranes".

developed to measure the effects of diacylglycerol on membrane properties (Leikin
this

In other

method has since been used

for a

number of different lipid

species and

First

et al. 1996),

membrane

inclusions.

Some Measurements
For pure

lipid assemblies that

form the inverted hexagonal phase on

their

own at room

temperature, the elastic parameters can be determined directly on the pure system. This

case for two lipid model systems that have been analysed,

DOPE and SDPE.

is

For various

the

19

membrane

inclusions, or pure lipids that

do not form hexagonal assemblies,

individual elastic

parameters can be inferred from their systematic contribution to a mixed system that does form
the hexagonal phase. Table

1 is

a

summary of the

curvature contributions of various biological

Measurements of bending moduli

results obtained for the individual

spontaneous

membrane components.

in the various systems studied so far

have not shown any

dramatic differences with the exception of the inclusion of the peptide, gramicidin, at very high

volume concentrations

(Szule, manuscript in preparation). Lipid monolayers typically have a

bending modulus of about 9 to 12 kT. Within well controlled experiments, there appears to be a
systematic increase in the bending modulus of
cholesterol

added (Chen

et al. 1997),

DOPE monolayers with increasing amounts of

while decane (but not tetradecane) causes a decrease in the

monolayer bending modulus (Chen and Rand 1998).

20
Table

1.

Measured Values of Radius of Curvature (Rp) for Various

Membrane

Membrane Components
Ro (A)

Structure

Reference

component

LYSO PC

+38

-

+68

(Fuller

and

Rand 2001)

LYSO PE

>±400

(Fuller

and

Rand 2001)

DOPE

-28.5

(Leikin et
al.

DOPC

-80 to-200

1996)

(Chen

et al.

1997)

DOPS

+150

f\^0 -P -0 -^

manuscript
in

if

preparation

SDPE

-30

DOG

11.5

unpublished

(Leikin et
al.

DCG

13.3

1996)

manuscript
in

preparation

Cholesterol

-22.8

(Chen

et al.

1997)

Tocopherol

H3C

13.7

^jVj^^^Jtocua^

manuscript
in

CH,

HO

preparation

CH,

Gramicidin

-7.1

manuscript
in

41

>^

preparation
:^;-..V:
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The Influence ofLysolipids on the Spontaneous Curvature and Bending

Elasticity

of

Phospholipid Membranes

The following paper describes
2001).

It

the

first

part of the

work done

for this thesis (Fuller

and Rand

describes the measurement of spontaneous curvature and bending modulus for variants

of two lysolipid species, one with a phosphocholine headgroup (lysoPC), and one with a

phosphoethanolamine headgroup (lysoPE).

Lysolipids have only one hydrophobic acyl chain, unlike the majority of the phospholipids that
are found in the biological membranes, and in

form the Hj phase (see

Fig. 1)

(Rand

some

et al. 1975).

cases, have

Based on these early observations,

were expected to introduce positive curvature packing
to be disruptive

and are found only

at

been shown in pure systems to

stresses in a bilayer,

low concentrations

in

membranes

lysolipids

and indeed, they tend

in vivo.

In the present study, in order to quantify the material properties of lysolipids, they were

Hn forming DOPE system. The mixture was a stable inverted hexagonal
phase up to about 15 mole% lysolipid. The results of this work show that the radius of curvature
for lysoPC's is positive, and in the range +40A to +70A, while lysoPE's curvature turned out to be

incorporated into the

not measurably different from
1.

flat (see

Table

1).

These are the values that are reported

in

Table

Volume

Biophysical Journal

The Influence

243-254

July 2001

81

and

R. P.

on the Spontaneous Curvature and Bending

of Lysolipids

Membranes

Elasticity of Phospholipid

N. Fuller
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Rand

Department of Biological Sciences, Brock

University, St.Catharines, Ontario

L2S 3A1 Canada
,

ABSTRACT The

effects of lysolipids on phospholipid layer curvature and bending elasticity were examined using x-ray
and the osmotic stress method. Lysolipids with two different head groups, phosphatidylcholine (PC) and phosphatidylethanolamine (PE), and differing hydrocarbon chains were mixed with the hexagonal-forming lipid, dioleoylphosphatidylethanolamine (DOPE). With up to 30 mole% lysolipid in DOPE, the mixture maintains the inverted hexagonal (H,,)
phase in excess water, where increasing levels of lysolipid result in a systematic increase in the H,, lattice dimension. Analysis
of the structural changes imposed by lysolipids show that, opposite to DOPE itself, which has an spontaneous radius of
curvature {Rq) of -30 A, PC lysolipids add high positive curvature, with Rq = +38 to +60 A, depending on chain length.
LysoPEs, in contrast, add very small curvatures. When both polar group and hydrocarbon chains of the added lysolipid
mismatch those of DOPE, the structural effects are qualitatively different from otherwise. Such mismatched lysolipids
"reshape" the effective combination molecule into a longer and more cylindrical configuration compared to those lysolipids
with either matching polar group or hydrocarbon chain.
diffraction

INTRODUCTION
On

Evidence has been accumulating that suggests an important

dynamic

structural role for the various

present in biological membranes. Not

all

membrane
membrane

their

own, lysophospholipids are nonbilayer-forming

above the hydrocarbon melting temperature. With a

lipids

lipids

lipids

relatively large hydrophilic

are intrinsically bilayer forming. Some, for example phosphatidylethanolamines (PE), tend to form structures with

hydrocarbon

negatively curved monolayers, and others, for example,

trations,

lysophospholipids, the subject of the present investigation,

phase

When

tend to form structures with positive curvature.

in-

head group

curved structures. Micelles are formed

is

whereas,

at

formed of

at

low

lipid

concen-

higher concentrations, a hexagonal

lipid cylinders with

ors in a water matrix

corporated into bilayers, such nonbilayer-forming lipids in-

in relation to the

pure lysolipid molecules pack in highly

tail,

(Rand

hydrocarbon

interi-

et al., 1975).

In spite of their small proportion of the

membrane

lipid,

troduce packing stresses. Such stresses can, in turn, affect

lysophospholipids have been shown to play a role in a wide

membrane

range of cellular processes that involve membrane-protein

and DeKruijff, 1979; Gruner,

integrity (Cullis

1985; Zhelev, 1998), or influence the insertion, conformation,

and

(Bezrukov

activity
et al.,

1999;

and Epand, 1995).

membrane-embedded

of

It is

Dan and

Safran, 1998;

proteins

McCallum

understandable then, that the lipid

composition of membranes

is

regulated and modulated by

the cell.

As

usually

in biological cell

found

are

only

membranes (Reman

small

in

et al., 1969).

intermediates in phospholipid metabolism and turnover,

they are produced by phospholipase

cylphospholipids (Brown et

al.,

A2 hydrolysis of

1993; Baker et

al.,

oxidation of low-density lipoproteins (Quinn et

dia-

1994), by

al.,

1988),

or by lecithin:cholesterol acyltransferase action on plasma
lipoproteins

(Bhamidipati

and Hamilton,

1995).

Subse-

quently, they are rapidly reacylated (Robertson and Lands,

1964; Eibl et al, 1969;

Van Golde

et al.,

1971) or metab-

ohzed (Pelech and Vance, 1989).

For example, lyso-

interactions.

phosphatidylcholine (PC) has been shown to potentiate diacylglycerol activation of protein kinase

C

(Sasaki et

al.,

1993) and the related T-lymphocyte activation (Asaoka
al.,

1993b), and

1993a).

Lysophospholipids

amounts

membrane-membrane

or

HL-60

cell differentiation

The authors conclude

phospholipase A2 activation,

(Asaoka

et

et al.,

that lysolipids, as products of

may be directly

involved in the

C

to

induce long-term cellular responses. Other evidence of

ef-

pathway through protein kinase

signal transduction

fects

on membrane proteins include: regulation of guanylate

and adenylate cyclase

activities (Shier et

al.,

1976), inhibi-

tion of insulin receptor autophosphorylation

and signaling

(McCallum and Epand,

1995), and the increased expression

of adhesion molecules on endothelial cells
1992). Early reports of

membrane

(Kume

et al.,

structural properties af-

fected by abnormal accumulations of lysophospholipid in-

clude induced cell fusion (Poole et
at

high levels (Reman et

al.,

al.,

1970) and even lysis

1969; Weltzien, 1979).

Attempts to understand the mechanisms of lysolipid'
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effects

have led

to

numerous

studies incorporating lyso-

phospholipid in both model and biological membrane systems.

Membrane

electrical resistance

is

lowered (Van Zut-
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phen and Van Deenen, 1967) and permeability
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more

studies have

examined

effects

is

increased

Many

on membrane fusion.
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by low

Inhibition of fusion

membrane-incorpo-

levels of

rated lysophospholipid has been demonstrated in diverse

experimental systems, including microsome-microsome fu-

(Chemomordik

sion

born

et al.,

virus

F

hemaglutanin-

et al., 1993), influenza

mediated fusion (Chernomordik et

different lysolipids into a nonbilayer stmcture, the nega-

curved inverted hexagonal phase formed by DOPE in
aqueous medium. We also measure any effect of lysolipids

tively

on the bending modulus of

1994), and baculovirus

al.,

depends on

effect of lysophospholipid

gp64

its

location,

whether

MATERIALS AND METHODS
Synthetic dioleoylphosphatidylethanolamine

LysoPC and

monolayer or symmetrically

arachidonic acid differentially inhibit or

promote fusion of vesicles
their location

distrib-

to planar bilayers

(Chemomordik

1995a) and lysoPC has

et al.,

on virus-liposome fusion

depending on

if

symmetrically distrib-

ter,

et al., 1995). In a

study of

PEG- mediated

fusion of lipid

vesicles,

lysoPC promoted fusion when symmetrically

tributed,

and inhibited fusion when present only

monolayer (Wu

common

dis-

in the outer

has been suggested that the

et al., 1996). It

on fusion

effects of lysophospholipid

tion in the

membranes, and may involve a

in

such

di-

same concentra-

common

lipidic

intermediate of the fusion event, the proposed "stalk" struc-

(Chernomordik

et al.,

et al., 1987;

1989; Siegel, 1993;

Leikin

et al.,

from each other

ids differed

being

PC and

between opposing monolayers

1987; Kozlov

et al.,

curved

1995b).

lipidic

The

connec-

that leads to hemifusion.

Lysolipids affect the gating kinetics of several

membrane

channels, including gramicidin channels in lipid bilayers

(Lundbaek and Anderson, 1994). Lysolipids

stabilize

dimer

formation between two peptide helices in apposing monolayers,

Alabas-

chain length or headgroup, three of them
They were: laurylphosphatidylethanolamine

in

three being PE.

oleoylphosphatidylethanolamine

(0-lysoPE),

stearoylphos-

phatidylethanolamine (S-lysoPE), laurylphosphatidylcholine (L-lysoPC),
oleoylphosphatidylcholine (0-lysoPC), and palmitoylphosphatidylcholine
(P-lysoPC). n-Tetradecane was purchased from Sigma-Aldrick Canada
Ltd. (Oakville, Ontario), and water used in the experiments

was double-

distilled.
first

by combining

DOPE

and

various amounts of one of the lysolipids in chloroform solution.

chloroform was then removed by rotary
desiccation. Tetradecane
the total,

by weighing

three days.

was added

directly,

The
evaporation, followed by vacuum

to the dry lipid mixture to 16

and the mixture was allowed

Samples (each about 20 mg) from the

wt%

of

to equilibrate

lipid stocks

were then

forming an open channel, and lysoPC

tive than lysoPE.

some property of

These lysolipid

or by adding excess amounts (2 ml) of polyethylene glycol solutions of

known osmotic

pressure.

A

further three days

is

more

effec-

effects are attributed to

the lipid that lowers the energy of bilayer

were allowed for equilibra-

tion of the water in the sample. Finally, equilibrated

between mica windows with powdered

examined by x-ray

standard, and

samples were mounted

teflon, as

an x-ray calibration

diffraction.

X-ray diffraction patterns were used

Chemomordik

stalk structure is a highly negatively

tion

Inc.,

hydrated to varying degrees by directly weighing in double-distilled water,

verse systems occurs at approximately the

ture

six synthetic ly-

Alabama), and used without further purification. The lysophospholip-

Stocks of lipid mixtures were prepared

uted in both monolayers of the liposome (Gunther-Ausborn

(DOPE) and

sophospholipids were purchased from Avanti (Polar Lipids,

(L-lysoPE),

in the outer or inner

effect

monolayers.

1995) syncytia formation mediated by Sendai

protein (Yeagle et

(Chemomordik et al., 1995c). Fusion of pure lipid bilayers
model systems is also inhibited by lysophospholipid
(Chemomordik et al., 1995a; Yeagle et al., 1994). (For a
review see Chernomordik et al., 1995b). Importantly, the

no

DOPE

1997; Gunther-Aus-

al.,

in

uted.

and Rand

to characterize the structures

and

dimensions of the various phases formed. Patterns were collected on film
using Guinier cameras mounted on a Rigaku rotating anode x-ray generator.

The CuKa,

line (A

=

monochromator. For

crystal

1.540 A) was used, isolated by a bent quartz
all

experiments described, the temperature of

was controlled by thermoelectric elements to 22°C ± 0.2°C.
Typically, hexagonal phases were observed, characterized by a series of
the sample

x-ray spacings bearing ratios to the dimension of the

first order,

c?^^,^,

of

1,

1/V3, l/V^, 1/V7, 1/V9, l/\/12, etc. At higher lysolipid contents,
lamellar phases, characterized by x-ray spacing bearing the ratios 1, 1/2,
1/3, 1/4, etc,

study,

coexisted with the hexagonal phases. For the purpose of this

we have

restricted data analysis to the region of

sample composi-

tions producing single hexagonal phases. Lattice dimensions of the hex-

deformation required for dimer formation.

The

effects of lysophospholipids,

membranes, lowering of

i.e.,

electrical

agonal structures could be measured to

dismption of intact

resistance,

increasing

±

approximately

A

0.1

Sample-to-sample variation, which includes

on any one sample.

experimental errors,

all

is

±2%.

permeability, inhibition of fusion, and effects on channel-

gating kinetics are all consistent with models based on the
dynamic shape of the molecule that packs with local positive curvature (Chernomordik et al., 1995b). When added to
other lipids, lysolipids would tend to drive lipid assemblies
into stmctures with more positive curvature. When confined
to the bilayer phase, lysolipids

tensions or stresses that
activity of

membrane

may

would introduce membrane

influence the conformation and

proteins.

have measured the influence of various lysolipids on
the spontaneous curvature of mixed lipid monolayers.
used interchangeably. In

"intrinsic curvature" are often

work,

this

spontaneous curvature and derive
lipid

components. To do

this,

we

its

we have

Biophysical Journal 81(1) 243-254

Hji

phases are two-dimensional hexagonal

indefinitely long

is filled

lattices

parallel regular prisms.

formed by the axes of

Water

lipid polar groups,

cores, centered

and the

rest

of the

on the
lattice

with the hydrocarbon chains.

For a hexagonal phase of known composition, the measured
be divided into compartments, as shown

in Fig. 1,

fractions of the lipid and water. This

lattice

can

each containing defined

volume average division

follows the method originally introduced by Luzzati

(e.g.,

see Luzzati and

Husson, 1962) and depends only on the assumption of their linear addition.
Specific data for the lipid components used in these systems are given in

Table

are going to use

and

prism axes, are lined with the

volume

We

"Spontaneous curvature " and

Structural analysis

1.

In particular,

we

separate the water and lipid compartments in the

value for individual

hexagonal

incorporated several

encloses a volume equal to the volume of water in the H^^ phase (Fig.

lattice

by an idealized cylindrical interface of radius R^

that
1).

Effects of Lysolipids

on Membranes
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For the calculation of molecular area
an effective molecule, that
tetradecane molecules: x

y

is

~ ^ol

Rv

volume

is

Jf

=

VpL

+

VpL, ViyjoUpij,

and

v^^^^._^^^^^^^

Vl

of

y

the molar ratio of lysolipid to phospholipid, and

is

the molar ratio of tetradecane to phospholipid in the samples.

effective molecular

<^pol

we use the notion
+ x lysolipids +

in this study,

one phospholipid

is,

•

+

V lysolipid

J

•

The

(4)

Vt,

hex

where

lysolipid,
at the

are the molecular

and tetradecane. These equations determine

volumes of DOPE,

structural parameters

Luzzati plane, using J^ex' measured in the x-ray experiment, and

4>^,

calculated from the weight fraction of water in the samples using the
specific molecular

Elastic
The
on

Hji

volumes given

in

Table

1.

energy of the hexagonal phase

phase

either of

is

usually described in terms of curvature and molecular area

two cylindrical surfaces lying inside the

deformations

are

lipid

monolayer:

1)

a

where the bending and stretching (compression)

neutral surface of bending

uncoupled

energetically

(Kozlov

and Winterhalter,

1991a,b); and 2) a pivotal plane where the molecular area remains constant

(Rand

FIGURE

1

Schematic diagram of the structure of the hexagonal phase

showing the dimensions determined as described

in the text

and used for

et al.,

1990). Here

pivotal plane, because

its

higher accuracy (Leikin

we

analyze the experimental data using the

position can be found from the data with

much

Using the radius of curvature

at the

et al., 1996).

pivotal plane, R^, the elastic free energy, F, of the hexagonal phase

the structural and energetic analysis.

(normalized per effective molecule) can be approximated by the energy of

bending (Helfrich, 1973; Kirk

We then
is

use

it

for data analysis as if all the water is inside

outside of this cylinder.

We

and

all

refer to the surface of this cylinder as the

Luzzati plane.

The

et al., 1984),

the lipid

=i

radius of the water cylinder, /?^,

is

related to the first-order

1

i-

Bragg

(5)

spacing in the hexagonal phase, J^ex' ^^^ to the volume fraction of water
in the sample,

^^, as follows:

where K^^
2<^v
/?v

is

the bending modulus, and

A^ and ^op

and the spontaneous radius of curvature

(1)

*hex

The goal of the measurement

is

to find the position of the pivotal plane,

the spontaneous curvature, molecular area,

The area per

lipid

molecule

Luzzati plane

at the

is

are the molecular area

at the pivotal plane.

and bending moduli for

differ-

ent phospholipid/lysophospholipid mixtures. These structural parameters

given by

and

elastic

moduli (Leikin

et al.,

1996) are determined as follows:

2(^wVi
"^^
(1

where

V, is the

volume of

-

(2)

1.

4>w)/?w'

a lipid molecule,

The molecular

Luzzati plane (Fig.

and

K
</>w

TABLE

1

V.«..r+ Vp,

+

Vu

+

area. A,

and radius of curvature, R,

dividing surface, separated by a volume

V.

in this

)

study

at

any cylindrical

per lipid molecule from the

are related by

A'^Al^lV

(3)

Molecular and density data of the molecules used

1

V

^w
(6)
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A=AwA

1

+

V

l-</>w

vr

<^v

R = R^.

\

+

and Rand

l-(/)w

V
(7)

4>\

2.

We

verify whether the system has a well-defined pivotal plane

plotting AI, versus

AJR^, from

A'

If the plot is

intercept of the plot,

2

—

the pivotal plane.

70-

73

From

DOPE.

From

the value of V^,

pivotal plane

we

the slope and the

the position of the pivotal plane,
this

plane and the Luzzati plane,
at that plane, A^.

calculate the radii of curvature (/?p) at the

by using Eq.

7.

For each mixture under equilibrium

conditions in excess water (determined from the phase diagrams),

determine the spontaneous radius of curvature

80-

(8)

and the molecular area of an effective molecule

Plot of the equilibrium lattice spacing, J^ex' for lipid mixtures

of increasing amounts of the indicated lysoHpids in

is

we determine

given by V^, the volume separating

% lysolipid
3.

FIGURE

- 2V

a straight line, the system has a dividing surface of

constant area, which

mole

by

Eq. 6, in the form

at the pivotal

plane

we

(/?op)-
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1.500

n
1.000-

cP

o

Cl>

o

D
lO

0.500-

L-lysoPC
0.0001.500-

1.000-

o

An

0.500-

L-lysoPE
0.000
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TABLE 2

Structural

Lipid (mole %lyso
in

DOPE)

and

elastic

parameters for

all

mixtures of lipids at

full

hydration

and Rand

Effects of Lysolipids

249

on Membranes

39.0-,

38.0-

L-lysoPC

O
-O----

O-lysoPC

-

P-lysoPC

••-•-•

S-lysoPE

L-lysoPE

O-lysoPE
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and Rand

DOPE
L-lysoPC

O-lysoPC
P-lysoPC
L-lysoPE
O-lysoPE
S-lvsio

added
P- and L-lysoPC

PF

added lysoPE's
and 0-lysoPC

lysolipid

mole fraction lysolipid
FIGURE

FIGURE

Schematic representation of the changes

7

in

much

less

and the effective molecule

is

monolayer curvature,

The lysoPCs have a bigger

l/R^p, as lysolipid

effect than

do the lysoPEs.

with either L- or

When both polar group and
DOPE, molecular areas change

P-lysoPC, or with any of the other lysolipids.

hydrocarbon chains mismatch those of

DOPE

Plot of the

molecular dimen-

DOPE when doped

sions (Figs. 5 and 6) imposed on pure

8

content increases.

Effective Molecule

making these

effective molecules longer

cal. In contrast, the

longer.

ally

and more cylindri-

other effective molecules expand later-

with added lysolipid.

We have attempted to convey this

difference in behavior schematically in Fig. 7.

below excess water. This means
molecule

at the pivotal plane,

that the area of the effective

A^, increases in proportion to

the lysolipid concentration in the mixture,

i.e.,

Spontaneous curvature

area in-

creases with the size of the effective molecule V, as one

The

radius of spontaneous curvature of the lipid mixtures,

might expect. However, for L-lysoPC and P-lysoPC, (Ap/V,)

Rqp,

is

with each lysolipid concentration. Remarkably, for

shifts

these

two mixtures, Ap

trations

is

constant for

all

lysolipid concen-

even though the effective molecule

is

increasing in

structural

changes that occur (Table 2) appear to

divide the added lysolipids into two qualitatively different

show

groups. Figures 5 and 6

from the

different effect
5,

of the effective molecule,

are added to
the others.

DOPE

while

Most of

that P-

it

d^,

and L-lysoPCs have a

The molecular

others.

length. Fig.

lysolipids are

and

remains relatively constant for

that increase is in the

change only

dy,^

hydrocarbon

slightly

when

the other

added to DOPE.

Molecular areas

(Fig. 6)

maximum

lattice di-

Vp/Vi- Figure 8

shows

Rqp changes with lysolipid content for each of the

As presumed from

their effect

on hexag-

onal dimension, lysolipids decrease monolayer curvatures.
Generally, lysoPCs have a larger effect than lysoPEs,
contribute

more

i.e.,

positive curvature, consistent with their

larger polar group relative to hydrocarbon chain volume.

On

the basis of the linear relation

between the spontane-

increases as these lysolipids

region, J^c while the polar group layer, dp^^, stays constant.
In contrast, dp^^

and 7 using the equilibrium

and the value of

(ij-igj,,

how

1

in excess water, the

lysolipids studied.

size.

The

calculated from Eqs.

volume fraction
mension for

ous curvature of the lipid mixtures and the mole fraction of
lysolipid in those mixtures, the spontaneous curvatures of

the individual lipids can be determined according to Eq. 9.

These are shown
curvatures. This

show

this different behavior.

For

in

Table

3.

They appear

to

be

in

two

groups. First, L-, P-, and 0-lysoPC have high positive

would be expected from

their larger ratio of

polar group to hydrocarbon chain. Second, the lysoPEs have

P- and L-lysoPC, molecular area of the effective molecule

curvatures that are not detectably different from zero.

changes much

limitation in the

amount of

rated

hexagonal phase before lamellar phases

less with

Particularly striking

the pivotal plane,

is

added lysolipid than for the others.

that the

A^ and A^

molecular areas away from

are practically

added P- and L-lysoPC but increase
Biophysical Journal 81(1) 243-254

at the

into

the

unchanged with

formed meant

water interface,

radii

that this

The

lysolipid that could be incorpo-

method could not reliably distinguish
± ~ 1 50 A.

of curvatures greater than
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TABLE 3 Comparison

of spontaneous radii of curvature and
bending moduli for individual lipids as measured by the
present methods
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for all lipid mixtures in the present study,

O-lysoPC

and

and Rand

in fact, for

systems studied to date. Interestingly, the position of the pivotal plane appears very close to, but on the
all lipid

L-lysoPC
L-lysoPE

hydrocarbon side of the polar/hydrocarbon interface for
all lipid systems studied. While changes in area at posi-

O-lysoPE
S-lysoPE

away from

tions

this

pivotal plane itself

is

pivotal plane can be large, the

a position within

monolayers

that

is

of inclusions like

For incorporation into bilayers
channels and proteins, the pivotal plane

would appear

be the most

relatively incompressible.

to

mono-

difficult part of the

layer to penetrate or expand.

We

measure the curvature of the monolayer from the

The

pivotal plane.
lysolipid

mole

dependence of the curvature on

linear

fraction gives the

specific curvatures or

curvature contribution of the individual lipids in the mix-

One

ture.

amount of

limitation of the present system

hexagonal phase before

mole%

lysolipid

a

the restricted

is

lysolipid that can be incorporated into the
it

becomes

more accurate experimental estimate of

the spontaneous

curvature of the individual lipids. Nevertheless

FIGURE

amounts of

lysolipids.

DOPE

priate

Plot of the bending moduli of

10

DOPE doped

with increasing

Bending moduli were normalized using the appro-

control.

DOPE

lamellar. That precludes

it

is

clear

that lysolipid curvatures are either highly positive or very

LysoPCs have

small.

a high positive curvature

compared

to

lysoPEs as might be expected from the relative volume
ratios of polar

group to hydrocarbon chains of those two

LysoPCs, having higher positive curwould be expected to modulate the local curvature
in a membrane more effectively than lysoPEs. Inter-

classes of molecules.

There are several steps

in the stages

of fusion that are

affected by the spontaneous curvature of the participating
lipids.

Lysolipids in particular inhibit fusion

when

present

vatures,
stress

estingly, this structural result correlates with the potentia-

C

on the proximal monolayers of approaching membranes,

tion of the activation of protein kinase

thought to result from inhibition of stalk formation by the

responses by lysoPC and not by lysoPE (Asaoka et

nearest neighboring monolayers of approaching bilayers

(Chemomordik et al., 1997). Lysolipids facilitate fusion
when on the distal monolayers, thought to result from the

Such modulation would be
opposite that of diacylipids, as might be expected considering the relative ratio of polar and hydrocarbon molecular

formation and expansion of pores in the distal monolayers

volume.

form the hemifusion monolayer (Chernomordik

that

1995a).

The

energetics of such lipid rearrangements have

been estimated
al.,

et al.,

in

models of membrane fusion (Kozlov

et

1989) and the present results provide measurements of

1993a,b, Sasaki et

al.,

and related

cellular
al.,

1993).

Another strong correlation connects the effects of lysoPCs and lysoPEs on the gating kinetics of membrane
channels, particularly gramicidin. Lysolipids favor dimerization of gramicidin

and the open

state.

LysoPCs, with

spontaneous curvatures and bending moduli to aid those

higher positive curvature as measured in this study, yield

estimates.

longer open (dimer) lifetimes than lysoPEs (Lundbaek and

Figures
lattice

1

and 2 show

that lysolipids strongly increase the

parameter of the hexagonal phase of

DOPE up to the

order of 100 A. In the subsequent analysis,
this results

from the addition of

lipids

we show

that

with either extremely

Anderson, 1994) suggesting that curvature energy

is

impor-

deformation re-

tant in reducing the energetics of bilayer

quired for dimer formation.

The

difference in behavior

when both

polar group and

small or highly positive spontaneous curvature, opposite

hydrocarbon chains of the lysolipid differ from the host

from

lipid

that of the highly negative

the host lipid

DOPE.

spontaneous curvature of

This phenomenon

is

similar but op-

posite in direction to the effects of extreme negative curvature that diacylglycerols (Leikin et

al.,

1996), and choles-

(Chen and Rand, 1997) have on phospholipid layers.
Analysis of the change in lattice dimensions as the
monolayer of the hexagonal phase is bent by removal of
water shows that there is a position near the interface

terol

between polar group and hydrocarbon chains that does
not change in area. Such a pivotal plane has been found
Biophysical Journal 81(1) 243-254

DOPE

mismatch

is

in

remarkable.

different kind of interaction
lipid.

The major

lecular area even

lower

suggests that,

It

difference

between
is

away from

there

DOPE

is

a

mo-

the pivotal plane, suggesting a

at

stemming from

free

both the polar and hydrocar-

results cannot distinguish

and heterogeneous

and the lyso-

a relatively unchanging

lateral compressibility coefficient

volume or packing defects
bon ends.

Our

when

both parts of the molecule, there results a

between homogenous

lateral distribution within the

mono-

on Membranes

Effects of Lysolipids

layer.

An

interesting possibility
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that

is

one might expect

the shorter lysos to partition in the interaxial direction,

Eibl, H., E. E. Hill,

Eur.

and the longer to partition interstitially. In any case, the
behavior of the two groups of lipid is different and might
be pursued by techniques that measure the dynamics of

M.

Canada

The

subcellular distribution

biomembrane

1985. Intrinsic curvature hypothesis for

composition: a role for nonbilayer

lipids.

lipid
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Chapter

3.

The Role of Water as a Ligand in

i)

Biological Reactions

Hydration of Macromolecules

As mentioned

in Chapter

1,

in addition to the observation of hydration forces

arrays of molecular assemblies (lipid bilayers,

between packed

DNA arrays, collagen fibres, etc.), hydration of the

surfaces of individual macromolecules has also been documented. Preferential hydration at the

surface of large macromolecules has been measured directly by the technique of equilibrium
dialysis (Bhat

when

The importance of this hydration becomes

and Timasheff 1992).

different binding states or conformations of the

hydration. Then,

upon change of

state

significant

macromolecule have different

levels of

of the macromolecule, the energy of removing or adding

water molecules, contributes to the overall equilibrium. Water

is

essentially another ligand in the

overall reaction.

The movement of water in and out of the hydration
state,

shell of

a macromolecule when

it

changes

can be conveniently probed using the technique of applied external osmotic pressure.

Osmolytes present

in the bulk bathing solution containing a

macromolecule, will be excluded

from the region of preferential hydration around the molecule, and, depending on
sterically

excluded from

clefts

their size,

and crevices on a rough surface. As long as the region of

exclusion of the osmolyte contains the water molecules that

come or go in response

to a

change

in state, the osmolyte's presence in the bulk solution represents a competition for water against

the macromolecule.

The

effect of the

can be measured as a function of

ii)

osmolyte on the equilibrium

known osmotic

its

state of the

macromolecule

pressure.

Measuring Numbers of Waters

Thermodynamics and Calculation of Numbers of Waters
Another way of thinking about the presence of the osmolyte,
activity of the water,

/x^,.

considering the Gibbs
(Parsegian et

al.

-

The entire system can

Duhem

al.

terms of

its

effect

on

the

then be understood thermodynamically by

a complete treatment of the thermodynamics see

relation: (For

1995) and (Parsegian et

is in

2000)

= -SdT + vdp - ^n,dfi.
i

What

this relation states is that

(where S

pressure /?, or chemical potential

/x^

is

entropy), any change in temperature T, hydrostatic

of any of the components must be accompanied by a

corresponding change in another in order not to violate the conservation of energy. Here,

number of molecules of chemical

potential ^j

.

n^ is

the

Therefore, at constant temperature and pressure.
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a change in our macromolecular chemical potential (jlj^ will be linked to a change in the water

and osmolyte chemical potentials

(jJ^

and

jUy

respectively).

We use N^ and N^ to refer to the number of water and solute molecules in the vicinity of the
macromolecule. For dilute concentrations of macromolecule, there exists essentially an
equilibrium with a bulk solution of osmolyte and water which has

is

own Gibbs - Duhem

constraint:

From

the last

two equations and

"A^Af

where N^^

is

substituting for n^

we

can

state:

~ ~^e\A^w

the excess (or deficit) of

equation (1)

number of water molecules

in the vicinity of the

macromolecule.

As

stated above,

two

what

different states,

is

interesting for the energetics of biological reactions, is

a and

b,

of a macromolecule, that differ in the number,

when

there exist

N^ ,of water

molecules preferentially bound.

First,

note that the ratio of the concentration of the two states will go as an exponential in the free

energy difference

AG^ = G^^-G^ between them.

I^=i^
[a]

where k

is

the

Rewriting this

Now,

if

"•

Boltzmann constant, and

we

T is the absolute temperature.

get:

changes in the chemical potential of water are observed to affect the equilibrium K^^

between the two
refer to

_„(-AG^/*r)

states,

we

can write the following equation, equivalent to equ. (1) where

G, the Gibbs free energy rather than

/i,

the chemical potential of our macromolecule:

and

dkTlnK=-ANfdu
ew
w
eq

we

I
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So, an observed change in K^^

is

a measure of the difference in N^^ for the two states (A/V^).

Thus:

This basic relationship has been used

and

now

to study several different biological systems, with K,eq

dji^ expressed in terms convenient to experimental manipulation of the particular system.

For measured osmotic pressures

(in

dynes/cm^ )for example,

du
^r*' w
where V^

is

the specific

so, the relation

=vw dU osm

volume of water, and

can be written

dkTlnK _
dkTlnK^^

dn
and AVg^

is

osmotic pressure.

flown is

equation (2)

^^^
-AV
ew

the change in the excess (or deficit)

volume of water

in the vicinity of the

macromolecule.

When osmotic

pressure

is

expressed as osmolality,

dn^^^ ={kT I vjiosmolality 1 55.6)
the relation becomes:

d\nKeg

-ANew

d[osmolality]

55.6

^

The technique of manipulating water activity by

introducing competing osmolytes was

developed in a system in which the osmolyte was

assembly under study (LeNeveu

sterically

et al. 1976). Later

it

first

excluded from the molecular

was described

as a general technique that

could be used for a variety of systems and osmolytes, sometimes with a semipermeable

membrane

separating the osmolyte from the system (Parsegian et

1995).

al.

The "membrane-

free" application represents significantly decreased technical difficulty, but introduces certain

concerns that must be addressed in such experiments.

be one which

is

essentially inert in that

it

First, the ideal

does not interact directly (no reaction or binding) with

the macromolecular system being measured.

Such molecules

in fact, occur naturally as

osmoprotectants; betaine and glycerol being examples (Parsegian et

The use of chemically

choice of osmolyte would

al.

different species of osmolytes in a study can be

specific interactions. Second, osmolyte size

2000, Timasheff 1993).

employed

to rule out

must be considered. Different sized osmolytes

will

access different size compartments in the macromolecular system and report the involvement of

more or less waters of hydration. This can then

actually be used to learn

more about the

different

25
compartments. Finally, by using different size osmolytes that give the same osmotic

structural

pressure, the effects of water of hydration can be separated

With these considerations

in

from molecular crowding

effects.

mind, the osmotic pressure technique can be applied to study many

and various biologically important processes.

Some Measurements of Water's Role

in Several

Macromolecular Reactions

Individual macromolecules for which the energetics of differing levels of hydration have been
investigated using osmotic pressure include change of state in proteins (eg. channels, cytochrome

c oxidase, and rhodopsin), binding of substrates to proteins (aspartate transcarbamylase and
hexokinase), binding of oxygen to hemoglobin, binding of restriction enzymes and drugs to

DNA, association

of protein-protein complexes, and assembly of protein polymers

(microtubules).

The

first

of these studies, which extended the measurement of hydration forces from the packed

arrays of molecular assemblies to individual macromolecules,

voltage-dependent anion channel

(VDAC)

was an

investigation of the

or mitochondrial porin (Zimmerberg and Parsegian

1986). Functional channels were inserted into a phospholipid bilayer and monitored

measuring

change

electrical conductance.

Channel gating was thought to involve a conformational

in the protein resulting in either a 'blocking' of the pore (by a flap for example), or a

'rearrangement' of the pore itself where a significant

change

by

in

volume of the pore closes down. The

volume of the channel pore upon opening or closing was determined

actual

in these

experiments by observing the times spent in the open and closed states as a function of an applied
external osmotic pressure. Several different

impermeant polymers

pore) were used to generate the osmotic pressure, and

open times/closed times (N^/NJ. Using the

all

(sterically

excluded from the

gave equivalent decreases in channel

relation:

dkTXn-^

^ = AV.

dnosm

equivalent to equation (2), the change in channel volume

was calculated

to be

2

to

4

10"^

*

A^

(670 to 1340 water molecules). This represents a large volume change corresponding to loss of

most of the open channel volume which has been estimated by other techniques. The
inconsistent with channel blocking and instead suggest that gating occurs

change resulting

results are

by a conformational

in closure of the entire channel space.

Similar osmotic pressure experiments have since been employed in an attempt to understand

conformational changes and the energetics associated with changes in levels of hydration for the
other large macromolecules mentioned above.
full

review see (Rand et

al.

2000)

Some

of these are summarized in Table

2.

For a
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Table

2.

Measured Changes

Changes in Macromolecules.

in

Water of Hydration (A

N„)

for Several Biological Processes Involving Conformational

27
in Actin Polymerization

Water

The following paper describes
1999).

It

the second part of the

work done

for this thesis (Fuller and

Rand

uses the osmotic stress technique to examine whether water plays a role in the

polymerization of monomeric globular actin (G-actin) to actin filaments (F-actin). At steady
state,

under polymerizing conditions, the concentration of monomer remaining in equilibrium

with the polymer (the

critical concentration),

(Oosawa and Higashi 1967)
G-actin

If

water

is

+

for the simplified reaction:

F-actin(„)

Where +AN^^
it

is

F-actin(„)

the change in the

F-actin(^i)

<

F-actin^^^

number of water molecules associated with an actin molecule

(^) was manipulated by introducing six
critical concentration was monitored. According

now

and the

effect of each

on the

familiar relation:

about 12 fewer water molecules are associated with
2).

+AN„^

joins the filament. In this study water activity

different osmolytes

to the

^

part of the reaction this becomes:

G-actin.AN^^ +

when

can be equated to a dissociation constant K^

By contrast, osmotic

to actin crystal structure

effects

Ca-ATP actin when

were insignificant for

Mg-ATP actin.

it

polymerizes (see Table

Correlations of the results

and molecular dynamics modeling are discussed.
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ABSTRACT We

have addressed the question whether water is part of the G- to F-actin polymerization reaction. Under
osmotic stress, the critical concentration for G-Ca-ATP actin was reduced for six different osmolytes. These results are
Interpreted as showing that reducing water activity favored the polymerized state. The magnitude of the effect correlated, then
of the osmolyte and suggested that up to 10-12 fewer water molecules were associated with
saturated, with increasing
actin when it polymerized. By contrast, osmotic effects were insignificant for Mg-ATP actin. The nucleotide binding site of the
Mg conformation is more closed than the Ca and more closely resembles the closed actin conformation in the polymerized
state. These results suggest that the water may come from the cleft of the nucleotide binding site.
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INTRODUCTION
Actin

is

a dynamic polymerizing protein, found in almost

cells, that serves cellular

locomotion.

have been determined recently (Chik
1990; Lorenz et

al.,

al.,

1993) and

all

structures

Its crystal

Kabsch et
properties have been

et al., 1996;

its

extensively studied. Globular actin (G-actin) aggregates

polymer filaments (F-actin) conthousands of monomers. Under physiolog-

into two-stranded helical
sisting of

up

to

polymerization process can be influ-

ical conditions, this

enced by many different actin-binding proteins, by divalent
cations,

and by

intrinsic

Tobacman and Kom,

(Kom

activity

et al., 1987;

itself

Oosawa and

was modeled (Oosawa and

Kasai, 1971) analogous to a

scheme, shown

crystallization process.

According

schematically in Fig.

there exists at equilibrium a critical

concentration of

where there
addition of

is

1

,

monomers

to this

coexisting with the polymers

no further growth of polymer,

monomers equals

i.e.,

the rate of loss of

the rate of

monomers.

This model for polymerization has since been complicated

by the discovery
to,

but

et al.,

is

that irreversible

ATP

hydrolysis

not necessary for, the addition of

is

linked

monomers (Kom

1987; Carlier, 1991). Futhermore, the role of

hydrolysis

is

ATP

dependent on the particular metal ion bound to

the nucleotide itself (Valentin-Ranc and Carlier, 1991).
In addition to the modification of actin polymerization

specific ligands,

it is

polyethylene glycol, and dextran, in high con-

were shown

A

into microtubules.

enhance tubulin self-assembly

to

(Na and Timasheff,

detailed study

1981) was undertaken to examine the glycerol effect in

terms of nonspecific thermodynamic interactions and, as a
result, the solvent additives

were referred

to as

"thermody-

namic boosters".

A

number of globular

shown

proteins have been

to ex-

clude neutral solutes close to their surfaces (Timasheff,
1993), the

phenomenon of

from monomer

to

polymer (see

state to

Fig.

1).

This would cause the polymerization reaction to be sensitive
to the surrounding water activity. In fact,

forces (Leikin et

Na and Timasheff

al.,

1993).

solutes that are excluded

preferential hydration.

Many

The osmotic

libria in a

number of very

hemoglo-

DNA/receptor binding, enzyme activity and substrate
binding, and hydration forces between all classes of biologbin,

ical

molecules including

In this paper

we

nucleic acid, and

lipid, protein,

saccharide systems (Parsegian et

al.,

1995).

investigate water's participation in actin

polymerization. Early results of Kasai et
that actin polymerization, in the

Using

is

al.

(1965) suggest

absence of nucleotide and

enhanced by high concentrations of sucrose.

Mg-ATP

actin,

showed no change

in

Drenckhahn and Pollard (1986)

monomer

concentration in

critical

solutions containing sucrose, glycerol or ethylene glycol.

Here we have examined the

effects of six different solute

molecules on the polymerization of both
actin,

and interpret the

We

Mg- and Ca-ATP

results in terms of

changes

in actin

estimate a value for a change in hydration

process, polymerization of microtubules. Glycerol, as well

upon binding of Ca-actin monomer

form 25 March

These include

ion channel opening and closing, oxygenation of

hydration.

in final

of neutral

in reaction equi-

different systems.

(1981) have measured such an effect for an analogous

Received for publication 23 November 1998 and

stress

from more hydrated spaces has

been used to measure water's participation

divalent ion,

by

also possible that a change in macro-

molecular hydration occurs upon transition from one
another, in this case,

DMSO,

centrations,

macromolecules show strong mutual hydration repulsive

1982).

Actin polymerization
Higashi, 1967,

ATPase

as

to actin polymer.

MATERIALS AND METHODS

1999.

Actin was extracted from rabbit leg and back muscle as described by
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Pardee and Spudich (1982). Sodium dodecyl sulfate gel electrophoresis
revealed a single band. Concentration was determined by absorption

nm using an extinction coefficient of 0.617 mg~

'

ml cm" (Pantaloni
'

at

290

et al.,

brocku.ca.
1984).
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accomplished by a modification of the protocol of

cys residue 373 was

Kouyuma and Mihashi

3262

Volume 76

Biophysical Journal

solute excluded
water compartment

polymers with a mixture of Ca-and Mg-bound

around actin

overnight incubation and extensive

which Orlova

et al.

(1997) have shown to have two subsets of structure. In our conditions of

M

.-^

actin,

June 1999

Mg/Ca

ratio close to that

monomer

any case, such heterogeneous polymers have
as those

cycling, one might expect a

of the monomer, 9/1 (Gershman

where polymerization began with

Pollard, 1995). Therefore, our

measure of

critical

Mg monomers
critical

et al., 1994). In

concentrations as low

(De La Cruz and

concentration would be

unaffected by the cationic heterogeneity of the polymers and indeed gives

same values

the

IVIeasurement of critical concentrations
osmotic stress solutions

solut

FIGURE

Schematic of the osmotic

1

stress technique applied to the

equilibrium reaction of actin. The equilibrium

F (polymer)

is

between

do not have access

actin. Solutes that

as the classical dilution method.

to

G-F

stress,

various

using the second method

G (monomer) and

above, were measured using G-buffers containing polymerizing cation and

aqueous compart-

various amounts of osmolytes. Osmolytes used in the study were sucrose

ments around either actin act osmotically on those compartments. Any
difference in the size of those compartments between

under osmotic

Critical concentrations

in

G and F actins results

in the solute osmotically driving the equilibrium to the

more dehydrated

state.

(BDH,

Inc.,

Toronto), D-glucose (BDH), glycerol (Sigma,

sorbitol (Sigma), glucopyranoside (Sigma),

(TMAO)

St.

Louis,

MO),

and trimethylamine N-oxide

(Sigma). Osmotic solutions were prepared by adding measured

weight percents of osmolytes to prepared buffers already containing 4

Mg

or 6

mM

Ca. Osmotic pressures

H

mM

were measured using a vapor

pressure osmometer (Wescor 5500, Mandel, Guelph, Ontario) or obtained

Actin samples were prepared

at http://aqueous.labs.brocku.ca/osfile.html.

(1981).

The

G-buffer (5

ml G-actin, 3 mg/ml

extraction protocol yielded about 22

mM

Tris, 0.1

mM

CaCl2, 0.2

mM

This was polymerized by adding 50

mM

in

ATP, and 0.01% NaN,).

mM

KCl, 2

MgCl2, and

1

mM

ATP. Immediately after these additions, excess label (1 ml of 2 mg/ml) in
acetone was added. The mixture sat in the dark at room temperature for 2
days. Centrifugation pelleted the polymer along with unreacted probe. The
pellet was homogenized and dialyzed against G-buffer overnight. After
centrifugation, the supernatant contained the labeled actin monomers. The
resulting actin was approximately 70% labeled as determined by absorbance

at

344 nm, using an extinction coefficient of 2.2

X

10"*

M~'

for the

by pipetting equal volumes of buffer or osmotic solution
adding the same volume of actin to each cuvette, to a

and

into cuvettes

final concentration

of 0. 1 mg/ml actin. Samples were mixed well by repeated inversion and

22°C. Repeated

to equilibrate overnight at

rations

were carried out

in the

left

on separate actin prepa-

trials

same manner. Although

the final proportion

of the actin that became fluorescently labeled varied slightly between

was intemally

preparations, each actin preparation

controlled through

its

own

calibration.

The observed

critical

concentration can be equated to an equilibrium

binding or dissociation constant for the simplified reaction:

labeled actin.

Fluorescence was monitored using a Perkin-Elmer

LS50 Luminescence

Spectrometer (Perkin-Elmer, Foster City, CA). Excitation was

and emission was 387 nm.

Slits

(F-actin)

nm

were 2.5

(G-actin) and polymer

forms (Kouyama and Mihashi, 1981). The polymerization pro-

cess, triggered

by the addition of

Mg

or

Ca

in the

presence of ATP, could

be monitored by observing a dramatic increase in fluorescence

387 nm.

at

G.ANew +

F-actin(n)

^ ANg^ +

F-actin(n+i)

nm

and 4 nm, respectively.

monomer

Typical spectra were obtained for the

365

at

where AN^^

number of solute-excluded water molecules
when it joins the polymer, and G.AN^^
is the critical concentration C^,. Oosawa and Higashi (1967) have shown
that for a general model of helical or tubular polymerization, the binding
~
constant, K,, = C
C^ would then be the dissociation constant K^. The
measurement we are making, shown graphically in Fig. 1, is the value of
is

the

change

in

associated with an actin molecule

' .

AN
Determination of
Two
for

critical

concentrations

The magnitude of

the effect of osmotic pressure

11

on K^ (observed

experimentally as a change in critical concentration, from Ccq to Cc^) will

methods were used

Mg

to determine the critical concentration of G-actin

(Kouyama and Mihashi,

1981), various amounts of G-actin were added to

equal volumes of buffer containing saturating levels of

Mg or Ca.

temperature for 16-20 h (overnight).

measured as a function of

total actin

concentration and the critical con-

by extrapolation

to the actin concentration that gives

left to

ANj.^^

This dilution method requires large amounts of actin for each determi-

method was used. For each fluorescentlabeled actin preparation, Mg-actin polymer was produced and used to
calibrate fluorescence intensity with polymer concentration. This calibranation. Consequently, a second

and well-known

agreement with

addition, our results

fluorescence (Fig.

results of

showed

3). Critical

that

Drenckhahn and Pollard (1986).

Ca and

Mg

concentrations for

determined from the difference between the

polymer give

Ca-ATP

total

(1)

where the change

in

chemical potential of water dix^,

-dll^

=

actin

actin

We

take v^, the molecular

"lA^^osm

volume of water,

is

given by

(2)

as 30 A^, and the molarity of

pure water as 55.6. For a complete derivation of these thermodynamic
relations see Parsegian et

al.

(1995).

critical

concentration of Mg-actin, which itself did not change in any of our
solutions, in

= AN.

equilibrate at

zero polymer fluorescence.

tion could be used because of the very small

can be determined from the relation:

djkTHK^)]

Samples

room
The equilibrium fluorescence was

were mixed well by repeated inversion and

centration determined

depend on AN^^^, and therefore,

method

or Ca. First, according to the traditional fluorescent

RESULTS

In

identical

were then

added and the

observed polymer concentration.

We started with the Ca monomer. It has been shown (Carlier, 1991;
Gershman et al., 1994) that Mg binds to actin with much lower affinity than
Ca. The rapid polymerization rate on addition of 4 mM MgClj, can give

shows the degree of fluorescence or actin polymerit varies with Ca and Mg concentration. From this,
4
Mg or 6
Ca was used in subsequent experiments
to measure critical concentrations.
Fig. 3 shows dilution curves for polymerization of ATP
Fig. 2

ization as

mM

mM

actin under various conditions. In buffer with saturating

Fuller

and Rand

Water

AD

in

Actin Polymerization

3263

Mg

ferent fluorescence levels in the presence of glucose (see

Ca

below).

600-1

D

4 shows the

Fig.

'500-

effect of increasing concentrations of

sucrose in the polymerizing buffer to which equal concen400-

there

A

ization) for

concentration for sucrose, glycerol, or ethylene glycol so1

1

1

2

4

6

lutions.

'

1

cation concentration

8

(mM)

mM Mg

using 4

and 6

mM

Ca

in

From

established that

polymerizing reactions would not be

limiting in divalent cation concentration

mer

we

this data

actin,

ical concentrations

Fluorescence intensity reflecting F-actin concentration as

actin preparations.

Ca-ATP

however, shows increasing levels of

polymerization with increasing sucrose concentration. Crit-

depends on divalent cation concentration. Open symbols represent

two different

any concentration of sucrose.

actin at

Mg-ATP actin by Drenckhahn and Pollard (1986), who showed no change in critical

100 -P

2

Mg-ATP

Similar results were obtained for

200-

it

are added. After equilibration

difference in fluorescence intensity (polymer-

is little

300-

FIGURE

monomers

trations of actin

A

when determining

critical

mono-

were calculated

in these

comparing the fluorescence of Ca- and
tightly controlled

samples as described

experiments by

Mg-ATP

actin in

in Materials

and

Methods.
Experiments similar

to those

using glucose, glycerol,

shown

TMAO,

in Fig.

sorbitol,

4 were done

and glucopyrano-

concentrations.

side, giving

changes

in critical concentrations for

each of

these solutes.

MgCl2 or CaCl2, the resulting critical conmg/ml in MgCl2 and 0.04 mg/ml in CaCl2,
with those measured previously (Brenner and Kom,

levels of either

Our

results

would suggest

centrations, 0.01

the polymerizing buffer for

agree

sociation constant from

1983; Detmers et

al.,

1981; Pantaloni et

Mg

the difference between the

al.,

1984). Note that

and Ca fluorescence

is

osmolyte) to Cc^

Ccq

(critical

that

adding a neutral solute to

Ca-ATP

actin changes the dis-

(critical

concentration with no

concentration with added os-

molyte) and therefore changes the free energy of the actin-

maintained over the range of actin concentrations shown.

polymerizing reaction. In order to investigate further

The fluorescence corresponds

difference in free energy,

merized
critical

actin,

whether for Ca or Mg, and the determined

concentrations of

total actin concentration.

for

Mg-ATP

glucose,
the

monomers add

to give the

known

Furthermore, the dilution curves

actin in the presence

show no

Mg-ATP

to the concentration of poly-

and absence of 36

wt%

difference in the critical concentration of

actin within the detection limits of our exper-

iments. This allows us to calibrate the fluorescence with

actin,

on the other hand, shows

Ca

Mg

this

plotted ln[critical concentra-

tion], (equivalent to In [dissociation constant]) versus the

osmotic pressure of the polymerizing solutions according to
Eqs.

1

shown

and

2.

Data for the

in Fig. 5.

six different solute

molecules are

The observed dependence of

concentration] on osmotic pressure

is

ln[critical

consistent with the

exclusion of these solute molecules being different for G-

and F-actin (Gamer and Rau, 1995; Parsegian

et al., 1995).

sample.

Raising the osmotic pressure favors the state with the lower

significantly dif-

volume of solute-excluding water. The decrease in critical
concentrations for all solutes shows that Ca-ATP G-actin

concentration of polymerized actin, using a

Ca-ATP

Mg

we

3264
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Fuller
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in

16-

remarkable that Mg-actin shows no osmotic depen-

It is

dence and therefore no change

in associated

water on po-

14-

lymerization, whereas Ca-actin does. There

^

1210-

correlation

between these

basis of molecular

*

results

and actin

dynamics simulations,

Mg-bound monomeric

is

one notable

structure.

it

On

the

has been shown

more closed nucleCa-bound state, and resembles
more the closed state of actin in the polymer (Wriggers and
Schulten, 1997). Our studies, confirming earlier results
(Drenckhahn and Pollard, 1986), show that the Mg-actin,
unlike Ca-actin, shows little change in solute-inaccessible
water on polymerizing. Taken together, these suggest that
the ANg^ measured here for Ca-actin may be largely related

that

8

actin has a

otide binding cleft than the

6-

42-

50

150 200 250 300 350

100

to the closure of the nucleotide cleft. In such a case, then, for

molecular weight

both Ca- and Mg-actin, surface contacts made on polymer-

FIGURE

6

Relation between the change in

water molecules

AN^^

G-F

in the

number of solute-excluded

actin polymerization reaction

and the

molecular weight of the osmolyte.

ization either don't dehydrate significantly or any contact

dehydration

compensated for by hydration elsewhere.

is

Because hydration-dehydration reactions are energetically
very high (Parsegian

et al., 1995), the

small net amount of

water measured here means that the hydration energetics of
sterically partition into clefts or crevasses. In other

the smaller glycerol and

words,

actin polymerization-depolymerization reactions

is

small.

TMAO are excluded from a smaller

volume than sucrose or glucose, and therefore have a
smaller effect on polymerization. All solutes large enough
> 200) are excluded from and act
(in this case,
osmotically on the same large size aqueous compartment.
Our calculations indicate that the number of waters released on Ca-actin polymerization is relatively small com-

MW

pared to the changes in water associated with other confor-
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Chapter

4.

Coda
The

studies described in this thesis provide

interaction with water

some of the evidence

for the statement that

important in organizing organic molecules into living things. The results

is

of these experiments also give some insight into the energetics of these interactions at the level of
individual macromolecules
(either

and molecular assemblies. By manipulating the

by limiting the amount of water

observing

how

in the

system or adding a competing osmolyte), and

the system reacts to changes in water activity, one can

measurements of material properties

activity of water,

in lipid cissemblies,

make

and determine

quantitative

that there

is

an energetic

contribution of associated water molecules to conformational changes and reactions involving

various macromolecules and assemblies.

The
to

lysolipid study described here

measure individual

is

an example of an investigation using water activity as a tool

elastic constants (curvature, surface area,

membrane component.
lysolipid

is

and bending modulus) of a

Material properties of lysolipid are physiologically relevant, since

a degradation product of the major component of biological membranes,

diacylphospholipids. Unlike diacylphospholipids, lysolipids are

accommodated

in

membranes

only at low levels, quickly becoming disruptive as their concentration increases. The suggestion
is that,

due

functions.

to their physical properties, lysolipids

They

may be

potent modulators of

membrane

related

are generated by activation of phospholi pases as a step in the cascade of

reactions initiated

by external stimulation of membrane receptors and ending

in cellular

responses. In addition, because (again unlike diacylphospholipids) they have a finite solubility in

aqueous solution, they can easily

partition into

membranes from

the external

medium

(Zhelev

1996).

Values for the material properties of lysolipid were determined and are reported and discussed in
the included paper (Fuller and

examined were high

(ie.

Rand 2001).

small radii of curvature) and positive in sign (opposite to

other hydrophobic inclusions). This
inverted hexagonal (Hj

unpublished

results).

)

Briefly, the values of curvature for the lysoPC's

is

consistent with subsequent experiments in

DOPE and
which the non-

phase was observed for pure oleoyl lysoPC (Fuller and Cooper

LysoPE's on the other hand, gave

results indistinguishable

from

flat

monolayers or zero curvature. Significantly, subsequent experiments showed a bilayer phase for
pure oleoyl lysoPE (Fuller unpublished

results).

and lysoPE's correlates with observation of their
biological reactions.

formation

is

The

The

difference in curvature between lysoPC's

effects

on a number of membrane

correlation to activation of protein kinase

discussed in the paper.

C

related

and gramicidin channel

29

The

fact that

component

are unable to measure any significant effect of lysolipid (or any other

to date)

curvature of

In general,

we

on bending modulus of the monolayer, may suggest

membrane components

by knowing the

is

the

more

elastic constants

membrane

that spontaneous

biologically relevant material property.

of any

membrane component,

may be possible to

it

estimate or rationalize that component's effect on the deformation free energy of the membrane,

and subsequently predict how

it

will affect integral

membrane conformational changes
are not yet

worked

and associated protein

themselves. In cases where protein conformational changes

out, observation of the effects of various

material properties are

activities, as well as

known, can give some

proposed elongation upon metarhodopsin

II

insight into these changes. For example, the

formation (Salamon et

promotion by the presence of negative curvature
proteins, or conformational changes in

membrane components whose

lipid

membrane

material properties of and introduce stresses in the

al.

1994)

is

consistent with

its

components. Conversely, insertion of

proteins, can

be expected to change the

membrane. In pure

lipid

peptides can even lead to phase transitions (Killian and de Kruijff 1986).
material properties in biological

membranes would be expected

fusion) and the function of other

membrane

to affect

model systems

Local changes in

membrane

function (eg.

proteins (for example, channels) adjacent to the

change. Using mixed lipid/protein model systems, the technique described in chapter 2

iv)

can be

used to measure the effect of various kinds of inclusions on curvature and bending of the

membrane. The

effects of gramicidin are

(Szule 2001). Further,

membrane

proteins

With recent

it

may be

one such study recently completed

in this laboratory

possible to gain insight into the nature of specific mutations in

by looking for differences

in their effects

studies such as those described herein (chapter

appreciation for the dynamic nature of the biological

2

on membrane

properties.

an awareness of and

ii))

membrane and

its

associated stored

deformation energy has emerged. Material properties of the membrane are likely universally
important in that recognition reactions with

cell receptor proteins

almost certainly involve

conformational changes that lead to signaling cascades of reactions that eventually end in the
appropriate cellular response. Sensitivity of cellular responses to
is

membrane

suggested by the absolute requirement for the polyunsaturated fatty acid

outer segments and brain synapses. Deficiencies in this particular lipid in
visual

and cognitive impairment (Bloom

et al.

material properties

DHA in retinal rod
mammals

result in

).

A practical application of the knowledge of membrane material properties will be the
optimization of drug or DNA delivery to specific cells by lipid complexes or lipid vesicles.
Transfection of

DNA, for gene delivery across cellular and nuclear membranes, has recently been

accomplished employing

lipid

complexes. DNA/lipid mixtures (lipoplexes) are nonimmunogenic

and have the potential to transfer large peices of DNA. The preferred geometry of these
lipoplexes appears to be the inverted hexagonal lipid phase with
the water tubes (Koltover et

al.

DNA

strands intercalated within

1998). Formation of stable hexagonal lipoplexes will depend

on a

30
balance between the electrostatic energy of DNA/charged lipid interaction, and lipid elastic

energy of curvature and bending (May
curvatures or bending moduli,

it may be possible

measurement of lipid

Using

lipids of specific

known spontaneous

to tune the lipid composition to achieve the

The technique described

desired exact curvature.
quantitative

et al. 2000).

in this thesis (using lysolipids) for the

elastic properties, will

be invaluable in designing these

DNA

lipoplexes.

The use and design of unilamellar closed

vesicles to contain

tissues is also the subject of active investigations. In

and deliver drugs to specific targeted

one study (Hafez

et al.

unilamell2U' vesicles were formed from mixtures of cationic and anionic

fused at

pH values

resulting in net zero surface charge, a condition that

observation of inverted non-bilayer structures such as the
implication here

is,

as before

(Chemomordik

Hq phase

2000)

lipids.

stable, large,

These vesicles

also associated with the

is

or the cubic phase.

et al. 1995b), that fusion

of membranes

The

is

associated with formation of non-bilayer intermediates, and the presence of lipids with the
specific material properties that allow this.

By varying

fuse vesicles at different

pH values,

tissues or organelles, for

example acidic tumor

tissue, or the

composition in the delivery vesicle (see Figure

thesis

on

composition

it

would be possible

to

potentially allowing targeting of drug delivery to specific

compartments of cells. In addition, efficiency of fusion
lipid

lipid

2).

mildly acidic endocytic

may be improved by ensuring
The

results of the

elastic constants for lysolipids suggest that fusion efficiency

assymetric

work reported

in this

would be enhanced by

having positive curvature lysoPC predominantly on the inner monolayers of such vesicles.

The second study included

in this thesis

concerns the involvement of water in the assembly of a

cytoplasmic macromolecular complex, namely the polymerization of globular actin into actin

By manipulating water activity during the polymerization process (using various inert
osmolytes), we were able to determine the net change in hydrating water molecules when one
actin monomer is added to the filament. The results are discussed in the context of possible
filaments.

conformational changes or reduction in solvent accessible surface area upon polymerization. The
lack of a measurable change in water of hydration for

water molecules (about 12) for

Ca-ATP actin

polymerization are small. Likely there

when

it

polymerizes. This

is

Mg-ATP actin, and the small

net loss of

indicates that the hydration energetics of actin

no large conformational change

in the actin

monomer

same conclusion was reached by Holmes and coworkers who worked

out a structure of F-actin based on the X-ray fibre diagram of F-actin and the atomic structure of
G-actin complexed to

Actin shares a

DNAase I (Holmes

common

et al. 1990).

structural motif with

a diverse family of proteins that bind ATP,

including hexokinase, glucokinase and heat shock protein.

The motif is a

large cleft which

contains a hydrophobic pocket as the site for nucleotide binding as well as the binding site for a
substrate in the case of the kinases. Previous osmotic stress experiments

on glucose binding by

31
hexokinase in the absence of nucleotide suggested a large conformational change corresponding
to closing of the cleft
that

and release of 325 water molecules (Reid and Rand 1997).

It

turned out

about 300 of those waters could be removed by raising osmotic pressure alone, and

energy cost of only about
hexokinase

may be

open and closed
(Gerstein et

Taken

1

kT (Rand

et al. 2000).

floppy in the unbound state

is

The conclusion

at

an

that the binding cleft in

consistent with another observation that the

states are only slightly different in

energy and are in dynamic equilibrium

1994).

al.

together,

and considering the

common

structural motif, the the small

number of waters

measured for actin polymerization (12) and the large number of waters measured
binding to hexokinase (325) suggest two things.

open or not floppy as

it is

First, it

for glucose

appears that the cleft in actin

not as

is

in hexokinase, but rather more like the osmotically stressed condition

of hexokinase from which 25 waters are lost on glucose binding. In fact, the actin cleft in the

presence of

Mg ^^ seems completely closed.

measurements were done

Second,

it is

important to note here that the actin

of nucleotide, while the hexokinase binding assay was

in the presence

may significantly close
monomer is very unstable.

not, suggesting that binding of the nucleotide

with the fact that the nucleotide-free actin

The discussion above

Schwab 1996)

that

is

also consistent with a hypothesis

is

is

consistent

by Wilson and Schwab (Wilson and

ATP interacts with both small and large lobes of hexokinase, the structural

consequence being the basis for an argument
substrates

the cleft. This

that the preferred binding order for the hexokinase

not random but ordered, with glucose binding

osmotic stress experiments that

may help fill

first.

All of this suggests a couple of

out the picture. First,

it

would be

instructive to

determine the net change in associated water molecules upon binding of ATP to monomeric
actin, or
is

the

upon polymerization of the nucleotide-free monomer.

A

technical difficulty to

ATP
lies in the fact that ATP

problem of instability of the nucleotide-free monomer. Second, the osmotic

binding to hexokinase would be instructive. The technical difficulty here

work out

effect

on

absorbs the excitation wavelength used in the fluorescence measurements which monitor the

conformational change in hexokinase.

It

may

measure the osmotic effect on glucose binding

ATP. Kinetic measurements (which

however, be possible using fluorescence, to
to

hexokinase in the presence of constant levels of

require the presence of

ATP for enzyme turnover) of the

osmotic effect on glucose binding to hexokinase give large numbers similar to the fluorescence
binding experiments (personal communication, Bradford). This result also suggests that the
glucose binds

The two

first.

studies presented in this thesis serve to illustrate a significant energetic contribution of

hydrating water to biological structure and function on a molecular level.

number of associated water molecules

is

large, the energies

When

the

change

in

can be significant, and involvement

//
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of water can profoundly influence the equilibria of molecular processes.
important to consider osmotic pressure

measurement not made
It

at

when

Consequently,

it is

investigating these processes and realize that any

normal osmotic pressure

may

not give physiologically relevant results.

should also be evident now, that solute inaccessible spaces on macromolecules and molecular

assemblies will be affected by changes in osmotic pressure, a fact that
certain molecules such as the

VDAC channel

membrane osmoregulators (Wood 1999)

may

suggest a role for

(Zimmerberg and Parsegian 1986) or integral

in sensing or controlling intracellular

The technique of manipulating water activity described

in these

two

osmotic pressure

.

studies, cannot only lead to

an understanding of the involvement of water, but can be exploited as a tool to learn more about a
system in which conformational changes are not completely worked out by other techniques. In
addition to the actin and hexokinase systems described above, information about the nature of
structural

changes involved

membrane

in closing of

membrane

proteins (see Table 2) has been gained

channels, and activation of both soluble and

from osmotic

stress experiments. In

many

cases correlation with molecular dynamic studies (Mitchell and Litman 1999) and surface area
calculations (LiCata

and AUewell 1997) has been

excellent.

Since biological reactions are universally carried out in an aqueous environment, there

enormous

potential in this technique for both gathering structural information about,

measuring water's contribution

to,

a wide variety of biological processes.

is

and

33
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