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AbstratStatistial thermodynamis tells that the heat apaity is proportional tothe �utuations in enthalpy, and isothermal ompressibility is proportionalto the �utuations in volume. Speial for lipid membranes there seems tobe a proportional relation between hanges in enthalpy and volume near thehain melting transition. This means that simply by measuring the heatapaity one an get information about the ompressibility. Compressibilityis an interesting feature in relation to nerve pulses, ell division and otherexamples of strutural hanges.This thesis disusses the proportionality between enthalpy and volume.The proportionality fator γ is determined for 8 di�erent kinds of lipids bymeans of pressure alorimetry. It is found that γ is independent of the lipid,whih means that ompressibility easily an be determined even for unknownmixtures.Changes in enthalpy during transitions are found by di�erential sanningalorimetry. A linear relationship between enthalpy hange and hain lengthis found and disussed. Furthermore is given a desription of the harater-isti of the di�erent lipid phases and transitions.
Frontpage: Two representations of a lipid bilayer. The piture is taken fromwww.tulane.edu/∼biohem/faulty/fa�gs/bilayer.htmThis thesis is a bahelor projet to 12.5 ECTS under Studieordning af 1997.The experiments desribed have been done in a period from September toDeember 2006 in the Membrane Biophysis Group, Niels Bohr Institute,University of Copenhagen.The Danish title is: Forholdet mellem volumen- og enthalpiændringer i mem-braner undersøgt for forskellige kædelængder og hovedgrupper vha. di�eren-tial sanning kalorimetri og trykkalorimetri. Katrine Rude Laub
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1 IntrodutionThis setion ontains some of the basi knowledge whih is required to un-derstand this projet and put it into perspetive. In the end of the setion amotivation for the experiments are given.1.1 CellsLiving organisms, from bateria (uniellular) to human beings (∼ 1014 ells),are made up of the same fundamental unit, the ell [1℄. Many types of ellsexist but all biologial ells are surrounded by a membrane alled the plasmamembrane. This membrane serves as a semipermeable barrier that separatesand protets the ell from its surrounding environment. The membrane ismade of a double layer of lipids, mainly phospholipids, in whih a varietyof proteins are embedded. The proteins funtion among others as atalysts,hannels and pumps that move moleules in and out of the ell.

Figure 1: Struture of some phospholipids. Modi�ed after [2℄
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Figure 2: Struture of lipid aggregates [3℄1.2 Lipids and lipid membranesA lipid is de�ned as a moleule that is soluble in organi solvent and insolublein water [4℄. Phospholipids are amphipathi moleules, i.e. moleules on-taining both a hydrophili and a hydrophobi part (�g. 1). The hydrophilipart onsists of the head group to whih a tail of typially two hydrophobihydroarbon hains is attahed. The arbon hains an vary in length andhave di�erent degrees of saturation i.e. number of double bonds.When lipids are put into water they spontaneously aggregate in a waythat minimizes the ontat between the hydrophobi tails and water. Thedriving fore of the self-assemble is the hydrophobi fore, whih an be seenas an entropi e�et [5℄. Strong hydrogen bonds exist between the watermoleules. When a hydrophobi moleule is put into the water the bondswill not be disrupted but rather distorted. Thereby the water is fored toorder around the hydrophobi moleule, forming a age around it. This leadsto a loss of on�gurationally entropy. When more hydrophobi moleules arepresent, more water moleules are on�ned to the ages. By pushing thehydrophobi moleules together the entropy an again be maximized.Another e�et holding the aggregates together is the rather weak vander Waals fore. This fore ats between neutral moleules and thereforeprimarily plays a role in the hain region. Van der Waals fore arises fromattration between transient dipoles appearing beause of uneven distributedeletron densities around the moleules.Di�erent aggregate on�gurations are possible, but the far most impor-tant is the bilayer (�g. 2). This is the on�guration used in all biologialmembranes. The thikness of a bilayer is approximately 5 nm [4, 6℄. In orderto avoid edges of the bilayer that bring the arbon hains in ontat withwater the bilayer an fold up into a vesile, a small sphere with �uid insideand outside. The size of a vesile an be between 25 nm and 1 µm in diam-eter depending on how they are produed [4℄. At high lipid onentrationmore vesiles are formed inside eah other [7℄. The vesiles are said to be5



multilamellar.1.3 MotivationLipid membranes an undergo transitions aompanied by a signi�ant hangein heat apaity. It is found that the main transition temperature of biolog-ial membranes lies within a few degrees of physiologial temperature [8℄. Ifbateria are grown at a lower temperature their membranes are altered in away that gives them a lower transition temperature just below the one wherethey where grown. This indiates that organisms an make use of ontrol-lable fators suh as pH and ioni strength to take the membranes in andout of transition and thereby gain advantage of the hanges assoiated withthe transition.It is known from statistial thermodynamis that the heat apaity isproportional to the �utuations in enthalpy, while isothermal ompressibilityis proportional to the �utuations in volume. From this it follows that ifenthalpy and volume are related funtions, then their �utuations are alsorelated leading to a oupling between ompressibility and heat apaity.In lipid membranes there seems to be a simple proportionality betweenenthalpy and volume in the viinity of the transition [14℄. So by making sim-ple alorimetri measurements of the heat apaity one an deide the om-pressibility. If the proportionality onstant turns out to be the same for alllipids it beomes possible to dedue the ompressibility of even omplex lipidmixtures without knowing anything about their omposition. Biomembraneshave a very diverse mixture of lipids depending on where they funtion.It is evident that strutural hanges related to ompressibility do takeplae in transitions. Examples are the ripple phase and network formation indiaylphosphatidylglyerol whih will both be desribed in the next setion.Change in ompressibility is a relevant feature whenever strutural hangesshall take plae. A biologial example of suh ould be ell division. It is alsofound that a reversible hange of temperature and heat aompanies nervepulses. This leads to suggesting that the nerve signal is atually a propagat-ing density pulse driven by the hange in ompressibility [9℄.The goal of this thesis is to test if the proportional relation between en-thalpy and volume hanges exists. It will in addition be tried to �nd apossible relation between enthalpy and volume hanges and the hain lengthin membranes for di�erent types of lipids. The enthalpy hange is measuredwith di�erential sanning alorimetry. Volume hanges are measured withpressure alorimetry.In this thesis I am only going to look at simple arti�ial membranes6



Full name Abbreviation Chain length Molar weight(C-atoms) (g/mol)1,2-Dilauroyl-sn-Glyero- DLPC 12 621.843-Phosphoholine1,2-Dimyristoyl-sn-Glyero- DMPC 14 677.943-Phosphoholine1,2-Dipalmitoyl-sn-Glyero- DPPC 16 734.053-Phosphoholine1,2-Distearoyl-sn-Glyero- DSPC 18 790.163-Phosphoholine1,2-Dimyristoyl-sn-Glyero- DMPE 14 635.863-Phosphoethanolamine1,2-Dipalmitoyl-sn-Glyero- DPPE 16 691.973-Phosphoethanolamine1,2-Dimyristoyl-sn-Glyero- DMPG 14 688.853-[Phospho-ra-(1-glyerol)℄1,2-Dipalmitoyl-sn-Glyero- DPPG 16 744.963-[Phospho-ra-(1-glyerol)℄Table 1: List of lipids used in this projetonsisting of one kind of saturated (no double bonds) phospholipid at atime. The lipids I use are listed in table 1. Note that the seond letter inthe abbreviation indiates the hain length and the last two letters indiatethe type of headgroup.2 Theory2.1 Lipid phases and transitionsThe di�erent phospholipids show di�erent peuliarities in their phase transi-tions. But they also have similarities. This setion gives an overview of �rstthe ommon phases and later of what haraterizes the individual kinds oflipids. Finished theories do however not yet exist for all of them.Four di�erent, stable lipid phases exist. Ordered after inreasing tempera-ture the phases are: the rystalline phase, Lc, the solid ordered or gel phase,
Lβ′ , the ripple phase, Pβ′ , and the liquid disordered or �uid phase, Lα [5, 10℄.A shemati view on the lipid phases an be seen in �g. 3. Primes are usedin the subsript when the hains are tilted.7



Figure 3: Lipid phases. From the left: rystalline, gel, ripple and �uid. Filledirles represent headgroups and lines are the hains. [11℄The Lc phase is haraterized by being tightly paked and anhydrous.Rising temperature indues exitations where the lipids rotate around theirlong axis. This ounterats the van der Waals interation between hainsthat favours the rystalline struture and the result is the Lβ′ phase with aless tight paking and an inreased hydration.In Lβ′ and Lα solid and liquid refer to the on�gurations of the head-groups, while ordered/disordered refer to the hains. In the solid state theheadgroups are arranged in a triangular lattie struture. The liquid statean be seen as two-dimensional �uid, where the lipids an move freely in theplane of the bilayer.With rising temperature the energy and entropy inrease and more statesbeome aessible. In saturated (only single bonds) lipids rotation aroundthe C-C bonds is possible. Three stable onformations are found for thehydroarbon hains: trans, gauhe+ and gauhe− (�g. 4, entre). Beauseof steri interations the energy of gauhe is higher for trans (�g. 4, right).Kinks are the dominant kind of exitation in the melting regime [12℄.

Figure 4: Left: Kinks arise from gauhe onformations. Centre: A rotationof 120◦ of the hain around a C-C bond from the trans onformation givesa gauhe onformation. Right: Energy as funtion of the angle between thehydroarbon hains seen along a C-C bond. Figure taken from [15℄.
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Figure 5: Heat apaity pro�le for DPPC [16℄At low temperatures the hains are all-trans and thereby parallel andfully extended. As the temperature rises the gauhe onformation oursmore and more often. This reates the kinks (�g. 4, left) and the lipidmelts.1 The kinks make the paking less tight and the bilayer thinner (�g.6B). The overall e�et on the bilayer is an area expansion of 20-25% and aninrease in volume of 4-5% from the gel to the �uid phase [5, 6, 13, 14℄.Melting of lipids is a ooperative proess. That means that the singlelipid is in�uened by its neighbours. An ordered lipid surrounded by disor-dered lipids has a higher probability of melting than one that is not. It isenergetially unfavourable for single lipids to melt beause of the di�erenein hain length between ordered and disordered lipids. To avoid exposure ofhydrophobi parts lipids with the same length gather in domains [8, 16℄. Ahigh degree of ooperativity gives a narrow transition peak beause the lipidsmelt at almost the same time.The transition from Lc to Lβ′ is named subtransition, between Lβ′ and
Pβ′ it is alled the pretransition, and the transition between Pβ′ and Lα isthe main transition (�g. 5). The distane between the pre- and the maintransition depends on the hainlength [13, 17℄. For PC it dereases withinreasing length until the two transitions oinide for lipids with more than20 arbon atoms.Most of the melting takes plae in the main transition. The meltingtemperature Tm is de�ned as the temperature where half the lipids are meltedand the other half is not [6℄. For biologial lipids Tm lies in the regime -20to +60 ◦C [6℄.The ripple phase is an intermediate between the pre- and main transitionand is named after its sawtooth-like surfae, whih has a periodiity in the1Melting shall not only be understood as the olligative proess of melting but also asthe proess where the single lipid reates kinks.9



Figure 6: A: The triangular lattie during the melting proess. B: Theasymmetry indued by line defets ause loal bending [13℄.range of 100-300 Å [13℄. In opposition both the gel and �uid phase is pla-nar. One theory suggests that the ripples our when disordered lipids faeordered lipids [13℄. Individual, melted lipids disrupt the lattie beause oftheir inrease in area (see �g. 6A). The interations between the lipids makeit energetially favourable to keep the lattie struture and pak as tight aspossible. Despite some of the lipids melting, it is possible to remain ordered.This an be done if instead of a random distribution, the melted lipids arearranged in lines along a lattie diretion alled line defets. A line defetindues urvature beause of loal area di�erene (�g. 6B), and a ripple isformed.2.1.1 Diaylphosphatidylholine (PC)PCs are the standard example of the phases desribed above. However forhain lengths between 17 and 20 arbon atoms a new phase, the submainphase, appears [18℄. The transition peak lies loser to the main transitionwith inreasing hain length until 20 arbon atoms where they overlap. Forthe shorter hain lengths the transition might disappear in the alorimetriexperiments beause of dereasing enthalpy hange with dereasing hainlength.Experiments with X-ray di�ration show that the submain transition o-urs between two di�erent ripple phases [19℄. The orrugation remains buta rearrangement of the lipid paking (from an orthorhombi to a pseudo-hexagonal lattie struture) and a partial melting take plae. The submain10



Figure 7: Shemati view of the paking of lipids. H represents the headgroupregion and C the hain region. It is energetially favourable for the PC hainsto tilt beause of the exess spae aused by the large headgroup. The smallerPE headgroup favours no tilt. [21℄transition has a very narrow peak and is the most ooperative transitionobserved in lipid bilayers [20℄.DLPC is an exeption from the other PCs I have used. For some reasonit has a rather broad main transition peak similar to that of PGs whih willbe desribed later. I have not found any information of what is going on forDLPC.2.1.2 Diaylphosphatidyletanolamine (PE)Atually two versions of the gel phase exists: A tilted, Lβ′ , and one wherethe hains lies normal to the bilayer, Lβ [17℄. Whih of the gel phases is seendepends on the headgroup. While PCs has the Lβ′ version, Lβ is seen inPEs.The reason for the missing tilt shall be found in the size of the headgroup[21℄. The headgroup of PCs (∼50Å2) has a larger area in the plane of thebilayer ompared to the PEs′ (∼38Å2) [22℄. The larger area gives exess spaefor the hains, whih tilts to inrease the attrative van der Waals fores (�g.7). In PEs the hains already �ll out the spae beause of the smaller area,so a tilt serves no purpose.The perpendiular hains might be related to the missing pretransitionfor PEs [23℄. Lak of pretransition and normal hains seems to oinide [21℄,but exeptions an be found [24℄.The gel phase of PEs is found to be metastable [5, 26, 27, 28℄. It sponta-neously reverses into a less hydrated and more ordered phase resembling therystalline phase if kept at low temperature for enough time. It is assumedthat the unfavourable dehydration is more than ompensated by inreasedvan der Waals interations in the tightly paked hains [5, 27℄. For somereason the reversion is normally not to the normal Lc form but to a Lc′ formwith tilted hains. For DLPE it is reported that the Lc′ form has a melting11



Figure 8: Shemati representation of the various phases in DLPE. Stablephases and transitions are illustrated by unbroken lines. Metastable phasesand transitions are illustrated by dashed lines. The wavy lines illustrate timedependent transitions at onstant temperature [27℄.point lower than Lc (Tm(Lc)) but higher than the melting point of the hy-drated gel phase Tm(Lβ). This means that when inubated at a temperature
T where Tm (Lβ) < T < Tm (Lc) the �uid hydroarbon hains may sponta-neously rystallize to the Lc form [5, 27℄. Fig. 8 gives a representation ofwhat just desribed.When �rst heated to above Tm (Lc) the lipid is hydrated and returns tothe hydrated gel phase by ooling. The anhydrous phase an be restoredafter prolonged storing at low temperature [25℄.2.1.3 Diaylphosphatidylglyerol (PG)DMPG turns out to have a rather broad main transition starting at T on

m andending at T off
m (see �g. ). Exatly what ourses this shape of the transitionis subjet to several theories. What seems to be sure is that below T on

m thelipid is in a gel phase and it is not �uid before above T off
m [29℄. In between anew intermediate phase (IP) appears with a signi�antly inreased visosity[30℄.It is also well established that urvature broadens the melting transition[31℄. In [22℄ this is used to explain the broad melting regime in PG vesiles.PGs have e�etively larger headgroups than PEs and PCs. This is partlybeause it is geometrially large (∼44Å2) ompared to ross setion of thehains and partly due eletrostati repulsion between the anioni heads. Thelarge headgroups gives a higher urvature of the vesiles (�g. 9). This resultsin a looser paking of the hains (ompare �g. 9 A and C), whih diminishes12



Figure 9: Paking of lipids depends on the ross setional area of the head-group (a) ompared to the hains (b), whih are here held onstant. A largeheadgroup gives a high urvature [22℄.the ooperativity and thereby gives a broader melting region.A way of avoiding the broad melting regime is addition of NaCl [22,30℄. The ions provide a sreening e�et between the heads, whereby theurvature dereases. In addition inreasing NaCl onentrations, inrease themultipliity of bilayers (the vesiles beome multilamellar) [22℄. PG vesilesin dispersions of low ioni strength are unilamellar beause of eletrostatirepulsion between the harged PGs in multilamellar vesiles [22, 32℄.The inreased visosity in the IP has been explained by [30℄ to be the ef-fet of formation of a 3-dimensional membrane network (�g. 10, left). Largefaetted vesiles has been observed that below T on
m and smaller spherial vesi-les above T off

m . This leads to suggesting that interations with the solventfavours the urvature found in a long range network. It is in addition foundthat dereasing hain length gives broadening of the melting regime. ForDPPG only a single peak is observed.Other experiments suggest that the theory of a 3-dimensional networkdoes not hold. In [29℄ it is desribed how DMPG suspensions have been testedfor fusion of vesiles. It is found than no fusion takes plae and thereforenetworks an not be formed. At high lipid onentrations (>70mM) howeverthere might anyway be a destrution of vesiles in the IP [32℄.It is instead suggested that in the IP networks of �ssures and perforationswith highly urved edges arise in the normal bilayer vesile (�g. 10, right).The onset of hain melting gives rise to separation of the lipids due to ele-trostati repulsion of the heads. Thereby water is allowed to penetrate themembrane and perforations are reated. In the �gure the vesile surfae isshown to be smooth in the IP. This is probably not the ase as the urvaturedefets presumably hange the vesile topology.
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Figure 10: Theories for the struture of the intermediate phase (IP) inDMPG. Left: Pro�les of heat apaity and visosity oupled to the forma-tion of a 3-dimensional network struture [30℄. Right: Fissures in the bilayerreates a 2-dimensional network in the vesile surfae [32℄.2.2 ThemodynamisThis setion gives the thermodynami bakground for the experiments2. Firstis given a reminder of some of the basi thermodynami equations.2.2.1 BasisIn the following U denotes internal energy, S is the entropy, V the volume,
T the temperature and p is the pressure.The partition funtion, Z, is a summation over the Boltzmann fator,
exp (−εs/kBT ), for all states, s, of the system. εs is the energy of the state
s.

Z (T ) =
∑

s

exp (−εs/kBT ) (1)The average, 〈X〉, of a distribution is given by2Setions 2.2.1 and 2.2.2 is inspired of [33℄ and setions 2.2.3 and ??is inspired of [14℄and [34℄ 14



〈X〉 =
∑

s

X (s)P (s) (2)where P (s) is a probability assigned to eah state of the system. It is giventhat P (s) is normalized to unity. The partition funtion is the proportion-ality fator onneting the probability and the Boltzmann fator.
P (εs) =

exp (−εs/kBT )

Z
(3)In terms of the partition funtion is the average then given as

〈X〉 =
∑

s

Xs exp(−εs/kBT )

Z
(4)Enthalpy, H , is de�ned as

H = U + pV (5)From this it is given
dH = dU + pdV + V dp (6)Heat apaity at onstant pressure, cp, is given by

cp = T

(

∂S

∂T

)

p

(7)A useful relation is the thermodynami identity
dU = TdS − pdV (8)By a reversible hange of state TdS an be identi�ed as the heat, dQ, addedto the system and −pdV as the work, dW , done on the system.2.2.2 Di�erential sanning alorimetryIf you put eqn. 8 into eqn. 7, use eqn. 6 and remember that the pressure isonstant you get

cp =

(

∂U

∂T

)

p

+ p

(

∂V

∂T

)

p

=

(

∂H

∂T

)

p

(9)From this it is seen that the enthalpy an be alulated by integrating theheat apaity. 15



H =

∫ T2

T1

cpdT (10)This equation will be used when handling the alorimetri data.2.2.3 Pressure alorimetryIn the following the relation between melting temperatures at di�erent pres-sures is found.In an ensemble of lipids the mean enthalpy hange, 〈∆H〉 is (f. eqn. 4)
〈∆H〉 =

∑

s

∆Hs exp (−∆Hs/kBT )

∑

s

exp (−∆Hs/kBT )
(11)For eah mirostate, i, at pressure p0 the enthalpy is given by (f. eqn. 5)

∆H0
i = ∆Ui + p0∆Vi (12)At a di�erent pressure p0 +∆p it is

∆H∆p
i = ∆Ui + (p0 +∆p)∆V (13)Experiments have suggested that at a given temperature the mean enthalpyand volume hanges are proportional funtions3 [14, 34℄.
〈∆V 〉T = γ 〈∆H〉0T (14)This also holds for eah mirostate.

∆Vi = γ∆H0
i (15)The relation is in the following assumed to be true. It then follows from eqn.12-15 that

∆H∆p
i = ∆Ui + p0∆Vi +∆p∆Vi

= ∆Ui + p0∆Vi + γ∆p∆H0
i

= ∆H0
i (1 + γ∆p) (16)From eqn. 11 and the above the mean enthalpy at pressure p0 +∆p is3Lipids where this relation does not hold an be found. An example is PGs in a solventof low ioni strength [30℄. 16



〈

∆H∆p
T

〉

= (1 + γ∆p)

∑

i

∆H0
i exp (−(1 + γ∆p)∆H0

i /kBT )

∑

i

exp (− (1 + γ∆p)∆H0
i /kBT )

= (1 + γ∆p)

∑

i

∆H0
i exp

(

−∆H0
i /kBT

∗
)

∑

i

exp
(

−∆H0
i /kBT

∗
) (17)In the last equation the resaled temperature, T ∗ has been introdued

T ∗ =
T

1 + γ∆p
(18)From this the proportionality onstant, γ, an be alulated and then usedto determine the volume hange using eqn. 15.It is furthermore seen that the mean enthalpy hange at two di�erent pres-sures is proportional when using T ∗

〈∆H〉∆p

T = (1 + γ∆p) 〈∆H〉0T ∗ (19)It follows that after resaling of the temperature axis using eqn. 18 the twourves made at di�erent pressures should have the same shape. If this is notthe ase the assumption in eqn. 15 is not true.2.2.4 CompresibilityDi�erentiation of 〈∆H〉 with respet to temperature gives
∂ 〈∆H〉

∂T
=

∑

i

∂∆Hi

∂T
exp (−∆Hi/kBT )

∑

i

exp (−∆Hi/kBT )
+

∑

i

(∆Hi)
2 exp (−∆Hi/kBT )

∑

i

exp (−∆Hi/kBT ) kBT 2

−

[

∑

i

∆Hi exp (−∆Hi/kBT )

]2

[

∑

i

exp (−∆Hi/kBT )

]2

kBT 2

=
〈∆H2〉 − 〈∆H〉2

kBT 2
(20)

=

〈

(∆H − 〈∆H〉)2
〉

kBT 2
(21)17



The �rst term after the equality disappears beause ∆Hi is onstant. It annow be seen that the �utuations in the enthalpy is proportional to the heatapaity (f. eqn. 9) .
cp =

〈

(H − 〈H〉)2
〉

kBT 2
(22)It is furthermore seen that cp is always positive in an equilibrium system.The mean value of the volume hange is

∆κT = −
1

〈∆V 〉

(

∂ 〈∆V 〉

∂p

)

T

=
〈∆V 2〉 − 〈∆V 〉2

〈∆V 〉 kBT
(23)By inserting eqn. 6, assuming the pressure is onstant and di�erentiatingwith respet to p one gets
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∂p
=
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kBT
(24)The hange in isothermal ompressibility, ∆κT , is de�ned as
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=
〈∆V 2〉 − 〈∆V 〉2

〈V 〉 kBT
(25)Using eqn. 15 it an now be seen that the ompressibility an be related tothe heat apaity.

∆κT (T ) =
γ2

(

〈∆H2〉 − 〈∆H〉2
)

〈V (T )〉 kBT
=

γ2T

〈V 〉
∆cp (26)This means that with knowledge about the heat apaity, whih is easilymeasured, it is possible to alulate the ompressibility in even omplex lipidmixtures.2.2.5 Transition temperatureLatent heat, L, of a phase transformation at onstant pressure is equal to Ttimes the hange of entropy between the two phases.

L = T∆S (27)
L is also equal to the hange in enthalpy

L = T∆S = ∆U + p∆V = ∆H (28)18



The seond equality omes from eqn. 8 and the third from eqn. 6. Fromthis it is seen that the transition temperature, Tt is equal to the hange inenthalpy divided by the hange in entropy.
Tt =

∆Ht

∆St

(29)This is an alternative way of de�ning the transition temperature [10℄.3 Materials and methodsFor alulation of the onentration c the following equations are used
n = c · V and m = n ·M (30)Here V denotes the volume, n the amount of moles, m the mass and M themolar weight.3.1 Bu�erIn order to keep the onditions onstant the lipids are diluted in a bu�er on-taining water4, 10 mM Hepes (purhased from Sigma-Aldrih, St. Louis/MO,USA) and 1 mM EDTA (from Fluka, Buhs, Switzerland).Hepes (4-(2-hydroxyethyl)-1-piperazineethanesulfoni aid) is used to keepthe pH steady. EDTA (ethylenedinitrilotetraaeti aid) is used to preventgrowth of bateria. EDTA binds alium, whih bateria require.The masses of Hepes and EDTA was alulated using eqn. 30. The pHwas afterwards set to approximately 7 by adding NaOH and HCl until thedesired pH was ahieved. This has a slight in�uene on the onentrationsof Hepes and EDTA, but beause the amounts added are small ompared tothe volume of the bu�er and the onentrations are not used anywhere inthe alulations, this is of no importane.3.2 Sample preparationThe lipids are purhased from Avanti Polar Lipids (Alabaster/AL, USA) andused without further puri�ation.All lipid solutions are made with onentration of 68.5 mM. A high on-entration is used to diminish the e�et of unertainties in the preparations.4The PC are diluted in a bu�er based on demineralised water, while the other lipidsare diluted in a bu�er based on Millipore water. Millipore water is demineralised waterfrom whih also ions have been removed 19



The mass needed for the given onentration is alulated from eqn. 30. Thelipids where weighed within an error of ± 0.001g and the needed volume ofbu�er was added within an error of 1%. Afterwards the solution was heatedto above the expeted melting temperature and stirred by a magneti stir-rer until the solution beame homogeneous. The samples where stored by atemperature of -22 ◦C when not in use.The melting point of DLPC is plaed at a temperature lose to 0◦C. A so-lution normally has a lower freezing point than a pure solvent, so in orderto avoid that the bu�er freezes during the measurements, glyerol is added.The freezing temperature of a solution is found as the freezing temperatureof the pure solvent minus ∆Tm, where ∆Tm is given as
∆Tm = Ef · cm (31)where Ef is the freezing point depression onstant (or ryosopi onstant)and cm is the molal onentration, i.e. the amount of moles solute per kilo-gram of solvent.To the PGs was added NaCl. The onentration in the DPPG-solution was554 mM and in the DMPG it was 674 mM. To omparison a solution withDMPG and without NaCl was also made.3.3 Instruments3.3.1 Di�erential sanning alorimetryThe di�erential sanning alorimeter (DSC) is used to measure the heatapaity during phase transitions. The alorimeter used is of the type VP-DSC produed by Miroal (Northhampton/MA, USA) and operated usinga omputer.The DSC onsists of two ells with apillaries in an adiabati box isolatedfrom surroundings (�g. 11 left). Measurements are done only on the ells.One ell ontains the sample and the other one is the referene, whih in thisase is bu�er. The alorimeter is in my experiments �lled only to the edge ofthe ell. This is to avoid a hange in onentration of the sample aused bysinking of the lipids during the experiments. The alorimeter is �lled using ahigh-preision syringe with a volume equal to the ell volume of 0.5152 mL.The DSC an be set to ontinuously hange the temperature T of theells and meanwhile maintain the temperature di�erene between the ellsequal to zero. The exess power ∆P added to the sample ell ompared to20



Figure 11: Left: Constrution of the di�erential sanning alorimeter. Right:Setup for pressure alorimetry. [3℄the referene ell is then reorded. The exess heat ∆Q is then found byintegration of the exess power with respet to time t.
∆Q =

∫ t+∆t

t

∆P (t′) dt′ ≃ ∆P ·∆t (32)At onstant pressure and volume the (exess) heat apaity Cp is given by(f. eqn 9 and 8)
Cp =
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)
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≃
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∆Q
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)

p

=
∆P
∆T
∆t

(33)where ∆T
∆t

is the san rate. I have used a san rate of 2◦C/hr during most ofthe experiments. It is important with a low san rate so that every step hap-pens via equilibrium states. The sans are done in intervals approximately10◦C below the expeted pretransition temperature and 10◦C above the ex-peted main transition temperature. For most samples has been made botha heating and a ooling san to see if the proess is reversible.3.3.2 Pressure alorimetryFor pressure alorimetry is used the setup shown in �g. 11, right. Insteadof putting the sample diretly in the sample ell it is put in the sampleapillary. The apillary is onneted to a nitrogen ontainer that providesthe pressure. During the measurement the pressure is enlosed between thetwo valves. The barometer is set to zero at atmospheri pressure. Pressuresbetween 150 and 165 bar have been used and it is displayed with an aurayof 0.1 bar. In some measurements the pressure has fallen a few bars during21



the san. In these ases an average of the pressure before and after is usedfor the alulations.The apillary is plaed in the sample ell surrounded by water to ensurea ontinuous �ow of heat to the apillary. To avoid evaporation the openingin the alorimeter was losed by wrapping para�lm around it. A normalDSC-san is performed. For time reasons only heating sans have been madewith this tehnique for most of the samples.3.4 General onsiderationsAll equipment used have been leaned arefully with water and ethanol anddried with nitrogen. The apillary used in the pressure experiment havebeen kept in vauum for at least an hour to make sure no ethanol resided inthe bottom. Bu�er and lipid solutions have been under ompression for 15minutes before plaed in the alorimeter to remove bubbles.3.5 Handling the dataThe data output is olleted in a �le, whih is analyzed with the graphisprogram Igor Pro 5.03 (Wavemetris). Before integrating over the transitionpeaks one has to subtrat a baseline in order to get the exess power outsidethe transition regime to approah zero. In this way only the heat apaityof the transition omes out. It is done by ut out the transition data and �tthe remaining data to a polynomial. It an be a rather subjetive judgmentto deide how muh to ut out and whih polynomial gives the best �t andthereafter deide the range over whih integration shall be done. For thisreason I have done the proedure 10 times for eah lipid when alulatingthe enthalpies. In the worst ases I get a standard deviation of up to 7% butgenerally it lies between 2% and 5%.4 Results4.1 Heat apaity pro�lesPCFig. 12, left shows the heat apaity pro�les of the four PCs tested. Itis seen that the transition temperature rises and that the pre- and maintransition gets loser with inreasing hain length. A broad transition regimeis observed for the short hained DLPC. In the pro�le of DSPC the submaintransition is learly seen. 22



Figure 12: Heat apaity pro�les of PCs (left) and DMPG with and withoutaddition of NaCl (rigth). The heat apaity of DLPC has been resaled witha fator 5.PGDMPG has a broad transition regime, whih beome narrowed by additionof NaCl (�g. 12, right). The enthalpies found for DMPG with and withoutNaCl are respetively 23.2 kJ and 24.8 kJ for the main transition and 28.3 kJand 31.3 kJ for the pre and maintransition. So addition of NaCl might alterthe transition enthalpy a bit, but the broad transition without NaCl makesit more di�ult to deide exatly where it begins and ends. In addition I didnot have muh baseline in NaCl missing heat apaity pro�le to make thepolynomial �t from. This gives a greater unertainty.PEFig. 13 shows onseutive sans of a DMPE sample whih has not beenheated to above melting temperature during preparation. The experimenthas been repeated on two di�erent samples with the same result. Thereseems to be an ourrene of non-equilibrium, whih I will go deeper intoin the disussion setion. No pretransition is seen in any san on PEs. Theurves C and E have been used when determining the enthalpy.Enthalpy dependene of hain lengthThe transition enthalpies of eah lipid type an be seen in �g. 14 as a funtionof hain length, n. Enthalpies for both the main transition and the main plusthe pretransition are given. This is beause the melting might start already23



Figure 13: Heat apaity pro�les of DMPE made onseutively from A to E.Right arrows indiate heating sans and left arrows indiate ooling sans.Horizontal lines represent zeros. Insert is a blow up of E.in the ripple phase as desribed in setion 2.1. I have not measured atlow enough temperatures to see the pretransition of DLPC. For representingthe PGs I have used the enthalpy for DMPG added NaCl beause I onlyhave measured the enthalpy of DPPG with addition of NaCl. Enthalpies ofsubmain transitions are inluded in the numbers used in the graph.4.2 Pressure alorimetrySome examples of pressure alorimetry experiments are given in �g. 15. Itan be seen that appliation of pressure shifts the transition to a highertemperature. The resaling fator for temperature (f. eqn. 18) have beenfound for eah sample in order to deide the proportionality fator γ. Theresults are given in table 2. The average of γ is found to be 7.72 ·10−4±0.22 ·
10−4ml/J. The average value found in [14℄ is 7.79 · 10−4 ml/J whih withinerror is the same as the one I have determined.For some reason I in general do not get very good mathes between thelow pressure sample and the resaled high pressure sample after resaling.Only for a ouple of lipids I get an almost exat math. For the others theshapes are similar but in some ases the high-pressure urves are a bit wider24



Figure 14: Left: Enthalpies of the main transition as a funtion of hainlength. Right: Enthalpies of the pre- and main transition as a funtion ofhain length.

Figure 15: The heat apaity of high pressure samples has been resaled.
25



Lipid ∆p (1 + γ∆p)−1 γbar 10−4 ml/JDLPC 156.9 0.98812 7.67DMPC 152.3 0.98830 7.77DPPC 156.0 0.98793 7.83DSPC 158.3 0.98761 7.93DMPE 157.6 0.98775 7.87DPPE 153.5 0.98905 7.22DMPG 158.0 0.98815 7.59DPPG 156.8 0.98779 7.88Table 2: Results of pressure experiments(like for DMPE in �g. 15) and in some ases a bit narrower.Using eqn. 15 I have alulated the volume hanges. The results areshown in �g. 16. In eah ase I have used the orresponding value of γ justfound.4.3 ErrorsThe syringes used for sample preparation have an error of 1%. The weighused has a preision of ± 0.0001 g. A typial amount of lipid weighed outis 0.05 g giving an error of 0.2%. An important soure of errors is whenintegrating the heat apaity pro�les as have been desribed previously. Thedeviation found when doing 10 integrations on the same lipid lied between2% and 7%. The error made of the DSC is insigni�ant ompared to theother soures of error.Error soures whih are more di�ult to put numbers on are for examplethat some lipid tends to stik to the sides of the ontainer and stay there,when samples were prepared. This of ourse alters the onentration, whihis used in alulation of the enthalpy. A maybe more important onentrationerror soure is that the lipids sink. They are vortexed just before transferwith the syringe but for some of the lipids like for example the PEs thesinking happens very fast.I had problems with a bubble in the high preision syringe. No matterwhat was done to avoid it, a bubble ame into the syringe during loading.Attention was made to that the bubble stayed in the syringe, when thesamples were transferred to the DSC. So the volume put into the DSC shouldnot be a�eted. 26



Figure 16: Left: Volume hanges of the main transition as a funtion of hainlength. Right: Volume hanges of the main and pretransition as a funtionof hain length.One or two sans have been made for eah lipid (if the experiment su-eeded in the �rst attempt). Of ourse even more measurements would havegiven more onvining results.4.4 DisussionThe negative heat apaity in the pro�le of DMPE shown in �g. 13 A in-diates the existene of a metastable phase. It is seen from eqn. 22 thatnegative heat apaity is not possible in equilibrium systems.In setion 2.1.2 I have desribed how heating sans an give negativeenthalpy hanges for DLPE if the �uid phase rystallizes. I have not foundreports spei� on the same behaviour for DMPE but it ould be somthinglikely that happens. There is however things speaking against it.For example transition from Lα to Lc is desribed to happen when thelipid is inubated at the right temperature. This is not done with my sample.I use a low san rate but the behaviour seen in �g. 13 A is not observed by[28℄ who uses a lower san rate than I do.The peaks seen in C and E oinide with the transition temperature(49◦C) desribed as being from the hydrated gel to �uid phase in [28℄. Iassume that it is the same transition I see and have used the enthalpies foundfrom these two urves as being the main transition for DMPE. An additionalhigher temperature peak (53.2◦C) asribed to hydration and melting is also27



observed in the same artile. It is unlear whether it is the transition from
Lc or Lc′ . I get the seond transition at 57◦C.When �rst heated to above the higher transition temperature subsequentheating and ooling only show the lower temperature transition. The seondtransition is at least only seen in a minor form (insert). The phase behaviourseen in A was restored when I made the pressure alorimetry experiment onthe same sample 2 months later (data not shown). This is onsistent withwhat is desribed for the anhydrous phase.It is also unlear why two peaks are observed in the ooling sans. To�gure out exatly what is going on requires further experiments.DPPE was heated to well above the main transition temperature beforemeasuring the heat apaity and showed a pro�le similar to that of �g 13 Ein the �rst san and only one peak in the following.The submain transition of DSPC and the broad melting regime of DMPGturned up as predited in the theory setion. Addition of salt made the latertransition narrower with a minor derease in enthalpy hange. More experi-ments are required to determine if it is only a deviation.Fig. 14 shows that the enthalpy hanges are indeed related to the of hainlength. Looking at the PCs it is seen that there is a lear linear relationbetween enthalpy and hain length. The enthalpy of DPPC (n = 16) is a bitlow ompared to the line and to literature, where it is given to be 34 ±2 kJfor the main transition [26℄. This valued �ts niely in my linear relation.For PG I get almost the exat same slope as for PC. Taken into aountthat I only have two points for PE this slope also be assumed to be thesame. Therefore the slope an be interpreted as the enthalpy neessary forthe transition of two methylene groups (2 CH2). The number 2 omes beauseeah lipid has 2 hydroarbon hains. In the same notion the intersetion of�t lines with the y-axis ould be presumed to be the ontribution to theenthalpy hange from the head groups.It has been shown that the heat apaity is always positive (eqn. ??).Therefore also ∆Ht must be positive as long as T1 < T2 (f. eqn. 10). Thesame an be seen for ∆St if eqn. 7 is rewritten as

∆St =

∫ T2

T1

cp
T
dT (34). It has been shown that the transition temperature is related to the hangesof enthalpy and entropy by Tt = ∆H/∆S (f. eqn. 29) So it is seen that anegative ∆H requires either a negative ∆S or Tt. None of whih make sense.28



Lipid ∆Hhead ∆Hn n0kJ/mol kJ/molPC main 38.1 4.48 8.5PE main 9.4 2.94 3.2PG main 38.2 4.28 8.9PC pre+main 39.9 3.06 8.0PG pre+main 39.1 4.82 8.1Table 3: Results of DSC-experiments. Hhead is the intersetion between the�t line and the y-axis, Hn is the slope of the �t lines and n0 is the intersetionbetween the �t line and the x-axis. Main and pre+main indiate whether His taken as an integral over the main or pre- and main transition.Therefore it an be onluded that for hains shorter than the intersetionbetween the x-axis and the �t lines no transition an take plae. The hainlength where the �t line intersets is denoted n0. It is found that the n0 liesbetween 8 and 9 with an exeption for PE, whih gives a value of 3.2. Similaronlusions an be made for volume hanges.An overview of the results obtained from �g. 14 is given in table 3.The missing orrespondene between heat apaity pro�les made with andwithout appliation of high pressure means that I an not in general verifythe proportionality between hanges in enthalpy and volume as found by [14℄.The bad mathes an probably at least partly be asribed to my lak of expe-riene. Some of the samples have been kept in the freezer for months betweenthe measurements done with ordinary alorimetry and pressure alorimetry.In this time the shape of the vesiles may have hanged, whih an a�et themelting pro�les [31℄. A shorter time between the two measurements wouldmost likely have helped.Within error I get the same value of γ for all the lipids. DPPE deviatesslightly from the other values but is not signi�ant. This an be seen intable 2 and it is illustrated in �g. 16. In the later I again get a nie lineardependene of hain length by alulating the volume hange by the use ofthe found γ-values.That γ is the same for all lipids makes it possible to make onlusion notonly for single lipid membranes but also for mixed membranes without theneed of a detailed knowledge about the omposition.29



5 ConlusionThe purpose of this thesis was to test if the proportionality between volumeand enthalpy hanges holds and to �nd the proportionality onstant. Thiswas done by testing a variety of lipids with di�erent head groups and hainlengths. During the testing di�erent harateristis and peuliarities for thedi�erent lipids turned up.Despite their di�erent transitional behaviours ommon features was alsofound. I get a very nie linear relation between hange in enthalpy and hainlength with approximately the same slope for the three di�erent kinds oflipids. Intersetions of the �t line with the y-axis and the slope of the �t linegive an indiation of the ontribution of enthalpy hange during a transitionfrom the head group and a methylene group respetively. For hain lengthsbelow the intersetion between the x-axis and the �t lines it is onludedthat no transition an take plae.It is not totally evident from my experiments that the proportional re-lation between volume and enthalpy hanges holds. This is beause I donot get an exat math between the two urves made at di�erent pressure.Unfortunately this keeps me from onluding the diret relation betweenompressibility and heat apaity.On the other hand if the proportionality exists, as it is shown in [14℄, Iget the same value of γ for all lipids tested. This is very useful if one wantsto dedue ompressibilitiy of unknown lipid mixtures.
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