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11 IntrodutionThe fundamental building bloks of living organisms are ells. From single-elled bateria to humans onsisting of 1014 of these funtional units are thebasis of life. What de�nes the ell is the ell membrane. It isolates theinside of the ell from its environment. But without interations with theoutside the ell would die. Without nutrients, waste, essential moleules,and ions rossing the membrane it would not be able to ful�ll its funtion offor example nerve signal ondution, energy onversion, growth, or proteinreation.The subjet of this thesis is transport, or more preisely the passive per-meation, of ions aross membranes. The standard explanation is that theions di�use through protein hannels embedded in the membrane. A stan-dard method for investigation of protein ion hannels is to on�ne a pathof membrane and measure the urrent running through it in response to anapplied voltage. If quantized urrent steps are observed these are attributedto opening and losing of a protein hannel. They are even referred to asthe �harateristi eletrial signature�[1℄ of protein hannels. The problemis just that the same kind of urrent steps are observed in membranes thatdo not ontain any proteins. This experimental fat is often negleted by bi-ologists even though it has been known for at least 30 years. Unfortunatelythere is urrently no way to measure the ondutane of protein hannelswithout inorporating them into lipid membranes. This means that one hasa severe interpretation problem in the ase of protein hannel data.The aim of this thesis is to make a further investigation of lipid ion han-nels and to examine if they atually are so similar to protein ion hannels aslaimed. More resemblanes than previously reported are found in this the-sis. The similarities are found through experiments with a path lamp-likesetup on arti�ial membranes. But before getting to the experimental partsome bakground information is provided.Setion 2 presents the basi knowledge about biologial membranes andsome of its onstituent. The next setion desribes the membrane struturein more details inluding that membranes an exist in several phases withdi�erent harateristis. Espeially the transitions between the phases hassome interesting features. Presumably some of these has a diret in�ueneon the permeability of membranes. It is further desribed what in�uenesthe transitions and transitions are put into perspetive by their relevane inrelation to biologial membranes.In setion 4 I go deeper into the permeability of membranes. The tradi-tional view is represented by a setion about protein hannels, while evidene



2 1 INTRODUCTIONfor the existene of lipid ion hannels is given in a presentation of previousexperimental and theoretial publiations about the subjet. Also a noveltype of membrane reated of polymers is introdued as a possible solutionto the problem of investigating protein hannels in lipid membranes. In theend is given an overview of the methods that an be used to measure thepermeability of membranes on a single hannel level.Despite being the two major onstituents that together make up a bi-ologial membrane, proteins and lipids are often treated independently. Insetion 5 it is argued that interations should also be taken into aount forthe funtion of ell membranes. In some ases the presene of proteins mayeven indue lipid ion hannels.After the setion providing the details about materials and methods theexperimental results are presented and disussed. Through the experimentsthe aim of this thesis will be pursued by the following objetives:
◦ Reprodue the existene of hannel events in pure lipid membranes andompare them with protein ion hannel events
◦ Make alorimetri sans to test if they an be related to the permeabil-ity of membranes
◦ Add a non-hannel protein to test if it a�ets the hannel events
◦ Test if opolymer membranes ould be an alternative to lipid mem-branes for the purpose of protein hannel experimentsEnjoy the reading!
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Figure 1: The ell membrane onsists of a phospholipid bilayer, whih on-tains a number of biologial moleules suh as proteins, sugars and otherlipids. Figure taken from wikipedia.org2 Biologial membranesLiving organisms are all made of the same fundamental unit, the ell. Allells, whether they are baterial, plant or animal, are enlosed by a mem-brane. The membrane de�nes the boundary between what is ell and whatis the outside world. It ats as a barrier that ontrols what gets in and whatgets out. Examples are entry of nutrients and exit of waste produts, andmaintenane or generation of di�erenes in ion onentration and therebypotential.By studying red blood ells from di�erent animals Gorter and Grendel in1925 found out that the area of extrated lipids orresponded to two times thearea of the ell.[2℄ By this the onept of a lipid bilayer as the fundamentalstruture of biologial membranes was born and have been found ommon toall biologial ells and their organelles. Into this bilayer a variety of proteinsare embedded (�gure 1). The mass and volume ratios between proteins andlipids in the membrane range from 0.25 to 4 depending on ell type.[3℄ Atypial ratio is 1 inluding proteins only residing on the surfae and extra-membraneous parts of other proteins. This means that the major area in theplane of the membrane onsists of lipids.Although only 5nm thik the lipid bilayer is onsidered impermeable topolar substanes beause of its hydrophobi inner. The free energy of aharge q in a dieletri medium is proportional to the eletrostati potential
Ψ = q

ǫ0ǫrr
where ǫ0 is the vauum permittivity, ǫr is the dieletri onstant,and r is the distane from the harge.[3℄ The dieletri onstant is about80 for water and about 2 for the interior of a lipid bilayer.[4℄ This means
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hydrophilic head and backbonehydrophobic tails

cholinephosphateglycerolFigure 2: Struture of the phospholipid DMPC. Modi�ed �gure fromwww.avantilipids.omthat eletrostati free energy is 40 times higher for the bilayer ompared towater. So �nding an ion inside the lipid bilayer is unlikely. It is thereforeommon to assume that the proteins are responsible for all transport arossthe membrane.2.1 LipidsThe major part of lipids in the ell membrane are glyerophospholipids suhas the one shown in �gure 2. They an be divided into three parts: head-group, bakbone, and tail. The bakbone is in this ase a glyerol, whihan be esteri�ed in three positions whereby headgroup and hains an beattahed. These haraterize the di�erent lipids. The omposition of lipidsspeies is very diverse in di�erent ell types within the same organism. Iteven di�ers in the various organelles within the same ell.Headgroups vary in size and harge. They an be either unharged, neg-atively harged or zwitterioni. Positively harged lipids are not found innature.[5℄ Examples of ommon headgroups are phosphatidylholine (PC),phosphatidylethanolamine (PE), phosphatidylserine (PS) and phosphatidyl-glyerol (PG). PC and PE are zwitterioni with no net harge while PG andPS are negatively harged. In many biologial membranes the amount ofharged lipids is around 10-20% but an be as high as 40% in mitohondria.[6℄
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A)
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Figure 3: Lipids form aggregates in polar solvents to avoid exposure of theirhydrophobi tails. Some examples are: A) ross-setion of a mielle, B) abilayer, and C) an inverted hexagonal phase.The di�erent headgroups are important for phase behavior and the a�nityof the membrane to bind various proteins and drugs as will be made use ofin this thesis.The tail onsists of hydrophobi hydroarbon hains. Chains an vary innumber, length and saturation. The number of hains an be from 1-3 with2 being most ommon. In biologial membranes hain lengths from 14-24arbon atoms are found with 16-18 being typial.[6℄The amphiphili nature of lipids make them aggregate when added to apolar solvent. It is energetially favorable for them to fae the hydrophobitails toward eah other, suh that only the hydrophili headgroups get inontat with water. There are a number of ways to do this depending onlipid speies, some of whih are shown in �gure 3. Of these the bilayer is theone found in ell membranes and the one of interest in this thesis.2.2 Membrane proteinsProteins an be attahed to the membrane in a number of ways dependingon their properties as shown in �gure 4. Peripheral proteins an be attahedto the lipid bilayer by a ombination of hydrophobi, eletrostati, and othernon-ovalent interations. These an among others at as atalysts or elladhesion moleules that allow ells to identify eah other and interat.Transmembrane proteins have a hydrophobi domain in the middle andhydrophili ends, whih makes it favorable to span the membrane. Examplesof transmembrane proteins are protein ion hannels and pumps, whih are
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A B

C
D E

FFigure 4: Shemati illustration of protein binding strategies: A) eletro-stati binding, B) anhoring via a lipid extended onformation, C) non-spei� binding by weak physial fores, D) anhoring by a hydroarbonhain attahed to the protein, E) partly penetrating amphiphili protein,F) transmembrane spanning by amphiphili protein. Orange olor indiatehydrophobi part of protein. After inspiration from [5℄responsible for moving moleules in and out of the ell by passive and ativetransport respetively.In these experiments ytohrome  (yt ) and gramiidin A (gA) will beused. Cyt  is used to investigate the e�et of a non-hannel protein and gAto see if a hannel protein behaves di�erent from the lipid ion hannels. Cyt is a peripheral protein. It is nearly globular (see �gure 5) with a positivenet harge of 8 at neutral pH and therefore binds eletrostatially to nega-tively harged membranes.[7℄ The protein is primarily found in mitohondriawhere it is involved in eletron transport and apoptosis (i.e. programmedell death).gA is stritly speaking not a protein but a peptide due to its short hainof only 15 amino aids.1 It is helial (see �gure 6) with only approximatelyhalf the length of the membrane thikness. Most of it is extremely hydropho-bi and it therefore penetrates the membrane. It is nevertheless relativelyimpermeant in membranes.[8℄ By forming a dimer it an reate a pore with ahydrophili lumen through the membrane. In its natural form it is seretedby Baillus brevis but its funtion there is unknown.[8℄ It was however the�rst linially used antibioti (e.g. [8, 9℄).1Peptides and proteins have the same hemial struture. They are both polymers ofamino aids. The onvention for disrimination is not lear but is often set around 50amino aids.
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Figure 5: Spae �lling model of all non-hydrogen atoms in ytohrome  fromone side and rotated 90◦. The net positive harge arises primarily from theorange lysine groups. Marked with blue is a heme group whih is involvedin eletron transfer. Visualized with PyMol from the rystalline struture1HRC.pdb from the RCSB protein data bank.

Figure 6: Spae �lling model of all non-hydrogen atoms in a gramiidin Adimer. The monomers are olored in di�erent shades of green. The dimer isseen in the plane of the membrane (left) and tilted 90◦ for a look throughthe hannel (right). Red units are tryptophan. Made from the rystallinestruture 1JNO.pdb.
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Figure 7: Left As the membrane hanges from gel to �uid phase enthalpy andentropy inrease. Kinks in the hains result in hange in area and volume ofthe membrane. Right The kinks arise from the di�erent possible onforma-tions arising from rotations around the C-C bonds. The lowest energy stateis the all-trans onformation, whih is illustrated by the sawtooth patternseen in the gel state. Addition of heat allows for gauhe isomers with higherenergy and degeneray. Figures are taken from [10℄.3 Transitions and struture of membranesJust as water an be solid, �uid, or vaporized, lipid membranes an exist indi�erent phases. During transitions between the phases a lot of interestingfeatures are a�eted. A few examples are permeability, ompressibility andrelaxation times. Some of these will be desribed in more detail later, but�rst is given a desription of the phases and what in�uenes them.3.1 Struture and phase transitions in membranesOf the phospholipid membrane phases the gel and �uid are the ones mostrelevant to biologial membranes. The gel (also known as solid ordered) phaseis haraterized by the headgroups being ordered in a hexagonal lattie andthe hains being straightened out in a so alled all-trans onformation. Thisis the state with the lowest internal energy. Other onformations are obtainedby rotation around the C-C bonds. Due to steri repulsion 3 onformationsare stable as pitured in �gure 7. The stable states are rotations of ±120◦from the trans onformation, whih is alled a gauhe onformations. Asthe temperature rises the gauhe onformations with higher internal energybeome aessible. These gauhe onformations make the hains kink withthe result that they take up more spae. The lattie struture gets disruptedand the lipids are able to move around freely as in a 2-dimensional �uid.
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Figure 8: A alorimetri san gives the heat apaity pro�le of dimyristoylphosphatidylholine (DMPC). The pretransition and main transition are seenas peaks in the urve.Therefore the �uid phase is also known as liquid disordered. The hangedonformation results in the area inreasing 25% and the volume 4% from gelto �uid state. [11℄Phase transitions may be haraterized by the fat that the addition ofheat does not hange the temperature as the energy is stored in onforma-tional hanges. Transitions therefore show up as peaks in a heat apaitypro�le as shown in �gure 8. Some lipids show additional transitions. For ex-ample, saturated phosphatidylholines have an intermediate phase betweengel and �uid known as the ripple phase beause of periodi ripples on thesurfae. The ripples have been suggested to arise from line defets of meltedlipids whih indue loal urvature.[12℄ The transition from gel to ripplephase is alled the pretransition, while the transition to �uid phase is themain transition. Phosphatidylglyeroles also show additional transitions de-pending on the ioni strength and pH of the bu�er.[13, 14, 15℄ The nature of
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Figure 9: Domain formation in the transition. Here revealed by atomi foremirosopy. a dimyristoyl phosphatidylholine (25x25 µm2) b dipalmitoylphosphatidylholine (20x20 µm2). From [16℄.these transitions are not well established.Lipids exhibit ooperative melting. This means that neighboring lipidsin�uene eah other as it is energetially most favorable for example to havethe same length. High ooperativity typially results in narrow phase tran-sitions. The ooperativity an be lowered if other moleules e.g. other lipidsor proteins are added to the membrane.[17℄ The ooperative units show upas domains i.e. segregation of areas with the same properties (see �gure 9).The most aurate de�nition of the transition temperature Tm is wherehalf of the lipids are �uid and the other half gel. Here the free energy di�er-ene ∆G between the two states is zero.
∆G = Gf − Gs = 0 (1)Knowing that the free energy di�erene is also given by
∆G = ∆H − Tm∆S (2)where ∆H denotes the melting enthalpy and ∆S the melting entropy itfollows that

Tm =
∆H

∆S
(3)However, in this thesis I will instead use the peak temperature in heat apa-ity pro�les for reasons that will beome lear later. In pratie the di�ereneis often very small.The various lipids have di�erent transition temperatures ranging from-20 to 60◦C.[6℄ It depends on intrinsi properties of the lipid suh as head-group, hain length and saturation. For example, longer hains have higher



3.2 The laws of thermodynamis and �utuations 11transition temperature. But also intensive thermodynami variables suh aspressure and eletrial potential, whih determine the overall entropy of themembrane, in�uene the state of the membrane.3.2 The laws of thermodynamis and �utuationsIn the following will be given an introdution to how thermodynamis anprovide information about transitions in membranes and �utuations thatmay play a entral role in the formation of lipid ion hannels.2Not only temperature a�et the state of a membrane. Like any otherthermodynami system its state an be ompletely haraterized by its in-ternal energy E or the entropy S. All hanges that an our in a system islikewise ompletely spei�ed by the fundamental equations for dE and dS.The total hange of energy dE of a system with time dt is given by
dE = dQ + dW, (4)where dQ is the heat added and dW is the work done on the system. Equation4 is the �rst law of thermodynamis and re�ets the onservation of energy.

dW is the sum of all the possible forms of work that an be performed onthe system where eah term is a produt of an intensive variable (i.e. variablesindependent of system size) and the di�erential of its assoiated extensivevariable (i.e. variables that dependent on system size) suh as pressure pand volume V , lateral pressure π and area A, eletrostati potential Ψ andharge q, hemial potential µ and partile number n (of the ith omponent)and many more
dW = −pdV − πdA + Ψdq + Σiµidni + ... (5)Changing any of the intensive variables therefore a�et the state of the systemand in partiular hange the phase transition of a membrane. How thesevariables in�uene the transition is among others desribed for pressure [20℄and pH [21℄, but is only in some ases quanti�ed in a theoretially basedformula.The hange of heat an be related to temperature T by the state funtionentropy S

∮

dSr ≡
∮

dQ

T
= 0. (6)The index r indiates that this is only true for a reversible proess suh asmembrane melting. In general2This setion among others is inspired by [3℄, [18℄, and [19℄
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dS = dSr + dSi ≥

dQ

T
(7)with the irreversible part dSi ≥ 0. This is the seond law of thermodynamis.The seond law means that in equilibrium the entropy is in a maximumi.e. the state with the highest entropy is the most likely. But the entropy is afuntion of parameters that �utuate and therefore hanges in entropy our.Equation 7 an be rewritten to entropy as a funtion of these �utuatingparameters with the use of and 4 and 5.

dS ≥ 1

T
dE +

p

T
dV +

π

T
dA − Ψ

T
dq − Σi

µi
T

dni + ... (8)The loal �utuations in the extensive variables is generated by thermalmotion within the system. In the transition the di�erene in free energybetween the gel and the �uid state is zero. This means that the energyrequired to hange the parameters is very small. Thermal �utuations of theorder kBT are therefore enough to make a onsiderable hange of the stateloally.As the system in equilibrium has maximum entropy, any �utuation anonly redue entropy. The response of the system to these perturbations is atendeny to spontaneous entropy produing irreversible proesses that drivethe system bak to equilibrium. An intuitive understanding of this an beobtained if one onsiders the entropy as a potential where thermodynamifores restore the e�et of the perturbations. It an be quanti�ed by expand-ing the entropy funtion as a power series in the �utuating parameters.
S = S0 +

∑

i

(

∂S

∂ξi

)

0

ξi +
1

2

∑

i

∑

j

(

∂2S

∂ξi∂ξj

)

0

ξiξj + ... (9)where ξi = αi − αi,0 = αi − 〈αi〉 is the deviation of an extensive parameter
α from its equilibrium value. As the entropy is at max in an equilibratedsystem the linear term has to be zero. For small �utuations one then gets

S ≈ S0 +
1

2

∑

i

∑

j

(

∂2S

∂ξi∂ξj

)

0

ξiξj (10)Figure 10 shows the entropy as a potential funtion of the deviationsof the extensive parameters. The above equation is of the same form asa lassial harmoni potential. As in the lassial ase the thermodynamifores an then be de�ned as Xi ≡ ∂S
∂ξi
.For a thermodynami system with extensive variables suh as energy E,volume V , area A, harge q, and the number of partiles ni, the fore will berespetively 1

T
, p
T
, π
T
, −ψ

T
, and −µi

T
(see equation 8).
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Figure 10: The entropy potential S as a funtion of extensive variables ξ.The maximum orresponds to thermal equilibrium. The exat shape of theentropy funtion is unknown as the quantitative ontribution from eah ofthe variables is unspei�ed. Figure adapted from [3℄3.2.1 SuseptibilitiesThe above introdution is supposed to give an intuitive understanding ofthe nature of �utuations. These �utuations give rise to a large number ofinteresting properties and the following ould be derived diretly from thethe equations in setion 3.2 (see for example [3℄). Here is instead given amore general derivation in whih one does not have to make assumptions ofa harmoni entropy potential.First it is neessary to de�ne thermodynami averages of a quantity Y .
〈Y 〉 ≡

∑

i

Yi · e−Hi/RT

Z
(11)where i indiates all possible states and the partition funtion Z is given by

Z ≡
∑

i e
−Hi/RT with H = E + pV + ΠA being enthalpy and R the gasonstant.Funtions that are given by the derivative of an extensive variable with re-spet to an intensive variable are alled suseptibilities or response funtions.Heat apaity and ompressibility are suh funtions. The heat apaity atonstant pressure cp is de�ned as

cp ≡
(

d〈H〉
dT

)

p

(12)
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d〈H〉
dT

=

(

d

dT

∑

i

Hie
−Hi/RT

Z

)

p

(13)
=

Z ·∑i
d
dT

(

Hie
−Hi/RT

)

−∑j Hje
−Hj/RT d

dT
Z

Z2
(14)

=

∑

i
H2

i

RT 2 e
−Hi/RT

Z
−
∑

i Hie
−Hi/RT

Z

∑

j
Hj

RT 2 e
−Hj/RT

Z
(15)

=
〈H2〉 − 〈H〉2

RT 2
(16)whereby it is seen that the heat apaity is proportional to the �utuationsin enthalpy.A similar derivation an be made for the isothermal area ompressibility

κAT whih turns out to be proportional to the �utuations in area
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. (20)The enthalpy (and thereby the heat apaity) an be divided into twoparts that are additive: The intrinsi enthalpy H0 whih is assoiated withintramoleular �utuations and the exess enthalpy ∆H whih is related to�utuations in the membrane state and the one measured in experiments.
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Figure 11: Curves of heat apaity cp and volume expansion oe�ient dV/dTare ompletely superimposable. This demonstrates the proportionality ofenthalpy H and volume V as H =
∫

cpdT aording to equation 12. Figureadapted from [20℄.The same separation an be made for area A = A0 + ∆A and volume V =
V0 + ∆V .It is an experimental �nding that in the transition the exess volume isproportional to exess enthalpy as shown in �gure 11. [20, 23℄

〈∆V 〉 = γV 〈∆H〉 (23)This relation has remarkable onsequenes, whih will be shown below. Itis not a general feature and purely experimental but has shown to hold forlipids. Ebel et al [20℄ demonstrated that the proportionality even holds foromplex biologial membranes.Assuming equation 23 is true for all temperatures it an be shown thatalso3
〈∆V 2〉 = γV 〈∆H2〉. (24)Therefore3For details see appendix in [11℄.
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(
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)

. (25)This gives us the entral proportionality between ompressibility and heatapaity
∆κVT =

γ2
V T

〈V 〉 ∆cp. (26)There is to my knowledge no diret evidene for a proportionality betweenexess enthalpy and exess area, but it is a plausible postulate and leads toorret preditions of the bending elastiity modulus.[6℄ Assuming it to betrue one gets an analogous relation for the isothermal area ompressibility
∆κAT =

γ2
AT

〈A〉 ∆cp. (27)Aordingly the membrane gets softer in the transition and less work is re-quired to form a pore.3.3 E�et of voltageIn all the permeability experiments performed in this thesis the membrane issubjet to a transmembrane voltage. It is therefore appropriate to examineloser whih e�et it has on membranes and espeially on their transitions.Both within theoretial and experimental studies of voltage e�ets on tran-sition there is found to be a onsiderable the disagreement about the result.Several kinds of e�ets on the membrane itself have been reported. A-ording to Berestovsky et al [24℄ and Crowley [25℄ the membrane gets thinnerin response to voltage. Stulen [26℄ �nds a hanged orientation of the lipidheads but not the hains, while Sugár [27℄ has developed theoretial expres-sions for the alterations of hain onformations in response to voltage.Sugár uses statistial onsiderations to predit the e�et of voltage on thetransition. He �nds that voltage dereases the transition temperature due toa loosening of the membrane struture. This is beause an applied voltageause a ompressive eletri fore on the membrane that indues gauheonformations. For a DPPC membrane subjet to 140mV Sugár �nds thetransition to shift about 20K downwards. Another attempt of theoretialpreditions omes from Cotterill [28℄ who suggests the transition of a DPPCmembrane to shift 2K upwards in an eletri �eld of 107V/m i.e. 50mV



3.4 Transitions in biologial membranes 17assuming a 5nm membrane. His preditions are based on the e�et of aneletri �eld on the tilt of the zwitterioni headgroups.Apparently very few experiments have been performed to reveal the e�etof voltage on phase transitions. Antonov et al [29℄ have performed experi-ments both with zwitterioni PCs and with DPPA, whih is a lipid with anegatively harged headgroup just as PG used in this thesis. He identi�esthe transition as an inrease in eletri membrane ondution. At a voltageof 150mV he �nds the transition temperature to inrease with a few degreesfor the PCs and about 8K for DPPA.4Another experimental study is performed by Thürk and Porshke [30℄.Here transition temperatures are identi�ed by a disontinuity of light sat-tering amplitudes. In ontrast to the experiment by Antonov et al they hereuse a pulsed eletri �eld. It is found that the transition of DMPG is inde-pendent of eletri �elds up to 35kV/m, whih orresponds to a voltage ofaround 200mV aross a single membrane.5The onlusion of this setion must be that the e�et of voltage is notwell established. It is likely to be impossible to make a simple orrelationbetween voltage and shift in transition temperature. The e�et might notbe a simple transition from gel to �uid but ould also be some other kind ofonformational hange suh as a tilt of heads or hains. The onsequene ofeletri �elds is further ompliated by the symmetry of the membrane thatmight lead to opposing e�ets on the two sides of the bilayer.3.4 Transitions in biologial membranesBiologial membranes are typially found in the �uid phase just above thetransition. Generally homeotherms6 and bateria are found to have transi-tions 5-15◦C below physiologial temperature (see �gure 12).[6, 32℄ Exper-4The stated hanges in transition temperature in [29℄ is based on the temperaturehanges in �gures 2 and 3. Table 1 whih ompares transition temperatures determined byalorimetry and by ondutane jumps (at allegedly minimal voltage) apparently disagreeswith the �gures. I have heked the referene for the transition of DPPA and the quotedtransition temperature is ited right. This orresponds to the transition measured byAntonov et al at 150mV aording to �gure 2a. I here assume that the �gures show theright temperature hanges, whih are the same as stated in the text, even though the salemight be shifted.5The transmembrane voltage is alulated from the following equation whih statesthat in an external eletri �eld E the transmembrane voltage U of a sphere with radius
r is given by U = 1.5rE cos θ.[31℄ θ is the angle between the site on the vesile membraneand the diretion of the eletri �eld. A radius of 25-50nm i given in the artile. Here isused θ = 06Animals with a stable body temperature.
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Figure 12: Heat apaity pro�les of DPPC vesiles, bovine lung surfatant,and membranes of E. oli and B. subtilus. Gray areas indiate protein denat-uration and white areas lipid melting. Growth temperature of the bateriaand body temperature is indiated by the line at 37◦C. All the biologialmembranes have transitions just below physiologial temperature. The largevariety of lipids gives low ooperativity and thereby broad transitions. Figuretaken from [6℄.iments on E. oli have shown that if the bateria are grown at di�erenttemperatures, they alter the lipid omposition of their membranes in a waythat maintains the transition to be just below growth temperature.[6, 33℄This is done by inreasing the fration of unsaturated fatty aids as growthtemperature is lowered.[34℄ Unsaturated lipids melt at onsiderably lowertemperatures than orresponding saturated lipids.The same e�et has been demonstrated by altering another thermody-nami variable namely pressure. High pressure inrease the melting pointof membranes as the pressure stabilizes the ordered gel state. DeLong andYayanos has investigated barophili marine bateria and shown that the ratioof unsaturated to saturated hains inrease with pressure.[35℄ Similar adap-tations are also found for hanges in hydrostati pressure and pH for fordeep-water �sh and ertain bateria.[32℄The apability of altering the omposition of the lipid bilayer in order tomaintain a ertain �uidity in response to environmental fators is known ashomeovisous adaptation.[33, 36℄Adaptation is also seen in eukaryotes. The temperature gradient of the



3.4 Transitions in biologial membranes 19reindeer leg is aompanied by an inreased amount of unsaturated lipids nearthe hooves ompared to loser to the body.[37℄ Some animals are even able tohange their lipid omposition within hours. The �sh, Sonoran desert teleost,dereases the perentage of diunsaturated speies of PC in the membranesof musle mirosomes from the old mornings to the warm afternoons.[32℄The e�et of homeovisous adaptation have even been shown for humans.It is known that the membranes of erythroytes of hroni aloholis have ahigher amount of holesterol than non-aloholis.[38℄ Alohol lowers the tran-sition temperature, whih is ounterated so that the �uidity is maintainedunder permanent intoxiation.[39℄ Rats on an ethanol diet in addition to aninreased ratio of saturated lipids also showed a lower quantity of polyunsat-urated PE in mirosomal membranes.[40℄All these examples indiate that having the membrane in the �uid phaseis ruial to the ell. The question is whether being lose to the transitionalso plays a role. This is not unlikely. As desribed in setion 3.2 there isa number of ways to alter the state of the membrane. For example a loalhange in pH or other thermodynami variables an without di�ulty induea transition. In addition several possibly important features are hanged inthe transition. Below are given a few examples.As will be desribed later some proteins prefer one phase over the other.This means that these proteins will aggregate into domains of the favoredphase that arise in the transition as shown by Monte Carlo simulations andatomi fore mirosopy.[17, 41℄ This ould be a method for protein ommu-niation.As shown in setion 3.2.1 the transition is assoiated with large �utu-ations. These an be used onstrutively. One example is that the elastionstants of the membrane as derived hanges signi�antly whih an pro-mote strutural hanges suh as ell division. Another is the ativity ofphospholipase A2 (PLA). PLA is an enzyme that hydrolyzes phospholipidsinto a lysoleithin and a fatty aid. By use of �uoresene mirosopy thehydrolysis is found to be done on lipids in the ordered state starting fromdomain boundaries (see �gure 13).[42, 43℄ Biltonen relates the ativation rateof PLA to �utuations [44℄: �It thus appears that the rate of ativation ofthe enzyme requires that the substrate exists in a phase-transition region andthat the rate of ativation is proportional to the magnitude of the thermo-dynami �utuations harateristi of the system.�The omplexity of biologial membranes ompliates an unambiguous as-signment of a physiologial proess to a ertain physial mehanism. Thereis nevertheless numerous indiations that phases and phase transitions playa role in ell membranes.
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Figure 13: Pitures of �uoresent DPPC monolayer. Gel domain appearblak while �uid lipids are bright. With time the gel domains are degradedby phospholipase A2. Pitures are taken 0 min (A), 10 min (B), and 15 min(C) after injetion of the enzyme. Figure taken from [42℄.



214 PermeabilityMembrane permeability an arise from several soures. It an be from inor-porated protein ion hannels or from lipid pores. This setion is dediatedto the di�erent kinds of ion hannels and how they an be measured on asingle-hannel level.4.1 Protein ion hannelsWhen talking about ion hannels people most often refer to transmembraneproteins. Proteins onsist of long hains of amino aids. Fores among theunits and from the external environment fold the hain into three dimensionalstrutures known as onformational states. Protein hannels are often madeof several protein subunits. These subunits together form a hannel with ahydrophili environment through the membrane.It is essential to all ells to be able to regulate the permeability andselet whih ions an pass. This is the funtion of the protein ion hannels.For example, a lot of diseases, known as hannelopathies, are assoiated todefets in protein hannels and for the same reason there is a large industryof drugs designed to at on protein hannels. The ion hannels are alsobelieved to be the key omponent in ondutane of nerve signals. Hodgkinand Huxley who in 1952 measured and modeled the ation potential in nervessuggested the existene of spei� hannels to ondut di�erent kinds of ions.But it wasn't until twenty years later the ondutane of single hannels wasmeasured. It was among others done by Hladky and Haydon who measuredthe ondutane of an arti�ial membrane ontaining gramiidin A.[45℄The membrane is subjet to a transmembrane potential generated by ionitransporters whih are proteins that pump ions against their onentrationgradient by means of hemial energy. In animal ells the potential is of theorder of 100 mV. Di�erenes in onentration and potential on eah side ofthe membrane make ions di�use from one side to the other when a hannelopens.Opening and losing of the protein hannels are referred to by the termgating based on the idea of a gate that guards the opening. Di�erent el-lular hanges an trigger gating suh as voltage, binding of ligands, pH, ormehanial hanges. Note that these are also thermodynami variables thata�et the state of the membrane. The moleular details of gating are stillontroversial.[1℄Until more detailed information of the hannel struture was obtained,protein hannels were only pitured as artoons with hinges, balls, and hains.Atomi resolution of the proteins was �rst obtain in 1998, where MaKinnon



22 4 PERMEABILITYmanaged to rystallize a protein ion hannel. For this he got the Nobel prizein hemistry in 2003. Crystallization has sine evolved to be an importanttool to determine the struture of ion hannels. However so far most rystalstrutures are of baterial analogs of the animal ion hannels.[1℄ The prob-lem of rystallography is that the obtained struture is neessarily stati.Channels are expeted to hange onformation when they open and lose sothe rystal struture an only be one of these strutures if any as the rystalenvironment is di�erent from a natural environment.Besides the above strutural studies information about ion hannels isobtained through eletrophysiologial measurements. Hladky and Haydonwere the �rst to measure single hannel ondutane of protein hannels buttheir method ould only be used for proteins that ould be separated fromtheir natural environment and inorporated into arti�ial membranes. Thisproblem was solved with the invention of the path lamp tehnique by Neherand Sakmann in 1976.[46℄ For this they reeived the Nobel prize in 1991. Theidea of the path lamp tehnique is to separate a small path of membraneontaining only a few hannels with a glass pipette. More details are given insetion 4.5.2. The method is still widely used in modern eletrophysiology tostudy the kinetis and bloking of hannels. Channel blokers are agents thatbind to spei� ion hannels and blok ondutane. Bloking of hannels istaken as a proof of protein hannel existene.Today when one wants to make eletrophysiologial studies of a spei�protein hannel there is 3 di�erent ways to loalize it. Either it an beinorporated into an arti�ial lipid membrane, or one an hose a ell thatis known to ontain a lot of hannels of the spei� type (i.e. native ells),or it an be transfeted into a ell whih naturally have few hannels in itsmembrane. Transfetion means that one inorporate DNA that ode for thehannel into the ell and thereby gets the ell to express the hannel. Typialell-types used for transfetion are human embryoni kidney (HEK-293) ellsor hinese hamster ovary (CHO) ells.Traditionally hannels are onsidered to exist in a few stable onforma-tions with almost instantaneous swithes between them. One way to repre-sent these states is by kineti diagrams suh as the one shown in �gure 14.Opening and losing kinetis is �tted with a number of exponential funtionsto model the stohasti proess of leaving a state. Eah exponential termis then assumed to represent an individual onformational state. This wayone might end up with more adjustable parameters than an be determinedfrom experiment as one annot by eletrophysiologial means diretly mea-sure transitions between di�erent states with the same ondutane. Thekineti diagrams is therefore a way to �t data more than a way to obtaininformation of the physial nature of onformational states. For more details
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Figure 14: Example of a kineti diagram used to model a hloride hannel.Closed and open states are represented by Ci and Oi. The kinetis is de-sribed by rate onstants k that is given by the probability of swith perseond. Figure taken from [47℄see [47℄ and referenes therein.Information about the design of proteins an be found by a ombinationof path lamp and site direted mutations. By hanging spei� parts ofthe amino aid hain one an measure the e�et on for example seletivityand gating and this way loate funtional parts. But in general there is alak of information about the omplex protein hannels desribed above. Asan alternative many studies have tried to gain insight by the use of modelhannel strutures, suh as gramiidins.[8, 48, 49℄ Some of the advantagesof gramiidin is that it is small, experimentally aessible, and well hara-terized and shows the same behavior as biologial ion hannels as for exam-ple opening and losing, ion seletivity and single �le ondutane. It hasbeen shown with X-ray rystallography that the hannel lumen of gramiidinand the KsA K+-hannel have similar diameter and a ommon struture ofarbonyl groups of the polypetide bakbone, whih is responsible for ioninterations.[49℄ So even though the gramiidin is unnatural with respetto some of its amino aids, it exhibits 3D strutures representative of moreomplex hannels and therefore serves as a reasonable model.Gramiidin onsists of a β-strand that forms a helial struture with 6.3amino aids per turn. The standard onformation is therefore known as β6.3.Gramiidin hannels appear when monomers in eah lea�et of the bilayerdi�using in the plane of the membrane meet and form a transmembranedimer with a length of 25 Å (see �gure 15). Opening and losing is a result of
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Figure 15: Opening and losing of gramiidin hannels are the result of anequilibrium between monomer and dimer onformation. From [115℄dimer assoiation and dissoiation. The monomers are bound together by sixintermoleular hydrogen bonds i.e. a binding energy of the order of 1-2 kBTper bond. The hannel is however subjet to a disjoining fore as hydrophobimismath (see setion 5) indue loal thinning of the membrane. This isre�eted in varying hannel lifetimes at di�erent membrane thiknesses.[45,115℄ The internal pore diameter is 3-4 Å, whih only allows for a single ionto pass at a time.4.2 Seletion of previous permeability studiesThis setion will go through some of the previous studies of permeabilityin mainly pure lipid membranes, whih lay the ground of this thesis. Morepeople than the ones mentioned here have been involved in this area. Theseare some of the highlights in the history of experimental investigation ofmarosopi permeability and single hannel events.One of the early experiments to relate permeability and the lipid statewhere made by Papahadjopoulos et al in 1973.[51℄ They demonstrated anup to 100-fold inrease in permeability for radioatively labeled 22Na+ ionsdi�using out of dipalmitoyl phosphatidylglyerol (DPPG) and dipalmitoylphosphatidylholine (DMPC) vesiles in their main phase transition regimes.
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Figure 16: Relative permeability R(T ) of radioative 22Na+ as a funtionof temperature T in a DPPG vesile with main transition temperature Tm.The permeability sale is relative to the permeability at T = 298 K. Cirlesrepresent the experimental data by Papahadjopoulos et al [51℄ (without errorbars) and the line is alulated by Cruzeiro-Hansson and Mouritsen by MonteCarlo simulations [65℄ (see setion 4.3.1). Figure taken from [65℄.Some of the data are shown in �gure 16.The �rst hannel events in pure lipid membranes where reported by Ya-fuso et al. in 1974.[52℄ Their experiments showed spontaneous ondutanehanges and multilevel ondutane states in BLM experiments (see setion4.5) with oxidized holesterol �lms. This was two years before Neher andSakmann published their famous artile that asribed the quantized urrentevents they measured to the ativity of protein hannels.[46℄Later experiments oupled the urrent �utuations to the lipid transi-tion. For example in 1980 Antonov et al [53℄ and Boheim et al [54℄ measuredtransmembrane urrent �utuations at various temperatures and showed thathannel events ould be indued reversibly in pure lipid membranes. Kauf-mann and Silman showed that they ould also form reversible hannels byhanging pH.[55℄ This and similar results with transmembrane potential, pHand lateral tension lead Kaufmann et al to suggest that any mehanismausing large �utuations in the membrane ould generate lipid ion hannelsand they provided thermodynami arguments that all intensive variables anin�uene the lipid ion hannel behavior.[56℄ The intensive variables are inaddition known to a�et the transition temperature (see setion 3.2). Theearly experiments were aused of observing hannel events due to impuritiesin the membrane (see for example [57℄). But the ability to swith permeation
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Figure 17: Eletri urrent �utuations and orresponding histograms inDPPC membranes in 1 M LiCl and transmembrane potential of 50 mV aspresented by Antonov et al.[58℄ The main transition temperature of DPPCis 43◦C. Currents are measured at 50◦C (a), 43◦C (b) and 35◦C (). n is thenumber of urrent values determined with a frequeny of 80 Hz.
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Figure 18: Heat apaity pro�le of 95:5 DPPC:DPPG and the permeationrate of rhodamine as a funtion of temperature. From [61℄on and o� by hanging the temperature (or other variables) speaks againstit. Further experiments are nowadays made with syntheti lipids whih aremade to be lean.A number of following studies have subsequently related permeability tothe transition regime and/or demonstrated the hannels to display quantizedurrent steps (e.g. Antonov et al [58℄, Woodbury [59℄, Wunderlih et al [60℄).Figure 17 shows an example. The lipid ion hannels have been demonstratedto have similar pore radii as protein ion hannels i.e. 0.7-2nm.[58, 61℄ Severalstudies have even indiated that the lipid ion hannels display seletivity.[59,62℄ In the reent years our group have shown that yet another intensive vari-able hange the permeability. Addition of anesthetis was demonstrated tomake hanges as predited by their e�et on the heat apaity pro�les.[61,63℄ It was further shown that not only ions but also the larger �uoresentmoleule rhodamine leaks out of vesiles in the transition regime with a on-dutane that orrelates within experimental error with the heat apaitypro�le (see �gure 18).[10, 61℄Antonov et al [58℄ hoose to name the proess of quantized hannel eventsourring at low voltages soft perforation in ontrast to eletroporation thatis a known and medially used inreased permeability indued by pulses ofhigh voltage [4℄. Bliher et al [61℄ have suggested that it is atually the samephenomenon with the di�erene that the pore sizes are larger at high voltage.



28 4 PERMEABILITYThis however requires further investigation to beome a solid statement.As a last little interesting urio the transport aross primitive ells ouldnot have relied on protein hannels. Protein hannels are simply too omplex.Instead they have had to depend on some simple mehanism involving themembrane alone. Experiments have shown that under the right onditionssimple ells are able to aquire ritial nutrients from the outside.[64℄4.3 Models for lipid ion hannelsAs desribed, experiments have shown the permeability to inrease vastlyin the transition regime. There are two dominating views in the debate ofthe origin of membrane permeability. One is that it is most likely to �nd ahannel or pore through the membrane in the interfaes between domains,whih form in the transition. The other view is that to form a hannelwork has to be performed that is proportional to the lateral ompressibility.The orresponding models are here alled the domain interfae model andthe �utuation model, respetively. Both models are thermodynamiallyfounded and relate the permeability to the transition. They are minimalistiin the sense that both try to inorporate as few assumptions as possible,but they are still largely founded on assumptions. None of them suggest adetailed strutural model for the defets. Suh will instead be presented inthe subsetion about pore struture models.4.3.1 Domain interfae modelThat it is the domain interfaes that were responsible for the inreased per-meability was suggested already by Papahadjopoulus et al.[51℄ Cruzeiro-Hansson and Mouritsen later followed up on the idea with Monte Carlosimulations.[65℄ The statement is that in the interfaes defets our dueto mismath between gel and �uid domains whih prevent optimal pakingof the lipids. These defets failitate di�usion of water and ions through themembrane. So the permeability is proportional to the frational area of do-main interfaes, whih is shown to peak in the transition. In the simulationit is assumed that the probability of an ion passing the membrane P (T ) anbe written as
P (T ) = af(T )pf + ag(T )pg + ai(T )pi (28)where af , ag and ai represent the frations of membrane area oupied by�uid, gel and interfaes respetively. pf , pg and pi are the orrespondingprobabilities of transfer for the three types of regions. It is further assumed



4.3 Models for lipid ion hannels 29that pi ≫ pf , pg for the reasons given above. There is no way of alulatingthe transfer probabilities from basi priniples and no relevant experimentalresults. Instead numbers are hosen to �t the experimental results of Pa-pahadjopoulos. The simulation ompared to experimental data is shown in�gure 16.The domain interfae model predits that more ooperative transitionswill have lower permeability. When the ooperativity is high the domainsare larger and fewer and the total domain interfae is smaller.4.3.2 Flutuation modelThe idea of Nagle and Sott [66℄ is that lateral density �utuations in themembrane reate pores or avities that ions an enter into and trough. The�utuation is here de�ned as an area where half of the moleules inreasetheir area with ∆A and the other half derease their area with the sameamount. Aording to Nagle and Sott the hange in free energy ∆F of a�utuation ompared to the equilibrium state is given by the relation below.
∆F =

1

2

(∆A)2

AκAT
. (29)where κAT is the lateral area ompressibility de�ned in setion 3.2.1. Theprobability of suh �utuation is proportional to exp(−∆F/kT ), where k isthe Boltzmann onstant. This means that the probability is the same when

(∆A)2/κAT is the same. In other words larger κAT gives larger �utuations.
κAT ∝ (∆A)2 (30)It is now assumed that the permeability P is related to the size of the�utuations. Thus a series expansion of the permeability as a funtion ofarea hange an be made

P = P0 + C1∆A + C2(∆A)2 + ... (31)where P0 is the permeability in the absene of �utuations. As the perme-ability is an average and �utuations are assumed to be positive and negativewith equal probability, the linear term disappears.
P = P0 + C2κ

A
T = P0 + C ′

2∆cp (32)
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Figure 19: Hydrophobi (left) and hydrophili (right) pore as proposed byGlaser et al. Figure taken from [68℄The last equality stems from eq. 27. The equation re�ets that one expetsthe largest permeability when the heat apaity is high i.e. in the phasetransitions. It is a very simple expression diretly oupled to alorimetri ex-periments. The theory predits that the maximum permeability will dereaseif the ooperativity of the system is lowered sine low ooperativity mani-fests itself in lower and broader heat apaity pro�les. It an for example bedone with addition of anesthetis.[67℄ Opposed to the Cruzeiro-Hansson andMouritsen model this model doesn't ontain any adjustable parameters andit presents testable preditions.4.3.3 Pore struture modelsNone of the above models provide detailed information about the natureof the pore. This is however done by Glaser et al [68℄. They suggest amodel where thermal motion of the lipids spontaneously reate hydrophobipores (�gure 19, left). If suh pore reah a ritial radius of 0.3-0.5 nm itbeomes energetially favorable to reorient the lipid moleules whih resultin onversion into a hydrophili pore with headgroups forming the walls ofthe pore (�gure 19, right). The hydrophili pore is suggested to be stablewith a radius of approximately 1 nm.Moleular dynamis simulations performed by Bökmann et al [69℄ alsosuggest formation of hydrophili pores trough intermediates (�gure 20). The�rst intermediate is a state with tilted headgroups and the seond, alled aprepore, involves a state almost similar to the hydrophobi pore. Howeverhere the radius of the pore is only wide enough for a single water moleule -also known as a water �le [3℄. It is reated by a perturbation where protrudingheadgroups drag their water shells with them into the membrane interior.Simulation and experiment arrive at a hydrophobi pore radius of 0.5 nm.It should be noted that the simulations are performed with the membraneexposed to a rather high voltage of 2V.
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Figure 20: Top Shemati representation of the events leading to a hydropho-bi pore suggested by moleular dynamis simulation. Bottom Moleulardynamis simulation of prepore (or water �le) (left) and hydrophili pore(right) in a POPC membrane with a transmembrane voltage of 2 V. Figuresare taken from [69℄
Figure 21: Chemial struture of the amphiphili triblok opolymerpoly(2-methyl-2-oxazoline)-blok -poly(dimethylsiloxane)-blok -poly(2-methyl-2-oxazoline) (PMOXA-PDMS-PMOXA).4.4 Copolymer membranes as an alternative?For years the only possibility for making eletrophysiologial studies of pro-tein hannels have been with the protein inorporated in lipid membranes.This raises the obvious question of whether the measured hannel eventsarise from the protein hannel or from lipid hannels. In the resent yearsa possible alternative have emerged. Blok opolymers are polymer hainslinked in a series of two or more �bloks�. They an be made suh that theyresemble the amphiphili nature of lipids that make them self-assemble.In this thesis I present a preliminary study of the permeability of a opoly-mer membrane to test its usability as a matrix for protein hannel measure-ments. The used opolymer is made of the three bloks PMOXA7-PDMS60-
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PDMS

PMOXA

PMOXAFigure 22: Triblok opolymer membrane with bloks of hydrophili PMOXAand hydrophobi PDMS.PMOXA7, where PMOXA is hydrophili and PDMS is hydrophobi. See�gure 21 for the hemial struture. The opolymer form lamellar strutures[70℄ and is therefore suitable as an alternative to the lipid bilayer (see �gure22).Freestanding planar lipid bilayer and lipid vesiles meant for drug de-livery are mehanially unstable.[70, 71℄ This disadvantage is laimed to beoverome by the opolymer membranes whih show both higher mehanialand eletrial stability.[72, 73℄ They additionally hold the possibility to bemade even more stable by ross linking the polymers.[70℄ The stability andpossibility of synthesizing polymers of ones needs (e.g. moleular weight,length, hemial onstitution) lead to a spiring hope for opolymer mem-branes to be appliable in areas like sreening devies, sensor tehnology anddrug delivery.4.5 Methods for eletrophysiologial measurementsThere exists a variety of methods that makes it possible to plae an eletrodeon eah side of a lipid bilayer and measure single-hannel events. Below I willdesribe a number of them, some of whih I have tried myself (i.e. Montal-Mueller and tip pf pipette) and some whih are widely used by others (i.epath lamp).4.5.1 Montal-MuellerThe Montal-Mueller setup onsists of two hambers separated by a thin te�onfoil (around 25µm thik) with a small aperture in it (typially 50-100µmin diameter)(see �gure 23). Eah hamber ontains a salt solution and aneletrode. After lowering the solution surfae below the aperture (A) oneplae a drop of lipids in a volatile solvent on top of the solution. The solventevaporates leaving lipid monolayers in the interfae between salt solutionand air (B). These monolayers an now be folded up around the aperture by
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Figure 23: Shemati drawing of the Montal-Mueller tehnique. See text fordetails. The �gure is not drawn to sale.rising the salt solution level and a bilayer is formed (C-D). Most often theaperture is prepainted with an organi solvent (e.g. [54℄) possibly ontaininglipids (e.g. [58℄) as the membranes otherwise turn out to be unstable. Themembranes formed by this method is unlikely to be ompletely free of solventresidues.[74, 75℄This method is known as the Montal-Mueller tehnique after the personswho �rst desribed it.[76℄ The setup is also sometimes referred to as a BLM-ell. BLM is an aronym for bilayer lipid membrane or blak lipid membrane.The last refers to the fat that the bilayer membrane appears dark when liton.4.5.2 Path lampThe path lamp tehnique has beome the standard method for single-hannel measurements on protein hannels in real ells after it was introduedby Neher and Sakmann in 1976 and ontinuously improved.[46, 77℄The name of the tehnique refers to a pipette with µm diameter whihenloses a small area (or path) of the surfae while an eletroni deviemaintains (or lamps) the membrane potential while reording ioni urrents(see �gure 24).The on�guration in �gure 24 (left) is the ell-attahed or on-ell mode.It allows measurements on single ion hannels within the path without dis-rupting the interior of the ell. Other on�gurations also exist (see �gure 24,right). If su�ient sution is applied it is possible to break the path whilethe pipette is still sealed and thereby giving aess to measure on the entirearea of the ell. This on�guration is known as whole-ell. Alternatively onan detah the pathed area from the ell with the path intat and sealed
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Figure 24: Left Shemati drawing of the path-lamp tehnique. RightDi�erent path-lamp reording methods. The blue olor of the ell in thewhole-ell on�guration indiate that solution from the pipette with timewill di�use into the ell. Figures are taken from wikipedia.orgto the pipette. This an be done with the membrane interior turning ei-ther into or out of the pipette and thereby giving diret aess to either sideof an asymmetri membrane. The on�gurations are alled inside-out andoutside-out.Instead of measuring on real ells the path-lamp tehnique an be ap-plied to more ontrolled objets suh as giant unilamellar vesiles (GUVs).These an be reated with or without proteins and diameters from 1 to morethan 100µm.4.5.3 Tip of pipetteAlternatively membranes an be formed diretly on the tip of a path-lamppipette. One of the major advantages of this proedure is that no pretreat-ment of the pipette is neessary and one an therefore avoid solvent in theresulting bilayer. Two di�erent methods an be used when reating mem-branes on pipettes. Both are desribed arefully by Hanke et al [78℄ inludingproedures for inorporation of proteins.Droplet method The simplest way to produe a membrane overed pipetteis by the droplet method. One simply dips the pipette into a beaker withwater and lets a drop of lipids in a volatile solvent run down the shaft ofthe pipette (see �gure 32). Within short time a lipid bilayer spontaneously



4.5 Methods for eletrophysiologial measurements 35forms near the tip. This method will be desribed in details in the methodssetion.Tip-dip method The other method is known as the tip-dip method refer-ring to the tip of the pipette being dipped several times through a monolayeron the air-water interfae. The monolayer an be reated from lipids in avolatile solvent (e.g. hexane) similar to the monolayer in the BLMell. Al-ternatively the monolayer an be formed from liposomes suspended in bathsolution. Contat between monolayer and pipette has to be made very gentlyand the method is therefore more di�ult than the droplet method.



36 5 LIPID-PROTEIN INTERACTIONS5 Lipid-protein interationsThe people that study protein hannels and the people that study membranesare to a large extend not the same. This results in explanations based onthe various parts of the system instead of the interplay. This disrepanyis also seen in espeially the way proteins have been desribed so far in thisthesis. If the ultimate goal is to understand living systems it neessary to alsoinvestigate even more omplex systems. In the ell membrane both proteinand membranes are present. This setion is devoted to looking at proteinsand membranes as a whole and how they may interat.First as an example of the lash between the protein and membrane sien-tist one an look at general anesthetis. Some of the �rst experiments withinthis �eld showed that the e�et of anesthetis is proportional to its solubilityin fatty substanes. This was �rst shown around 1900 by Meyer and Overtonwho investigated the ritial dose at whih tadpoles stopped swimming andrelated it to the solubility in oil. This has later been desribed on thermo-dynami grounds by Heimburg and Jakson [67℄ who related the anesthetiation to the state of the membrane and provided means to predit and on-�rm the e�et of other thermodynami variables (suh as pressure, pH, andalium onentration).Today however fous is mainly on the proteins as the site of ation asthey are believed to be responsible for ondutane of nerve signals. Pathlamp experiments are used to show that protein hannels are inhibited byanestheti ompounds (e.g. [79℄ and referenes therein) and are used asevidene for the protein oriented view. The spei� target that the anesthetishould bind to is though often unlear as known anesthetis inlude a rangeof moleules with a broad diversion in sizes and hemial properties as forexample ether, laughing gas, hloroform, proaine and even the noble gasxenon.Cantor have build a bridge between the two points of view by reognizingthe alleged importane of protein hannels but suggesting the bloking tobe membrane mediated.[80℄ The idea is that that substanes solved in themembrane alter the transmembrane pressure pro�le and that way an a�etthe onformation of proteins. The membrane has a non-uniform distributionof lateral pressure due to repulsion between the headgroups, attration inthe hydrophobi-hydrophili interfae and entropi repulsion between thehains (see �gure 25). The hypothesis of the Cantor model is that additionof anesthetis results in an inrease of the lateral pressure near the aqueousinterfae aompanied by a dereased pressure in the enter of the bilayer.This should result in inhibition of ion hannels sine greater mehanial workis then needed to open them.
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Figure 25: The transmebrane pressure pro�le of membranes is non-uniformdue repulsion between in the head and tail regions and attration in theinterfae between them. If the pressure pro�le is hanged due to anesthetissolved in the membrane the onformation of transmembrane proteins mightbe a�eted. (a) Length and diretion of arrows indiate magnitude andsign of the loal lateral pressures that at on an embedded protein. (b)The orresponding lateral pressure density p through the membrane. Figureadapted from [81℄.

Figure 26: Hydrophobi mismath. The boxes imitate proteins with a hy-drophili (white) and a hydrophobi (ross-hathed) part embedded in amembrane. Short lipids have to streth (a) and long lipids have to ontrat(b) to avoid exposure of hydrophobi parts to the surroundings. Figure takenfrom [82℄.
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Figure 27: Monte Carlo simulations of gramiidin A in a DPPC membrane.Left: Snapshot of a simulation slightly below the transition of DPPC. Lipidsare found mainly in gel state (grey). gA (blak) aggregates in the �uid do-mains (white). Right: Magnitude of loal �utuation for the same snapshot.Dark grey are small �utuations and white is large �utuations. The largest�utuations are found around the proteins. Figure adapted from [3℄.Integral or transmembrane proteins all possess a entral hydrophobi partwhih is shielded from the aqueous environment by the surrounding lipids.There an however be a mismath between the hydrophobi part of the pro-tein and the hydrophobi part of the lipids as desribed in the mattress modelby Mouritsen and Bloom.[5, 82℄ For energeti reasons this an result in defor-mations of the membrane (�gure 26). If the length of the protein is long themismath an be ompensated by a strething of the nearby lipids. The resultis a perturbed region around the protein haraterized by inreased thiknessand onformational order. If in ontrast the protein is short the nearby lipidhains ontrat ausing a thinner membrane. In a membrane with severallipid speies the result of mismath ould instead be a loal demixing suhthat speies with a better hydrophobi math inhabit the viinity. This waythe protein an perform a sorting of the lipids.The results of mismath might be a ontrolling mehanism for proteins.For instane a number of integral proteins is found to funtion optimally ina ertain thikness range.[5, 115, 83℄ Alterations of thikness indued by in-ternal or external stimuli an therefore funtion as a trigger for enhanementor suppression of funtion. As example the funtion of gA is found to bea�eted by the lengths of the hains in the membrane.[84℄Another possible ontrollingmehanism is attration between the proteinsbeause of a lowering of the energeti osts by sharing a perturbed region.



39One ould imagine this to be important in signaling proesses within theell.Protein aggregation have been demonstrated by Ivanova et al [17℄ whohave made Monte Carlo simulations of gA in DPPC membranes. gA isshorter than DPPC whih gives an unfavorable hydrophobi mismath inthe gel phase. Figure 27 shows a snapshot from a simulation made a bitbelow the transition temperature of DPPC. Due to mismath the peptidesprefer lipid domains and aggregate into lusters. In addition the peptides itis shown to indue �utuations at the interfaes of the lusters. The peptidesonsequently alter the elasti onstants in their viinity whih inrease theprobability of pore formation.Interestingly there is also indiations that the ativity of protein ion han-nels is related to the transition of the membrane they are embedded in.Seeger et al [85℄ have demonstrated the ondutane of the pH-gated KsAK+-hannel to follow the heat apaity pro�le of two di�erent lipid mixtures.Also the open probability and dwell times seems to be altered in the transi-tion region. Similar observations have been made by Cannon et al [86℄ withan other well-haraterized protein hannel.A last example of lipid-protein interations are the e�et of urvature.Even though ell membranes are lamellar they also ontain a onsiderableamount of lipids with a propensity for inverted hexagonal strutures as theone shown in �gure 3,C.[5℄ Suh urved strutures typially arise from lipidswith a headgroup with a small ross-setion ompared to the hain region.These lipids indue stress in the membrane. It was suggested by Kinnunenthat a way of releasing this stress is if a lipid adopt the so-alled extendedonformation where one of the hains extends out from the bilayer while theother hain remains within the membrane.[87℄ This is naturally ounteratedby the hydrophobi e�et but if the paking pressure within the membraneis high enough it is possible. Another possibility is to hide the hain inside ahydrophobi revie of a protein as pitured in �gure 4,D and thereby reatean anhoring site for spei� proteins.An enzyme with suh revie is protein kinase C (PKC).[83℄ PKC is im-portant for ellular signal transmission and is ativated upon binding tothe membrane. Requirements for binding are lipids with negatively hargedheadgroups and the presene of alium ions. This ombination result in largeurvature stress. The ativity of PKC is enhaned by PE lipids whih havesmall headgroups and therefore inrease urvature stress. This supports thehypothesis that PKC binds by anhoring to an extended hain. Cytohrome have also been suggested to be able to bind this way.[88℄ The suggestionis among other enouraged by the �nding that yt  an bind to unhargedPEs.



40 6 MATERIALS AND METHODS6 Materials and methods6.1 Preeding onsiderations about experiments withytohrome  and DMPGOne of the purposes of this thesis is to observe how a non-hannel proteina�ets the permeability of the membrane. Aording to previous experimentsand theories desribed in setions 4.2 and 4.3, the permeability is stronglyrelated to the transition of the membrane. Cyt  is a widely used model forperipheral protein-membrane interations ([89℄ and referenes therein) whihis known to shift the transition. Further there exist previous experimentsonerning its binding to lipid membranes eluidating why it is a suitablehoie for this experiment.The e�et of yt  on the phase transition was investigated by Heimburgand Biltonen [41℄ as shown in �gure 28. The more yt  bound to themembrane the more the transition is shifted towards higher temperatures andthe pro�le beomes inreasingly �at. To observe a hange in the permeability,it is preferential to hange the heat apaity pro�le as muh as possible i.e.having the surfae saturated with yt .In the desribed experiment a pure DMPG membrane was used. Suh amembrane is assumed to be too unstable for the permeability measurementsbeause of repulsion between the harged headgroups. However, high hargedensity is neessary for yt  to bind. To inrease the stability of DMPG, itis mixed with the similar but unharged lipid DMPC. This is done in a ratioof 6:4 DMPG:DMPC (mol:mol) in searh for a ompromise between a highlyharged membrane and strutural stability. In addition, prior work on thebinding of yt  to membranes also employ this ratio between harged andunharged lipids.[90℄ The relevant data is shown in �gure 29. It is seen thatthe urve starts to �atten around 20µM yt  added to 210 µM DMPG. So inorder to obtain almost full saturation the ratio of yt  to lipid should be ofthe order 1:10. Figure 29 also that inreasing the salt onentration lowersbinding due to sreening. So a low salt onentration is preferable.Another onsideration to be made for this experiment is regarding the saltsolution. Firstly, it is important to ensure that the salt solution is bu�ered asthe transition of DMPG is pH dependent.[15℄ Seondly, salt is neessary tomeasure urrents but it is required to work with a low salt onentration toavoid sreening e�ets. The Debye length κ−1, whih is the distane at whihthe membrane surfae potential has dereased by a fator 1/e, is proportionalto 1/
√

c0, where for monovalent salts the ioni strength c0 is equal to the saltonentration.[6℄ On the other hand, high salt onentrations are assumedto stabilize the harged membrane. In the experiments presented here are
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Figure 28: Heat apaity pro�les of di�erent surfae �llings of ytohrome on a DMPG membrane. Upon binding of yt  the transition shifts to highertemperatures and the heat apaity pro�le beomes �atter. From [41℄performed at a salt onentration of 50mM as a start. This orresponds to asreening length of 1.4nm.6.2 Sample preparation6.2.1 MaterialsThe lipids 1,2-Dimyristoyl-sn-Glyero-3-Phosphoholine (DMPC) and 1,2-Dilauroyl-sn-Glyero-3-Phosphoholine (DLPC) and 1,2-ditetradeanoyl-sn-glyero-3-phospho-(1'-ra-glyerol) (sodium salt) (DMPG) were purhasedfromAvanti Polar Lipids, USA) and used without further puri�ation. Copoly-mers of the type PMOXA7-PDMS60-PMOXA7 (Bioure, USA) was a presentfrom Alfredo González-Pérez. The mixtures were prepared from stok solu-tions of the individual lipids solved in 2:1 (vol:vol) dihloromethane:methanol.Stok solutions were kept in a -25◦C freezer. All mentioned lipid mixturesare in molar ratios. All water used was MilliQ water (18.1 MΩ).



42 6 MATERIALS AND METHODS

Figure 29: Binding isotherms of ytohrome  for mixed lipid membranesof 210µM DOPG:DOPC (mol:mol) mixtures at ioni strengths of (A)[Na+℄=45mM and (B) [Na+℄=90mM. The higher the ratio of harged lipidsthe more yt  binds. If the ioni strength is inreased less yt  binds dueto sreening. Adapted from [90℄6.2.2 Samples for alorimetryAfter mixing of the stok solutions to the desired ratios the solvent was evap-orated under a nitrogen �ow. Thereafter the samples meant for alorimetrywere kept under vauum for several hours or preferentially overnight. Beforeadding salt solution (50mM-1M NaCl, KCl or LiCl) to the dried lipids, thesalt solution was heated to above the main transition temperature. Thenlipids and salt solution were stirred on a magneti stirrer for at least 30 min-utes at the same temperature. Samples were usually put in the alorimeterimmediately after. Lipid onentrations for alorimetry were 10mM.Salt solutions for measurements on mixtures with DMPG were bu�eredwith 10mM Hepes (Sigma-Aldrih, Germany), 1mM EDTA (Fluka, Switzer-land) and pH adjusted to 7.4 with NaOH. When inluding the ounterionsof Hepes and EDTA they ontribute with a ioni strength orresponding to12mM Na+.To mimi the setup with a membrane in a pipette only aessible fromone side, the experiments with ytohrome  (purhased from Sigma-Aldrih,Germany) were made on unilamellar vesiles where the protein was added to



6.3 Calorimetry 43the bu�er afterwards so that yt  only binds to one side of the membrane.Vesiles were made unilamellar by extrusion. The extruder (Mini-Extruder,Avanti Polar Lipids, Alabaster, AL) is a setup with two mehanized syringespressing the dispersion through a polyarbonate �lter with a pore size of100nm. One of the syringes was �lled with 1ml 8.3mM lipid dispersion. Theextruder was plaed in a heated brass blok (T=45◦C) for about 50 minutes.The time for emptying one syringe into the other was about 2 minutes. Afterextrusion the lipid solution was taken from the initially empty syringe toensure that all the vesiles had been trough the �lter at least one. Theextruded sample was �rst sanned in the alorimeter. Then yt  was addedin a protein to lipid ration of approximately 1:10, stirred gently and sannedagain.6.2.3 Samples for permeability experimentsAfter mixing the stok solutions, the solvent was evaporated under a nitrogen�ow and put in vauum for half an hour. The lipids were then disolved in 4:1(vol:vol) hexane:ethanol to a onentration of 1-2mM. Beaker and pipettewere �lled with the same salt solutions as those used for alorimetry.gA was added as as a 1:1 mixture of 1mM 10:1 DMPC:DLPC in 4:1(vol:vol) hexane:ethanol and 1nM gA in ethanol i.e. a solution of 0.5mMlipids and 0.5nM gA.Polymer experiments were made with a 1.2mM solution where the poly-mer powder was dissolved diretly in 4:1 (vol:vol) hexane:ethanol. gA wasadded as 50µl 10nM gA in ethanol to 500µl of the polymer solution i.e. aonentration of approximately 1 nM gA.6.3 CalorimetryA di�erential sanning alorimeter (DSC) was used to measure the heat a-paity during phase transitions. The alorimeter used was of the type VP-DSC produed by MiroCal (Northhampton/MA, USA). The DSC onsistsof two ells with apillaries in an adiabati box isolated from the surround-ings (�gure 30) One ell ontains the sample and the other one is a referene,whih in this ase ontains whatever solution the lipids are dispersed in.The DSC an be set to ontinuously hange the temperature T of theells and simultanously maintain the temperature di�erene between the ellsat zero. The exess power ∆P = Ps − Pr neessary to heat the sample ellompared to the referene ell is reorded. The exess heat ∆Q is then foundby integration of the exess power with respet to time t.
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Figure 30: Shemati representation of a di�erential sanning alorimeter(DSC). The two ells are enapsulated in an adiabati shield. Eah ell isheated at a onstant rate suh that they both have the same temperature.During sanning the di�erene in heating power between the two ells isreorded.
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∆P (t′) dt′ ≃ ∆P · ∆t (33)At onstant pressure and volume the (exess) heat apaity Cp is givenby
Cp =

(

∂Q

∂T

)

p

≃
(

∆Q

∆T

)

p

=
∆P
∆T
∆t
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is the san rate. That way the DSC provide information aboutthe heat apaity of the sample as a funtion of temperature. A temperatureindued transition in the system (e.g. lipid melting or protein denaturation)requires extra heat and therefore a higher power in the sample ell. Thisturns out as a peak in the heat apaity pro�le.6.4 Permeability experiments6.4.1 SetupThe entral part of the setup is a beaker with salt solution in a brass blokwith water irulation (Haake DC30-K10, Biolab) for temperature ontrol(see �gure 31). The temperature is measured either with a thermometer(P650, Dostmann Eletronis, Germany) or a home-build thermoouple with
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suctionFigure 31: Pitures of the setup for permeability experiments.automati data reording. The preision of the thermometer is within 0.1◦C.Unfortunately it turned out that there were some drift in the alibration ofthe thermoouple so that the temperature is only true within 1-2◦C. Temper-atures measured with th e thermoouple is therefore given without deimals.Above the beaker is plaed a pipette ontaining an eletrode. The ele-trode is onneted to an axon headstage (Moleular Devies, USA) whihpreampli�es the signal. Another eletrode is onneted to ground on theheadstage and plaed in the beaker. One has to make sure that the refereneeletrode does not touh the pipette as this an result in a membrane-likeapaitane response. The headstage ampli�er was mounted on a miroma-nipulator (model SM1; Luigs and Neumann, Germany) so that the pipettean be dipped slowly into the bath solution. The membrane ondutane wasfurther ampli�ed with an Axopath 200B path lamp ampli�er (MoleularDevies, USA) run in voltage lamp whole ell mode. The urrents were�ltered with 2kHz internal 8-pole Bessel �lter of the Axopath 200B. Signalswere digitized with a sampling frequeny of 10 or 20 kHz whih orrespondsto a time resolution of 0.1 or 0.05ms. The urrents were �ltered with a 2kHzBessel �lter build into the the Axopath 200B.Software used for reording of urrent traes was Clampex 9.2 (AxonInstruments) with the use of a 12-bit AD onverter (DigiData 1200 series,Moleular Devies, USA).The gain7 was set as high as possible as this redues the noise and in-7Gain is the ratio of the signal output to the signal input. A gain of 10 means that



46 6 MATERIALS AND METHODSreases the resolution. Too high gain however leads to saturation of the ADboard. Gain set above 10 did not have any visible e�et on the noise level,so this was the gain used when possible. The data was adjusted to the gainsetting automatially.Data is analyzed and graphs produed in IgorPro with the help of proe-dures written by Andreas Bliher.6.4.2 Pipette preparationPipettes were pulled from 1.5mm glass apillaries (World Preision Instru-ments, USA) in a vertial PC-10 puller from Narshige, Japan. A two-steppull was performed: First step with a distane of 8mm and heat setting of80% of max. In the seond step the heating oil was lowered 4mm and heatwas set to 45% whih pulled the apillary apart. The ideal is the narrowestpart to be short in order to lower the resistane and thereby redue noise.[?℄Subsequently the pipettes were �re polished. Fire polishing of the tipis not essential, but makes bilayer formation easier.[78℄ Typial diametersof the tip were 5-15µm. The pipette diameters were estimated by eye on a10µm sale. In some experiments the unpolished pipette is used. These willbe referred to as mini pipettes. Their diameter is less than 1µm.The pipettes an be reused immediately after membrane breakage for aouple of times. The reuseability of the mini pipettes is less than for the�re polished ones as they have a higher tendeny to log after repeated use.The stability of the membranes are typially from minutes to hours. In someases membranes made on a mini pipette have been stable until the next day.Pipettes were only �lled half with the salt solution as over�lling an ausesolution to spill over into the pipette holder, whih introdue additional bak-ground noise.[91℄ Possible air bubbles were removed before an eletrode wasinserted. The eletrodes were made of hlorinated silver wires, whih wererehlorinated frequently to prevent baseline drift and additional noise.[91℄6.4.3 SilanizationSome of the pipettes to be used with DMPG mixtures were silanized in anattempt to make the harged membranes more stable. The silanization wasdone after a protool made for mia sheets from SPI Supplies8 but adjustedto apillaries. Capillaries were stored in 2% 3-aminopropyltriethoxysilane(3APTS) in aetone at 50◦C for 24h in a losed glass ontainer. Afterwardsyou take one tenth of the original input and use the original number of bits to desribe it.This means you get a higher resolution.8www.2spi.om/atalog/submat/silanize-mia.html



6.4 Permeability experiments 47the were leaned by dipping the apillaries in aetone and �ushing themthrough by attahing a syringe in one end. The same proedure was donewith water after whih the entire leaning proedure was repeated.Pipettes were pulled as desribed above after drying the apillaries undervauum for half an hour. Capillaries not to be used right away were storedin a water �lled ontainer.6.4.4 Bilayer formation and apaitane testAs the membrane is not diretly visible in the pipette a apaitane test ismade simultaneous to the membrane formation. This makes it possible tofollow and on�rm the formation. The bakground for this method is that themembrane onsist of an insulating layer of lipids that separate two ondutingioni solutions and therefore ats as a apaitor with a apaitane of 0.5-1µF/m2.[4, 92, 93℄. The formation tehnique and the apaitane test isshown in �gure 32.In general for a apaitor the eletri harge Q that aumulates on theplates in response to applied voltage U is given by
Q = C · U (35)where C is the apaitane. Assuming a onstant apaitane, di�erentiationof the above with respet to time gives

dQ

dt
= I = C

dU

dt
. (36)It is now seen that the urrent I is proportional to C. Therefore applying atriangular voltage pulse i.e. having |dU/dt| a onstant, makes it easy to readof the apaitane. The triangular voltage used had a slope of 100mV/5ms.An ideal apaitor would provide a retangular response to the triangularvoltage pulse. The membrane however is non-ideal meaning that it is notompletely insulating. This results in a resistive urrent overlapping theapaitative response with a slope I = U/R.When the pipette is above the water surfae a pure apaitative responsefrom the headstage is seen as a squared urrent pulse with an amplitude of110pA (orresponding to a apaitane of 5.5pF). As the pipette hits thesurfae and the eletrode gets in ontat with water the system short iruitsgiving an in�nite urrent amplitude as seen in �gure 32, seond olumn.When the solvent is evaporated a apaitative response is again seen some-what higher than before. The slope arises beause the seal is not ompletelytight giving the overlapping ohmi response. Only membranes with seals
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output

current I

input

voltage UFigure 32: Top Proedure for bilayer formation: The pipette is dippedslightly below the surfae of a salt solution. A few miroliters of lipids dis-solved in a mixture of hexane and ethanol are let to run down the side of thepipette. The solvent is highly volatile and evaporates whih leaves only lipidsat the tip. The droplet might onsists of several layers but by applying a bitof sution get the lipids to thin out into a single bilayer. Mid and bottomMeasurements of urrent as a funtion of time (output) indued by a triangu-lar voltage pulse (input) made simultaneous with the membrane formation.Before the pipette enters the salt solution a squared urrent is seen orre-sponding to a perfet apaitor. Dipping the tip into the solution results inshort iruiting seen by the vertial lines in the urrent trae. When one ormore membranes are formed the urrent response is again apaitative butthis time with a slope on top due to leak through the membrane or at therim.



6.4 Permeability experiments 49above 1GΩ are aepted. They do however often loosen during the exper-iment. Very high seals are often an an indiation of multiple membranes.If the apaitane is too low sution is applied and in the end a reasonableapaitane is ahieved. After membrane formation the pipette was sunken2mm below the surfae to prevent loss of water ontat aused by evapora-tion.It is not a problem to see that something has formed, but one drawbak ofthis method is that it is di�ult to see if it is a single or multiple membranes.The reason is that with these small pipettes the apaitative ontributionfrom the bilayer is small and the exat ontribution from the pipette in wateris impossible to measure. Assuming a membrane apaitane of 1µF/m2 apipette of 5µm diameter will only result in a 4pA urrent inrease and thedouble for a double bilayer. This is very small ompared to the total urrent.However when I see events I assume it to be a single membrane. Membranesnot showing events at ertain onditions have always been shown to be ableto show events at other.6.4.5 Addition of ytohrome Cyt  was added by letting a 15µl drop of 2mM yt  in bu�er run downthe shaft in the same way as when forming a membrane but after formationof and a membrane displaying ativity. To ensure that the e�et of yt  isnot purely mehanial from the impat of the drop on the surfae ontrol ordue to a di�erent hemial potential aross the membrane, experiments with2mM glyerol in bu�er were performed prior to yt  addition.



50 7 RESULTS AND DISCUSSIONS7 Results and disussionsIn this setion I will present the results obtained during the experiments.The results have been divided into setions with the assoiated disussionsdiretly following.7.1 Membrane formation tehniquesDuring the work with this thesis I tried some of the di�erent tehniquesdesribed in setion 4.5. Here is given my experiene together with someadvantages and disadvantages that I have beome aware of.The Montal-Mueller tehnique might be the most used method whenstudying hannel events in arti�ial membranes. However for me formationof membranes with this tehnique turned out to be problemati. That thistehnique is not alway reliable to funtion is also laimed by Erhlih [94℄ who�rst ites Finkelstein for stating:�... that some manipulation of variables is required beforeeverything is working properly. Then, one an make stable mem-branes quikly and reliably for week after week until, as happensfor everyone I know who works with this system, one day a sta-ble membrane annot be formed. After a few agonizing days ofhanging and permuting the lipid, the septa, the brush, the dis-tilled water soure, and your soks, everything works properlyagain. Most likely, the onditions are the same as before.� I havebeen asked many times if it is truly neessary to hange yoursoks. The answer is yes.Apparently I never hanged to the right pair of soks during the oupleof months I tried getting the Montal-Mueller tehnique to work. I tried witha number of di�erent holes in the te�on foil made by lasers, heated needles,unheated needles and/or sparks, I tried di�erent lipid mixtures, di�erent on-entrations, di�erent prepainting proedures and di�erent temperatures, butnever got any reproduibly stable membranes. The mixtures, onentrationsand prepainting proedures I used where all desribed in the literature. Theonly thing I never got to hange was the lipid solvent, whih is the one usedby Antonov [58℄ who has worked with this tehnique for more than 30 years.As always with experimental work there are days where nothing works.But in omparison with the Montal-Mueller tehnique it is very easy to formmembranes with the droplet tehnique - at least for some lipid mixtures.Espeially a 10:1 (mol:mol) DMPC:DLPC mixture was pretty reliable and



7.1 Membrane formation tehniques 51ful�ll requirements of not having a too narrow main transition near roomtemperature. Mixtures of DMPC with at least half DMPG was unfortu-nately less trustworthy. Others have reported that unsaturated lipids shouldmake espeially stable membranes in BLM-ells [75℄ but they didn't showextraordinary results in my experiments.When it omes to solvent residues in the membrane, whih surely a�et itsbehavior (e.g. [63℄), the path-lamp tehnique and tip-dip made from vesi-le suspension are the only ones that de�nitely an be laimed to be solventfree. With the path-lamp tehnique one is however limited to work withlipids that an form large, stable, unilamellar vesiles opposed to tip-dipping.The fat that membranes formed with the Montal-Mueller tehnique are onlystable when prepainted with a usually non-volatile hydroarbon solvent in-diates that solvents are at least present at the rim of the membrane.[74℄Another indiation is that the thikness of a BLM-membrane is found tohange depending of the solvent and independent of the lipid.[95℄ The sameinvestigation have not been performed on droplet formed membranes. Bothwhen using the Montal-Mueller tehnique and reating membranes with thedroplet method the membrane forming lipids are initially dissolved in somesolvent whih is expeted to evaporate or dissolve in the surrounding wa-ter. Hexane is highly volatile but possible non-evaporated residues have apartition oe�ient that vastly favors solution in the membrane.9 Ethanolshows a slight preferene for the aqueous phase. Membranes formed with thedroplet tehnique however probably ontain less solvent than those formedwith the Montal-Mueller tehnique as no prepainting is required.The bilayer reated with the tip-dip method should be less stable thanone made by the droplet method.[78℄ This ould again indiate that dropletformed membranes are not ompletely solvent free but it ould also be ausedby a less proteted position of the membrane. Aording to Hanke [78℄ thetip-dip membrane is positioned on the extreme tip of the pipette while thedroplet membrane is formed inside the pipette.Advantages of the tip-dip method and the BLM-ell are that one anmake bilayers with di�erent lipids in eah layer. If one needs to hange theenvironment on both sides of the membrane or hange it after a membrane isformed the Montal-Mueller method seems to be the easiest hoie. It is di�-ult to aess a pipette solution after membrane formation, but asymmetrionditions an be made prior to membrane reation.Temperature ontrol is essential when investigating hannel events in pure9Partition oe�ients K are de�ned as the substane's onentration in otanol dividedwith its onentration in water in equilibrium. For ethanol K = 0.5 and for hexane
K = 7940. Values an be found at http://logkow.isti.nr.a/logkow/.



52 7 RESULTS AND DISCUSSIONSlipid membranes. When using �tip of pipette�-tehniques it is impossible orundesirable to bring the tip lower than just below the surfae. This positionmight not have the exat same temperature as the rest of the solution. Onthe other hand pressure ontrol is a possibility when using pipette basedmethods.A very signi�ant part of the noise espeially in BLM-ells is related to theapaitane of the membrane whih is again proportional to the area.[96, 97℄That means that the larger the membrane area the larger the width of thenoise as seen on the urrent measurement. In the pipette based setups themembrane ontribution to apaitane is negligible ompared to the rest ofthe system whih is mostly the same as in the BLM-ell. The only exeptionis the pipette, whose apaitane inreases almost linearly with the depth.[96℄Sylgard whih is normally used in path-lamp experiments to redue noise(among others by reduing apaitane) annot be used for the droplet teh-nique as the lipid solvent also dissolves the sylgard when �oating down theshaft.[78℄ So using the Montal-Mueller tehnique limits the resolution. Onthe other hand the negligible apaitane also makes it impossible to use thisas a veri�ation of a single bilayer.Another obvious onsequene of the membrane area in droplet versusMontal-Mueller tehnique is that smaller amounts of potentially expensivelipids and proteins that are neessary in the �rst mentioned.The last things to be aware of have to do with the geometry of the setup.In the Montal-Mueller tehnique one an use the same aperture for a longtime while reyling of pipettes is limited. It might a�et the reproduibilityof an experiment that the area hanges from one experiment to another.Espeially when one an not orret for it as the area inside the pipette isunknown. Experiments have been performed with �uoresent lipids to seewhere in the pipette the membrane atually formed but lipids at the pipettesurfae glowed too muh ompared to the membrane.It is not unommon that membranes formed with the droplet methodbehaves di�erently at a ertain voltage if the sign is hanged. There is evenexamples of shifting voltage have had a stabilizing e�et on the membrane.This is immediately unexpeted from a supposedly symmetri membrane.Symmetry of lipid ion hannel urrent have been reported with the Montal-Mueller setup.[58, 63℄ Berestovsky et al [24℄ on the other hand report of anunspei�ed strutural asymmetry and sensitivity to the sign of the voltageafter long duration of a onstant voltage in a Montal-Mueller-like setup. It islikely to be the same observation made with the pipette setup. That mem-branes in a pipette show asymmetry may also be explained by the asymmetryof the setup. The sides of the pipette tip are inlined. It is oneivable thatan altered voltage is assoiated with a physial movement of the membrane
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Figure 33: Detail of the main transition in the heat apaity pro�le of 10:1DMPC:DLPC. Both up and down sans and sans at 5◦C/h and 30◦C/h areshown. There is no onsiderable hysteresis. The inset shows the position ofthe pretransition.espeially for harged lipids.7.2 CalorimetryFigure 33 shows the heat apaity pro�le of 10:1 DMPC:DLPC. The pro�lehave been made at di�erent san rates of 5 and 30◦C per hour and in bothsanning diretions in order to examine possible hysteresis e�ets. For thehigh san rate the peak is found at 21.2◦C for the downsan and at 21.5◦C forthe upsan. For the low san rate the di�erene is less. The hysteresis e�etfor the main transition is thereby found to be almost negligible ompared tothe preision of the temperature measurements. The pretransition is moresensitive to san diretion and disappears in the downsans.During the extrusion proedure of the 6:4 DMPG:DMPC dispersion there



54 7 RESULTS AND DISCUSSIONSwas a loss of lipid solution. Whether it leaked out or evaporated is notlear, so the exat onentration subsequently sanned in the alorimeter isunknown. The initial 1ml of 8.3mM solution was redued to 0.65ml whihgives a onentration between 8.3mM and 12.8mM. To be sure to have enoughprotein yt  was added to reah a onentration of 1.5mM whih should besu�ient for saturation f. �gure 29. The exat onentrations are anywaynot that important as it is the transition temperatures that are of interest.So when looking at the heat apaities one should note that only the relativenumbers are exat. The heat apaities have been alulated assuming alipid onentration of 10mM.Figure 34 shows onseutive sans of yt  bound to the outside of unil-amellar vesiles. 4 peaks are observed. The �rst two with peak temperaturesat 17.6◦C and 23.35◦C an be related to the pre- and main transition of themembrane respetively. The pretransition is very sensitive to san diretionand moves to lower temperatures at downsans. The main transition is atpratially the same temperature at all sans. The third peak at 62.5◦C isattributed to the denaturation of yt  bound to the membrane and the peakat 78.5◦C to denaturation of free yt  in the solution. Denaturations areirreversible opposed to the lipid transition. It is seen that the lipid transitionhanges when yt  is denatured. When only the bound yt  is denaturedone still sees a narrow peak on top of a peak that have beome broader to-wards lower temperatures. Maybe a bit surprising the denaturation of freeyt  also a�et the lipid transition by eliminating the narrow peak.That the protein denatures at di�erent temperatures depending on if itis bound or not and that the lipid transition is in�uened by the state ofthe protein are examples of how membrane and protein in�uene eah other.This is further demonstrated by the fat that the lipid transition is a�etedby yt  being bound or not. Figure 35 shows heat apaity pro�les of thesame extruded vesiles with (red) and without (blue) yt  added to theoutside of the extruded vesiles.The splitting of the peak in the protein free 6:4 DMPG:DMPC mixturewas initially thought to be due to a separation of the two lipid speies. Butare was taken that the stoks of the two lipids were mixed properly beforedrying and PG and PC with equal hain length are known to mix almost ide-ally [90, 98℄. A similar splitting have previously been observed for extrudedvesiles of DMPC [11℄ but I also see it for non-extruded vesiles (data notshown).
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Figure 35: Heat apaity pro�le of extruded vesiles of 6:4 DMPG:DMPCwith and without yt  bound to the outside.7.2.1 DisussionThe main purpose of making the heat apaity pro�les is to be able to relatethe permeability to the state of the membrane and possibly diretly to theheat apaity pro�le as suggested by the �utuation model. Other interest-ing results an however also be extrated from these pro�les. But �rst adisussion onsidering the main objetive.Figure 33 show that one do not have to be very areful about makingslow temperature hanges and in whih diretion temperature is hanged.gA is known to have little in�uene on the lipid transition exept at highonentrations [17℄ so the same heat apaity pro�le is valid for experimentswith gA added.Figure 36 is a zoom in on the main transition in the san shown in �gure35. If the permeability of the membrane is proportional to the heat apaityas stated in the literature one would expet a signi�ant hange if the exper-iment of adding yt  to a preformed membrane is made at 23.8◦C. This will
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58 7 RESULTS AND DISCUSSIONSestablished that the denaturation temperature of yt  is lowered by around20-30◦C when it is bound to a harged membrane.[99, 100, 101℄ How muhit is dereased depend on the membranes surfae density of harges i.e. thefration of DMPG.[99℄ Linear interpolation of the data presented in referene[99℄ gives a denaturation temperature of bound yt  of 65◦C whih is againslightly higher but lose to the value found in this study.That bound yt  denatures at a lower temperature is explained by whathappens upon binding. Several studies indiate a loosening or destabilizationof the tertiary struture10 of the protein when it binds to a harged surfae.[7,100, 101℄ This hanged bound state is suggested to be important for thefuntion of yt  in the mitohondria.[99, 102℄The protein binding is found to not only a�et the protein itself but alsothe membrane. In the presented experiments it is found that without yt one gets a splitted peak in the main transition. With yt  there is ahigher peak where the �rst peak was before and a smeared out peak wherethe seond peak was before. At saturation previous publiations desribes asingle smeared out peak ranging from some degrees below to 5 degrees abovethe protein free transition f. �gure 28, trae e. As expeted a smaller e�etis seen here as this study is made with a mixture with DMPC opposed tothe data presented in �gure 28 whih are made with pure DMPG.With a purely eletrostati interation between yt  and the membraneone would expet an inreased transition temperature when the protein isbound.[6℄ This is beause the harge density is higher in the gel state thanthe liquid and the eletrostati binding therefore will be stronger to gel statelipids. As seen both in the present data and in �gure 28 the interation isnot that simple so other kinds of interations must also be present.The origin of the �rst high peak with yt  is unknown but have beenobserved in several similar heat apaity pro�les made from di�erent stoksolutions (data not shown). The hanged membrane transition upon denat-uration is probably related to the �nding that yt  aggregates on the lipidsurfae when it denatures.[89℄7.3 Di�erent membrane behaviorsEven though artiles normally only show the nie quantized urrent events,this is not the general behavior of membranes in the real world. A on-siderable amount of data onsists of artifats and more or less explainableinidents. Quite often you even see a number of di�erent behaviors and a10The tertiary struture of a protein refer to the three dimensional struture of the entirepolypeptide hain. The tertiary struture is losely related to the funtion of the protein.



7.3 Di�erent membrane behaviors 59variety of ondutanes performed by the same membrane. An example ofthis is shown in appendix A. Below is an attempt to draw out some of thetypial behaviors. These are standard examples. In pratie they are notwell de�ned and all kind of ombinations are just as likely whih sometimesmakes it di�ult to distinguish them. I have tried to �nd the most illustrativeexamples whih is why the illustrations are made under di�erent onditions.They are however representative for all membranes unless otherwise stated.All the shown traes are measured under positive voltages. It means thatopening of a hannel orresponds to an inreased urrent.Stable quantized events The quantized events are reversible hanges inurrent in a step-like manner. Sometimes several steps an be observed ontop of eah other. The quantization is however only within limited periodsof time as the ondutanes hange from path to path and even duringmeasurements on the same path. Condutanes between less than 10pSand at least 2000pS have been measured. Examples of high ondutaneevents are shown in appendix B.Within the same trae there may be periods with openings of di�erenturrent amplitudes. Some of them an be interpreted as multiple hannelswith the same ondutane but stable urrent levels that an not be explainedthis way an also be found. The less ourring urrent amplitudes are denotedsubondutane. A trae with these substates is displayed in appendix B.As also shown in appendix A the same membrane an show di�erenttimesales for the events. The two examples below are from the same mem-brane in one ase displaying open times of seonds and later showing openingswith a duration of milliseonds.
5pA

1s

10:1 DMPC:DLPC, 150mM KCl, U=200mV, T=20.6◦C, baseline drift subtrated.
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10ms

5pA

10:1 DMPC:DLPC, 150mM KCl, U=200mV, T=20.6◦COverload events Overload events are events with a ondutanes so highthat they are above the range possible to measure with the usual settings i.e.a urrent above 1000pA. Openings and losings are apparently instantaneous.The lowest voltage at whih they have been observed is 100mV. Most oftenthe measurement have been stopped or the voltage hanged when these eventsourred so the amount of data is not tremendous. They have howeverbeen observed several times espeially in harged membranes. In a few asesthe gain setting have been dereased in order to allow higher urrents. Insome ase the top beame visible. The data is shown in appendix B. Thetop turned out to be asymmetri with a ondutane between 10000pS and50000pS. They are not neessarily periodi as those shown below.It have been investigated whether the overload events were assoiatedwith a low seal resistane (<1GΩ). It turned out only to be the ase for theharged membranes, whih in general often have bad seals.
2s

100pA



7.3 Di�erent membrane behaviors 616:4 DMPG:DMPC, 100mM NaCl, 10mM Hepes, 1mM EDTA, U=50mVT=23.8◦CNon-quantized events Events similar to desribed above an also presentitself in a non-quantized manner. They are mostly distinguishable from ran-dom �utuations due to a tendeny to return to a relatively stable baselinelevel. Sometimes it is just a deviation from white noise with an asymmetrytowards open states. It an be very di�ult to see from a small setion ofa trae but beomes more lear when the general behavior over longer time.Additional �gures an be found in appendies A and B.
10pA

1s

1:1 DMPG:DMPC, 150mM KCl, U=70mV T=22◦CFlikering Often one observes periods with a frequent ourrene of verybrief losings of an otherwise open hannel. This will be denoted �ikering.
1s

5pA

10:1 DMPC:DLPC, 150mM KCl, U=350mV, T=20.8◦C



62 7 RESULTS AND DISCUSSIONSBursts Ativity happens to suddenly appear in bursts of fast �utuatingurrent. They are normally not quantized but they an turn out to be if onezooms adequately. Amplitudes an be from few pA to more than hundredpA and most often several amplitudes are observed in a single burst. Thenon-quantized appearane an in priniple be aused by openings being fasterthan the time resolution of the reording.
50pA

1s

4:1 DMPC:DLPC, 150mM KCl, U=100mV, T=19.9◦C
Inativation It is not unusual that the hannel ativity shows up in periodsof large ativity with long periods (up to minutes or more) of inative periodsin between.
Sawteeth Sawteeth shaped urrent events are not unommon. Most oftenthey show a ontinuous inrease and then an abrupt fall, but there have beenobserved a few that do it the other way around. They an be very periodialbut it is not neessarily the ase. More examples are shown in �gure 51 inappendix A and in appendix B.



7.3 Di�erent membrane behaviors 63
10pA

1s

1:1 DMPG:DMPC, 150mM KCl, U=70mV, T=22◦C
Baseline drift Unless the seal is very tight some drift of the baseline isommon appearing as a ontinuous hange in ondutane. This behaviorwas espeially pronouned and atastrophi for mixtures with harged lipidsat low salt onentrations where it typially aelerated when the voltageexeeded 100 to 150mV or -80 to -130mV. An example is shown in appendixB.
Baseline jump It sometimes happens that the baseline jumps to a newlevel. Jumps an be both ways and there is therefore no good way to di�er-entiate between baseline jumps and quantized event. The losest one gets toa disrimination is that baseline jumps are longer lasting (or better not re-turning) and often higher than a typial event. Sometimes onseutive jumpsare seen making the urrent trae resemble a stair. Figures an be seen inappendix B.
Uneven baseline The baseline an be more or less �utuating. This anmake it di�ult to distinguish and/or analyze hannel ativity. In some asesone an assign the �utuations to one or more onstantly open hannels.The distintion between an uneven baseline and non-quantized events arenot always lear.
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5pA

1s

1:1 DMPG:DMPC, 150mM KCl, U=10mV, T=23◦CSpikes Spikes are fast (ms), single standing events. They an point bothways but most ommonly have the same sign as the voltage. In a few asesit has been possible to attribute the high spikes (>50pA) to outside noisediretly. Another example is shown in appendix B.
10pA

0.1s

6:4 DMPG:DMPC, 50mM KCl, 10mM Hepes, 1mM EDTA, U=200mV, T=23.3◦CBreakage It is ommon to see ativity prior to membrane breakage. Thisalso happens without any previous ativity and hene it is onsidered atyp-ial for the behavior of the spei� membrane. The ativity is quite oftenquantized events proeeded by bursting ativity and rapidly inreasing base-line drift. The membrane an also break without any preeding ativity. Seealso appendix B
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50pA

1s

6:4 DMPG:DMPC, 50mM KCl, 10mM Hepes, 1mM EDTA, U=100mV, T=21.6◦CUnbreakable membranes Normally some kind of ativity (hannel a-tivity or breakage) an be indued by inreasing the voltage. It happensthat the membrane is ompletely unresponsive to voltages up to 1V whihis the maximum possible with the used setup. Suh membranes normallydon't show any kind of the above mentioned ativities exept for sometimesa highly irregular baseline. The behavior is most often seen with pipettesthat have been used several times.7.3.1 DisussionThat a single membrane an display a large variety of behaviors makes itdi�ult to point out a typial behavior and identify hanges in behaviordue to addition of some substrate. What you see in artiles is almost al-ways the stable quantized events. These are also the most interesting asthey most obviously onfront protein sientist with an interpretation prob-lem. But whether these are representative for the behavior of pure lipidmembranes is aording to my results questionable. Most others (inludingAntonov) making permeability measurements on pure lipid membranes usethe Montal-Mueller tehnique. In ontrast to the droplet tehnique one thereuses the same aperture eah time. This might explain the variation betweenexperiments but not within single experiments as that shown in appendix A.Similar for all the behaviors desribed above is the di�ulty of knowingwhat is atually going on as it an not be inspeted visually. I will anywaytry to disuss explanations for some of them.It is a bit surprising that pure lipid membranes exhibit quantized han-nel events. This all-or-nothing behavior means that a pore with a �xed sizeopens and loses almost instantaneously. The quantization makes sense if



66 7 RESULTS AND DISCUSSIONSthere exist a ertain radius at whih the pore is stable as suggested by Glaseret al [68℄. But unless something in the membrane hanges with time this doesnot explain why one an observe repeated hannel events with the same on-dutane and later the ondutane is hanged as demonstrated in appendixA. One have to question if what is seen is urrents through the membraneor if it is something happening at the rim. On one hand Kaufmann et al [56℄have found the hannel ativity of a pure lipid membrane to orrelate withthe area of the path and not the irumferene. On the other hand quan-tized hannel events that showed seletivity and voltage-dependent kinetishave been demonstrated with a path made of impermeable, hydrophobirubber by Sahs et al.[103℄ Likewise quantized events and subondutanestates, seletivity and inhibition are found in plasti sheets with narrow poresof a �xed size.[104℄ Sahs suggests that the gating is a result of ordered wa-ter. Calulations have showed that when water is ordered in ertain ringstrutures the enters an provide low energy binding sites for spei� ions.If a pore ontains a stak of these rings, ions an pass through the pore bymoving from ring to ring. A ooperative hange of onformation of the waterwill result in an abrupt end of the permeation.It turns out that not all events are quantized. The nature of this kindof pores must be di�erent as they open and lose slowly and have no stableonformation. It annot be exluded to be just a temporary loosening of theseal due to some kind of for example mehanial disturbane.The non-quantized events an be very di�ult to distinguish from anuneven baseline. Uneven baselines may be aused by large sale �utuationsin the membrane ausing mehanial instability. In some ases the unevenbaselines is suspiioned to be explained by pores being open the entire time.The distintion is di�ult but an indiation an be inreased noise level asthere is often more noise when a hannel is open due to the stohasti �ow ofions through the hannel or maybe also due to onformational �utuationsas desribed for the aetylholine reeptor by Sigworth [105℄. The �gures inappendix B, part B.1 show lear examples of inreased noise level in the openstate.Gallaher et al [106℄ provide a possible explanation for the di�erene be-tween stable openings and �ikering. In aordane with the �utuationmodel they suggest that pores of a hydrophili nature most readily form atgel-�uid interfaes (see setion 4.3). Freezing of the lipids involved in theformation will stabilize the pore while freezing of the surrounding lipids willstabilize it even further and make it long lived. If however the pore liningmelts partially, some of the lipids may move more freely and possibly logup the pore. With the rest of the pore onstrution being intat it is likely



7.3 Di�erent membrane behaviors 67for the pore to reopen and refreeze. The stability of the pore is hene aquestion of in whih kind of domain it is positioned and �ikering should bean inidene of interfaes.Hanke et al [78℄ desribes observation of �bursts of spike-like urrentevents� when the pipette tip-water interfae is interrupted aused by evap-oration. In my experiments the tip is sunken 2mm below the surfae toavoid evaporation to ause problems so I �nd the explanation unlikely in myexperiments.Baseline drift may in some ases be explained by the bad hlorinationwhih an result in shifts in the eletrode potential.[91℄ Drift might also bebeause of movement of membrane inside the pipette. This is possible ifthe pipette surfae ontains a reservoir of lipids. Attempts to observe themembrane inside the pipette by making it with �uoresent lipids turned outto be impossible as the pipette itself glowed to muh ompared with themembrane. This indiates that a reservoir is atually present. It is notlear whether the baseline ondutane is due to leak at the rim or from themembrane itself. Anyway a hange in area would result in an altered baselineondutane. Baseline jumps ould then be a sudden sudden movement forexample initiated by the release of some tension.In the ase of DMPG-mixtures instability may be more pronouned be-ause the glass surfae is also negatively harged (personal onversation withT. Heimburg). This made it quite di�ult to perform experiments withDMPG. Attempts on overoming this have been made with silanization andinreased salt onentrations. These experiments will be desribed later.Unbreakable membranes an not be single membranes as these shouldbreak at around 500mV.[73, 78℄ Rather it is assumed to be a build up oflipids or air bubbles that log the pipette. That the ourrene is most likelyto happen for pipettes used several times speaks for this explanation.7.3.2 Comparison with protein hannelsAs stated previously what you see in literature both about protein ion han-nels and lipid ion hannels is in most ases the quantized events. In someases ondutanes and radii of these data of the lipid ion hannels are om-pared to the protein data with the onlusion that they are indistinguishable(e.g. [3℄). There have never made a omparison of the di�erent membranebehaviors desribed above and raw protein data. I have sent a draft of theabove setion to K. Witshas who as a ph.d. student work with path lampexperiments on protein hannels at the University Hospital Aahen and askedher how muh she reognizes from her experiments and how they are normallyexplained by a protein sientist.



68 7 RESULTS AND DISCUSSIONSThe protein hannel experiments are made with di�erent types of humantransient reeptor potential (hTRP) hannels. A ommon funtion of TRPhannels is to mediate sensation. The data is reorded in voltage-lamp modewith a sample rate of 20kHz and lowpass �ltered at 2kHz with an Axopath200B at room temperature (22-23◦C). This part of the setup is thus thesame as used for measurements of lipid hannels. The protein data is notpreviously published.The protein data is divided into two ategories: spei� and unspei�events. The spei� events are harateristi of a ertain kind of hannelwhile the unspei� events an our in any path. The unspei� eventsfound when investigating proteins are noise spikes, sawteeth, drift, baselinejumps, uneven baseline, non-quantized events and breakage. Figures of thesean be found in appendix C. Exept for the sawteeth these events are verysimilar to what is observed with pure lipid membranes and an probably beexplained the same way. In the path lamp data sawteeth are only observedas noise from the ooling iruit of the headstage and always looks the same(see �gure 56) opposed to the large variety found in my measurements.Most of the other unspei� events have to do with the seal. Aordingto Withas uneven baseline is seen if the seal resistane is low or beause ofbakground hannel ativity. Baseline drift is attributed to loosening of theseal. Non-quantized events are asribed to mehanial disturbanes. Com-plete breakdown of the seal produes irregular events like those often seen inbreakage of pure lipid membranes. An example of breakage from an inside-out path is shown in �gure 57. The quantized events prior to breakage isapparently only typial for pure lipid membranes. This indiates that pre-breakage quantized events ould have to do with the way the membrane isattahed to the pipette. Where onventional path lamp experiments aremade on preformed membranes the droplet tehnique build up the mem-branes inside the pipette. One ould imagine that the last method gives ahigher amount of defets at the rim.In the ategory of spei� events one �nds the quantized events withspei� ondutanes, substates, and timesales. Very short openings anresult in spike-like events (�gure 37) while long openings gives a stair-likeurrent with eah step being a new hannel opening (�gure 38). Flikeringand bursts are also found in the spei� events ategory.Examples of quantized protein hannel events are given in �gure 39. Aomparison with the traes from lipid ion hannels shown above revealsomparable ondutane and timesales. In the protein data the di�erenttimesales are attributed to di�erent hannels after addition of ligands. Inthe lipid data both timesales are displayed in the same membrane pathunder unhanged onditions.
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Figure 37: Spikes from hTRPM8 in HEK293 ell in on-ell on�guration.U=-60mV. Courtesy K. Witshas.

Figure 38: Stair found in HEK293 ell with hTRPM2 inorporated after addi-tion of ADP-ribose. Made in inside-out on�guration at U=60mV. Comparewith the �gure in appendix B, setion B.7. Courtesy K. Witshas.
A

B

Figure 39: Quantized hannel events in two di�erent types of human TRPMhannels with 40% sequene homology. Both traes are reorded at U=60mV.Notie the di�erent time sales. A) hTRPM2 after addition of H2O2. B)hTRPM8 after addition of iilin. Courtesy K. Witshas.
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Figure 40: Subondutane states seen in hTRPA1 in HEK293 ell aftersution is applied. Made in inside-out on�guration at U=-60mV. The traeis low-pass �ltered at 300 Hz. Courtesy K. Witshas.

Figure 41: Bursts from hTRPM8 hannel in HEK293 ell after addition ofWS-12 (i.e. a syntheti ooling agent). Made in on-ell on�guration atU=60mV. Courtesy K. Witshas.

Figure 42: Flikering made by hTRPA1 in HEK293 ell in on-ell on�gura-tion. U=-60mV. Courtesy K. Witshas.



7.3 Di�erent membrane behaviors 71Subondutane states are also a harateristi of ertain proteins as seenin �gure 40. A subondutane state (i.e. a di�erent onformation) is de-�ned as a state with a ondutane di�erent from the one ourring mostfrequently.[107℄ The riteria for distintion of the extra states from an extraprotein of a di�erent type are [107℄: 1) One should observe diret transitionsbetween the substate and the main state. 2) The substate should only beobserved in the presene of hannel main-state ativity. 3) One must exludethe possibility that the main state is a superposition of two independenthannels.Examples of pure lipid membranes that ful�ll all the riteria an be found.If one follows the same logi as given for the proteins it must be a single lipidhannel that gives rise to several ondutane levels. For proteins subon-dutane is laimed to be aused by some alteration in the onformation ofthe protein. This is not di�erent from stating that a lipid hannel an haveseveral stable states solely based on the urrent trae. Neither in the ase oflipid or protein ion hannels detailed strutural data exist. More than onestable lipid hannel state does not �t with the theoretial onsideration abouthydrophili and hydrophobi pores with only one stable state presented byGlaser [68℄. But it ould be that more than one onformation is not nees-sary. It appears that substates an also be found in a perforated plasti foilwith a �xed pore size (�gure 3 in [104℄). This indiates that the explanationof substates is di�erent from stating hanged onformations of the hannel.As mentioned bursts (�gure 41) and �ikering (�gure 42) is also seen inprotein data. Again the data from pure lipid membranes and protein on-taining membranes look very similar. For the protein data the behaviors aresuggested to be due to a stable losed state and very unstable openings in thease of bursts, while �ikering is the result of long openings and a short-livedlosed state. Flikering is in other ases attributed to high onentrations oflow-a�nity blokers.[108℄The omparison of data from protein hannels and pure lipid membranesshows that qualitatively all kinds of protein behaviors an be reprodued inpure lipid membranes. The sawtooth patterns are only found in the purelipid membranes. The major di�erene between the pure lipid system andthe protein ontaining system is that a single lipid membrane an show allkinds of behavior while for proteins the behaviors are harateristis of spe-i� types of hannels or ombinations of hannel and ligand.It has so far not been possible to dedue what it is that ontrol thedi�erent kinds of behavior in pure lipid membrane. Apparently all kinds ofbehavior an be found under the same set of onditions (f. appendix A).This means that it is di�ult to reprodue ertain types of events opposed



72 7 RESULTS AND DISCUSSIONSto protein data where eah hannel has its own harateristis. There isthe possibility that it is the droplet method that is the soure of the largevariation as this variation is not re�eted in previous publiations and most ofthe published data on pure lipid membranes is made with Montal-Mueller-like setups. The reproduibility of these an however also be a problemaording to a personal onversation with Heiko Seeger. He has worked withboth pure lipid membranes and protein hannels inorporated in arti�ialmembranes in a BLM-ell and found the reproduibility to be better whenproteins were inorporated. This however does not hide the fat that allthe types of behavior of protein hannels an also be found in protein-freemembranes. It means that protein sientists still have a problem with statingthat all ativity is due to the proteins. Also it has not been proved that theurrents atually go through the proteins. It ould be that the proteinsindue perturbations in the membrane that reate an environment for lipidpores by inreasing the �utuations (f. �gure 27) or ausing defets.7.4 Charged membranesThe ourrene of hannel events is used as an indiation of having only asingle membrane. This turned out to be very problemati for the hargedmembranes. With low salt onentration (50mM NaCl) whenever inreasingthe voltage in order to see hannel events the baseline urrent most oftenstarted drifting atastrophially. Channel events have been seen but mostoften in relation to breaking of the membrane. An estimate would be thatout of hundred tries quantized hannels have been seen a few times withoutfollowing breakage.The instability may arise beause of interations between the hargedlipids and negatively harged glass. Therefore it was tested is the problemould be onquered by silanization. Silanization is a proess that hemiallymakes the surfae hydrophobi.[109℄In total 19 silanized pipettes were tested with 6:4 DMPG:DMPC in 50mMKCl. Two of these were minipipettes on whih it wasn't possible to forma membrane. Membrane formation sueeded on most of the �re polishedpipettes but in general drift was also here a onsiderable problem. In additionthe baseline was more uneven ompared to the non-silanized pipettes. In afew ases some mostly non-quantized ativity was observed but it was rareand it mostly drowned in baseline noise. An example is shown in �gure 43.As the silanization didn't work it was instead tried to inrease the ionistrength. 75mM NaCl wasn't suessful but with 100mM NaCl it was some-times possible to make stable membranes. With this onentration driftwas still a returning problem but if I were luky to obtain a good seal (seal
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Figure 43: 6:4 DMPG:DMPC, 50 mM KCl in silanized pipette. There is alear tendeny of short losing events but the baseline is unstable and thenoise level high. Normal noise level is around 2pA peak-to-peak.strength > 1GW) hannel ativity ould be observed. These experimentswere performed at room temperature (21.6-22.4◦C).7.4.1 DisussionThe proedure used is originally meant for over glass so it has been ne-essary with a few adjustments. It is possible that these have damaged thesilanization. This ould for example happen when doing the �repolishing asit might not be the original surfae glass that is still the surfae after heatingthe tip. If this is the explanation one would have expeted that it would workwith the minipipettes, whih wasn't the ase. It ould also be the pulling pro-edure itself that was the problem. With another similar oating desribedby Lin et al [110℄ it is however done in the same way by �rst oating theapillaries and then turning them into pipettes. There is also the possibilitythat the hexane:ethanol solvent destroys the oating but there de�nitely isan e�et of the silanization as a strong tendeny of more uneven baselines isobserved.Whatever the reason for the instability of DMPGmixtures at low salt on-entrations is, silanization doesn't seem to be the solution. The membraneis stabilized be sreening the harged headgroups by means of inreased saltonentration. But the higher ioni strength also sreens for yt  and de-reases its binding f �gure 29.



74 7 RESULTS AND DISCUSSIONS7.5 Cytohrome The preliminary studies of stability at di�erent salt onentration resultedin yt  experiments to be made with 100mM NaCl. These experimentswere performed just below the transition temperature. It turned out that inthe transition at 23.8◦C the membranes were less stable, whih limited thesuess rate of this experiment severely.The proedure was to �rst ad 2mM glyerol and if the membrane survivedthen add 2mM yt  to the same membrane and observe possible hanges.All membranes showed ativity prior to addition of glyerol. The experimentwas performed with the pipette tip at di�erent depths below the surfae. Allmembranes less than 2mm below broke within a minute upon addition of theglyerol solution. At 2mm about half stayed una�eted and the rest broke.This is therefore assumed to be the limit where one an be sure that the dropreah the membrane without destroying by it by the impat.The membranes that survived until the point of yt  addition eitherbroke or showed no hanges within the �rst minutes upon addition (data notshown). A few membranes afterwards turned out to be unbreakable and weretherefore negleted.7.5.1 DisussionThe odds are against sueeding with this experiment. First, the membranesare extremely unstable despite attempts to surmount this problem. Seond,the experiment builds on the assumption that the ativity of the membranesale with the heat apaity. In the following setion it is questioned if thisis true with this setup. If assuming the orrelation then even when takingmost are the neessary ertainty of ±0.1◦C is at the limit of what is possiblewith the available temperature ontrol. It is here also assumed that thetransition temperature is not a�eted by the transmembrane voltage, whihmay not be the ase as desribed in setion 3.3. The transition an also beslightly di�erent due to possible solvent residues in the membrane. Third, asdesribed in setion 7.3, the ativity may hange even without hanging theonditions. So possible hanges would not neessarily be due to interationswith yt .7.6 Temperature dependeneFigure 44 shows a number of plots of the urrent as a funtion of temperaturemade on 3 di�erent membranes in 3 di�erent minipipettes. The plots provideboth the baseline dependene of temperature and an indiation of the hannel
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Figure 44: Sans of the urrent as a funtion of temperature. All membranesare 10:1 DMPC:DLPC in 150mM NaCl, 2mM Hepes, 1mM EDTA made onminipipettes. A, B, and C are di�erent pipettes. The numbers denote theorder of the sans made on eah pipette. Only every 100th point is plotted.
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Figure 45: Current traes of 10:1 DMPC:DLPC in 150mM NaCl, 2mMHepes, 1mM EDTA at integer temperatures from 4 to 30◦C and U=80mV.The temperature is only written next to every seond trae. Baselines havebeen shifted. The traes are from a temperature san made at a sanrate of34◦C/h.
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Figure 46: Average ondutivity as a funtion of temperature. The heatapaity pro�le shown as an inset. Made on a 95:5 D15PC:DOPC membraneat U=400mV with a Montal-Mueller setup. Measurements in the transition,gel, and �uid phase are made on di�erent membranes. Sanrate=0.2◦C/min.From [60℄.ativity re�eted in the variane of the traes. As seen, a single membranean behave very di�erent from san to san. For example membrane B goesfrom peaking at the main transition to showing no peaks to showing peaksbelow, above, or at the main transition temperature.Previous publiations have stated that hannel ativity is a feature ou-pled to the phase transition of the membrane. My data demonstrates thatevents are not solely observed in the transition. Figure 45 shows some traestaken from san B5 in �gure 44. These traes are examples of that hannelativity an be found at arbitrary temperatures. Additionally it is not un-ommon with membranes showing no ativity for long periods even thoughthey should be in the transition (see for example B2 and B3 in �gure 44 and�gure 45).7.6.1 DisussionThere are two possible ontributions to the permeability, whose temperaturedependene is inspeted here. One is the leak urrent giving the baselineof a urrent trae. The other is �utuations in the urrent showing up ashannel ativity. None of them orrelate with the transition temperature ofthe membrane opposed to what has previously been published.Figure 46 is a san of the ondutivity versus temperature from an artileby Wunderlih et al [60℄. It shows the average ondutivity to peak aroundthe main transition. Several other experiments on vesile ensembles show



78 7 RESULTS AND DISCUSSIONSunambiguous relations between the average permeability of membranes andthe gel-�uid transition (f �gures 16 and 18).[51, 61, 111℄ In my small pathesthe reproduibility is laking. Only 4 out of 10 graphs in �gure 44 show alear baseline peak around the main transition and it is not even onsistentwithin the single membrane.The peaks that do turn up are wider than the transition found in theDSC sans. Given there is a relation to the transition, this might be beausethe pipette tip is loser to the surfae than the thermoouple. Thereforethe temperature near the membrane may be loser to room temperature(around 22◦C) than the thermoouple. This would result in a broadening oftemperatures lose to the main transition ompared to what is shown on thesale.It is not ertain what the origin of the baseline urrent is. It is normallyattributed to an unspei�ed leak due to onstantly open hannels or imperfetsealing between membrane and pipette. If it related to the transition oneould imagine a ontribution from hannels with a ondutane that is toosmall to be resolved.The ativity of the single membrane does not orrelate with the transitioneither. Ativity an be observed both far below and far above, while there isno guarantee for observing ativity in the transition. In previous publiationspeople have sueeded in relating the ativity in single hannel measurementsto the transition.[58, 61℄ Others have reported additional ativity in the �uidphase, but laim it to be more spiky than quantized.[60℄ The ativity abovethe transition shown in �gure 45 is mostly spiky but an just as well bequantized as demonstrated in �gure 47.There is of ourse the possibility that the transition temperature is di�er-ent from that measured in the alorimetri sans. This ould be beause ofsolvent residues, or inreased urvature of the membrane in the pipette mem-branes. But both of these variables lower the transition temperature.[6, 112℄Nevertheless ativity is observed repeatedly about 10 degrees above the as-sumed transition temperature. The only thermodynami variable that shiftsthe temperature upwards is inreased hydrostati pressure whih is not inplay here as there is aess from the inside of the pipette to the outside.Even if the transition was shifted it does not explain why hannel a-tivity is observed in at least three temperature ranges (i.e. 4-5◦C, 15-18◦C,and 28-30◦C) in �gure 45. One ould try to relate on temperature to themain transition and a seond to the pretransition but there is no third heatapaity peak for 10:1 DMPC:DLPC within the relevant temperature range.The big question is why do my experiments ontradit the previous pub-liations. In the ase of single hannel ativity it ould also be that others



7.7 Voltage dependene 79simply haven't looked for long enough outside the transition. It is strikingthat often very few data is shown. For example the artile by Antonov et al[58℄ only presents 100 seond traes (�gure 17). If estimating the number ofounts and relate it to the ounting frequeny, it appears that the histogramis just made over approximately the same time interval (see �gure 17). Theensemble experiments however provides muh better statistis.All the ited previous publiations are made with either the Montal-Mueller tehnique or vesiles. This leads to the thought that it is the pipettesetup that gives rise the ontraditions. One major di�erene is the sizeof the system. The larger areas gives a better statistis. Further, if there issome edge e�ets these are expeted to play a larger role in the pipette setup,where the rim surroundings represent a larger fration of the total area.From atomi fore mirosopy it is known that the bilayer losest toa surfae is strongly a�eted by the proximity and don't show the sametransitions.[113℄ One ould imagine similar interations between the mem-brane and the edge of the pipette. Defets ould arise in the interfae betweenlipids lose to the edge and lipids free of interation. If edge e�ets domi-nate the lipid interations the onsequenes of phase transition may beomeimpossible to observe.Whatever the ause it is found that hannel events an be found at alltemperatures when the membrane is formed in a pipette. It is likely thatthe same e�ets are present in path lamp experiments. The onsequeneis one always have to be areful with the interpretation of protein data. Thepossibility of onfusing protein events with lipid events is not neessarilysomething one an get rid of by making experiments outside the membranephase transition.7.7 Voltage dependeneIn some experiments hannels have reversibly opened and losed in responseto hanges in the transmembrane voltage. Figure 47 shows two examplesmade at two di�erent temperatures. To the right is shown examples of 15seonds traes made at various voltages while the histograms to the leftrepresents 5 minutes at eah voltage. Two things an be dedues from thehistograms: Voltage a�ets the probability of a hannel being open and itshifts the baseline ondutane.Eah peak orresponds to an open or losed state of a hannel. Thehistograms are normalized suh that the area under eah of them is equalto one. The area under eah peak therefore gives the probability of being inthe given state. It an be seen that with inreasing voltage the hannels gofrom being losed to being more and more open. In appendix D more data is
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Figure 47: Histograms (left) of the ondutane at di�erent transmembranevoltages for two membranes. To the right is shown representative examplesof the orresponding urrent traes. Eah trae is based on approximately 5minutes measurements. The baselines have been shifted. The histograms arenormalized suh that the area under eah histogram is equal to 1. The binwidth is 0.04nS. Both membranes onsist of 10:1 DMPC:DLPC in 150mMNaCl, 2mM Hepes, 1mM EDTA, pH 7.4. The top �gures are made at 22.2◦Cand bottom �gures at 32◦C.



7.7 Voltage dependene 81presented that all show the same trend. Assuming a 2 state model a thresholdan be de�ned as the voltage where the probability of a hannel being openor losed is the same. Thresholds are found be between 70 and 80mV forthe measurements made at 22.2◦C and around 100mV for the measurementsmade at 32◦C.At a �rst glane the inreased threshold found at the high temperatureould be interpreted as that a higher voltage is required the further the mem-brane is from its phase transition temperature. However, the measurementsare based on only two di�erent membranes and a omparison with similar(not yet published) measurements made by Andreas Bliher indiates thatthe threshold depends more of the single membrane than of the temperature.But further experiments are required to settle this.By further examination of the histograms it beomes lear that the peakorresponding to the baseline or losed state (i.e. the lower peak given thata losed state exist at the given voltage) is shifted upwards as the voltage isinreased. Figure 48 is a plot of the baseline ondutane as a funtion ofvoltage based on the data from �gure 47 and appendix D. Within the narrowvoltage range the baseline ondutane seems to exhibit a linear relation withalmost the same slope in both sets, whih di�er by being di�erent membranesmeasured at 22.2◦C and 32◦C.7.7.1 DisussionIt should be lear by now that the membranes are di�ult to ontrol. Alsothe voltage thresholds are something that is only observed sometimes and itis not established what it is that stimulates the feature. Here only a limitedset of data is presented. The �ndings shall therefore rather be taken as aproof of priniples than exat results. It is though still interesting that thehannel ativity in these pure lipidmembranes is apable of displaying voltagethresholds. In the world of protein hannels it is known as voltage gatingwhen the open probability inreases with voltage.[114℄ The voltage thresholdsfor hannel ativity is thereby yet another feature of protein hannels thatan also be found in pure lipid membranes.For protein hannels voltage gating is explained by the protein having aharged part that moves in response to voltage.[114℄ The movement ausesa onformational hange that opens the hannel. How voltage gating anarise in pure lipid membranes requires further investigation. In the viewthat gating is due to ordered water one an easily imagine that it requires aertain eletri �eld strength to keep the arrangement of the dipolar watermoleules regardless of thermal �utuations.To my knowledge it is the �rst time that the onept of voltage gating
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Figure 48: Plot of the baseline ondutane as a funtion of voltage. Theletters refer to the graphs in �gure 47 and appendix D. Error bars is omittedfor larity. The lines are average �ts of the two groups.is reported for protein free membranes. Rather previous published hannelurrent-voltage relations have been proportional for voltages below 100mV.[58,63℄ It should again be emphasized that voltage gating is not always observed.Other experiments on membranes not showing voltage gating ould probablyhave on�rmed the proportionality.As written in setion 7.6.1 the origin of the baseline ondutane is un-known, but as demonstrated here it shows a linear voltage dependene withinthe measured voltage range. If the baseline ondutane is due to unresolvedhannels it means that more of these hannels open with inreasing voltage.If the baseline is rather due to defets at the rim it an be interpreted as thedefets beome larger with inreasing voltage.7.8 Copolymer membranesIn a preliminary study it have been tested if the use of triblok opolymermembranes ould be an alternative to lipid membrane for the investigation
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Figure 49: Breakage of polymer membrane in 50mM KCl, 10mM Hepes,1mM EDTA, pH 7.4, U=500mV.of protein hannel ativity. The purpose is to test if the pure polymer mem-branes show hannel events and if gA an be inorporated and show ativitysimilar to what is seen in lipid membranes. The opolymer show no phasetransition (personal onversation with Alfredo González-Pérez) so experi-ment are performed at room temperature (21-23◦C).It has supposedly never been tried to make polymer membranes with thedroplet method before. This is possible but the suess rate is lower thanwith lipids. However, tip dipping ourred more often ompared to lipidsand around half of the suessful membranes were formed this way.In this study it was managed to form 5 pure polymer membranes thatwere stable for more than a few minutes. 3 of the membranes showed showedompletely stable baselines for up to 30 minutes after whih the pipette washanged. An example is shiwn in the top trae in �gure 50, A. They wereunbreakable at voltages up to 1V. One was also ompletely stable but brokeafter 14 minutes at a voltage of 1V. The last pure polymer membrane showedminor �utuations in the baseline of the type one often sees in the baseline ofsingle lipid membranes. It broke after a bit more than 20 minutes and showedsome hannel-like events with a ondutane of ∼80pS in the minutes beforebreakage (see �gure 49).The general trend in opolymer membranes with gA was that they whereless stable in the sense that the baseline had a tendeny to drift and theurrent (inluding baseline) �utuated. In 5 out of the 9 membranes, thatsurvived more than the �rst 5 minutes, the urrent �utuations were un-



84 7 RESULTS AND DISCUSSIONSdoubtedly hannel events. The most ommon type of ativity is shown in�gure 50, A. The urrent amplitude has some variation giving a ondutaneof 60pS±40pS. In a single path the ativity shown in �gure 50, B appearedwith a muh larger ondutane of 200pS±60pS. Some of the membraneswith hannel events didn't break for hours.7.8.1 DisussionIn a test of inativity it is of ourse neessary to abandon the requirement ofhannel events as an indiation of a single membrane. This rises the problemof knowing whether the pipette is just logged up with several membranes orif it is the desired single membrane. If it had been a lipid membrane I wouldhave asribed the extremely stable membranes without any sign of ativityto the ategory of unbreakable membranes i.e. probably several layers ofmembranes. It should here be noted that polymer membranes are reportedto be able to resist voltages up to 1.5V [73℄ whih is above the possiblevoltage range of used setup. Only in one ase there where small undireted�utuations whih maybe an be seen as a sign of a single membrane. Butthe point of the polymer membranes is that they are more stable, so theompletely �at baseline may just be the way a single polymer membranebehaves. There is as stated previously no way to distinguish single andmultiple membranes (with this setup) exept from the ourrene of hannelativity.One membrane did show hannel events but not until a few minutes beforebreakage. In general prebreakage events are not onsidered as representative.At least in lipid membranes the ativity prior to breakage is very di�erentfrom the rest as desribed in setion 7.3.There is a lear hange of membrane behavior when gA is added to thesystem. The baseline �utuates and hannel events take plae regularly. Theondutane is however muh higher than what is normally reported for gA.At optimal onditions suh as high (∼1M) salt onentration and type ofsalt the ondutane is up to 50pS.[45, 115, 116℄ With the salt onentrationused here a more realisti hannel ondutane is <10pS. At voltages below
∼400mV suh a low ondutane orresponds to a urrent amplitude similarto the noise level. The �utuating baseline an be a sign of unresolved hannelevents.The inorporation of gA in the same type of opolymer membrane hasbeen done before by González-Pérez et al [72℄. They �nd hannel events witha ondutane of around 160pS, whih is lose to the high ondutane eventsfound here, but made in a 1M HCl solution. Their noise level is of the orderof 60pS peak-to-peak even after heavy �ltering, so possible low ondutane
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Figure 50: Current traes of opolymer membranes with gramiidin inor-porated. A) A single trae (top) without gA for omparison to the traeswith gA (rest). This was the most ommon type of hannel ativity withondutanes of 60pS±40pS. The traes are measured at U=100mV. B) Lessommonly ourring where large quantized events with a ondutane of200pS±60pS. Here measured at U=300mV.All membranes are made of 10:1PMOXA-PDMS-PMOXA:gA in 50mM KCl, 10mM Hepes, 1mM EDTA, pH7.4. Baselines are shifted and orreted for drift. The data is �ltered with aKaiser-Bessel �lter with a uto� frequeny of 100Hz.



86 7 RESULTS AND DISCUSSIONSevents would probably not have been deteted.Both González-Pérez et al [72℄ and I �nd hannel events in the opolymermembranes with gA, while nothing is observed in the peptide free membranes.This demonstrates that protein hannels an be inorporated in an ativeform. The found hannel ondutane is in general higher than that reportedfor gA in a lipid environment. It an be that the peptides aggregates due tohydrophobi mismath or it an be that their onformation is altered in theunfamiliar environment.In experiments with baterial porins they are shown to have the sameharateristi ondutane as in a lipid membrane.[70℄ This is despite thefat that the hydrophobi thikness of the opolymer membrane in this studyis about twie of that found in typial lipid membranes.Even though the funtionality of some proteins are preserved this is un-likely to be the ase for all of them as a number of fator might in�uene theprotein onformation. However, it is probably possible to synthesize polymersthat mimis for example the lateral pressure pro�le of a lipid membrane.The opolymers may therefore be an alternative to lipid membranes forthe investigation of protein hannels. But more experiments espeially onthe lak of ativity in the protein free membrane should be arried out. Thisould by bene�t be done on a Montal-Mueller setup. A apaitane test withthe larger aperture provides a way to ensure that there is atually only onemembrane.



878 ConlusionsThe standard tests when exploring a new protein hannel is ion seletiv-ity, ondutane, ligand sensitivity, and voltage dependene. With lipid ionhannels there have previously been indiations of seletivity.[59, 62℄ It hasin this thesis been shown that the lipid hannel ondutane spans a widerange inluding those typial of protein hannels. Previous experiments havedemonstrated that the lipid hannels are also a�eted by anesthetis (i.e.ligands).[63℄ Now for the �rst time it is demonstrated that in some ases thelipid hannels an additionally exhibit voltage gating. That means that alltypes of standard harateristis of a given protein hannel an be found inlipid ion hannels as well. Further it has here been demonstrated that severaltypes of hannel ativity suh as quantized urrent steps, �ikering, bursts,and subondutane states are ommon to lipid and protein ion hannels.Caution is therefore required for interpretation of protein hannel data.Previous experiments have shown that lipid ion hannels are only found in themembrane phase transition (e.g. [58, 61℄). This ould not be on�rmed by myexperiments. It is suggested that the deviation from previous publiations isfound beause the membrane behavior is dominated by edge e�ets. It is notunlikely that the same edge e�ets are present in path lamp experiments.One an therefore not neessarily avoid lipid hannel ativity by measuringfar from the transition. Polymer membranes might be an alternative. Onehowever have to remember that the protein hannels are a�eted by theirenvironment. A thin amphiphili layer is not in itself enough to mimi anatural protein environment.There seems though to be one major di�erene between lipid and proteinion hannels, namely the reproduibility. Apparently a single membrane anexhibit any kind of behavior without hange of the onditions. In ontrastprotein sientists are able to attribute ertain behaviors to ertain proteinhannels.That one an observe quantized events in rubber [103℄ and in plastispores [104℄ reveals that there is still a lot that is not understood both on-erning lipid and protein hannels. It indiates the normally assumed gatingmehanisms are not a neessity.



88 9 FUTURE RESEARCH9 Future researhOne of the unsolved questions is how the membrane is attahed inside thepipette and how this in�uenes the membrane. There are several possibleapproahes to get loser to this insight. As a start one ould use a mirosopeto try to look at the membrane optially. I have tried to see a membrane bymaking it of �uoresent lipids. It didn't sueed beause lipids at the edge ofthe pipette glowed to muh ompared to the membrane. As an alternativeone ould try with streth sensitive �uorophores or other kinds that ould beexpeted to glow only in the bilayer. This kind of experiment an provideinformation about where in the pipette the membrane is positioned. Furtherone ould possibly follow the formation of a membrane.More detailed information about the struture of the membrane and par-tiularly interesting, edge e�ets, an maybe be obtained with atomi foremirosopy. In pratie the experiment is probably impossible to make witha pipette but one ould try to mimi the inside of a pipette with a hole in amia sheet. It requires though that one an form a freely behaving membranelose to the surfae if the antilever shall be able to reah the membrane.In this thesis it has been tried to ompare di�erent types of events in purelipid membranes with that attributed to protein hannels. For a more arefulomparison one would have to do, or at least wath, the path lamp exper-iments self. This would give a better insight into similarities and di�erenesinluding the reproduibility.If one wants to proeed with experiments on the e�et of non-hannelproteins on the permeability another setup is required. First of all one needsa setup where the permeability atually orrelates with the membrane phasetransition. This ould be the Montal-Mueller setup but vesiles would beloser to a biologial system and one an avoid solvents. The permeabilityan the be measured either on an ensemble of vesiles with �uoresene spe-trosopy as in [61, 111℄ or on single vesiles with the path lamp tehnique.In well behaving membranes with stable quantized ativity over longertimes one an gain information about the nature of the lipid pores by use ofkineti analysis. Preliminary results indiate that the losing probability isnot purely stohasti. Rather that there seems to exist a stabilizing e�et onlong-lived pores.
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100 A VARIOUS BEHAVIORS OF A SINGLE MEMBRANEA Various behaviors of a single membraneThe same membrane an show a huge variety of behaviors. In the followinggraphs all traes ontained stems from the same membrane. It is a 6:4DMPG:DMPC membrane in 1M LiCl at a temperature of 22.8◦C. The traein �gure 51 is reorded at a voltage of 100mV while all traes in �gures 52and 53 are reorded at 200mV. In �gures 52 and 53 the traes are orderedhronologial from bottom to top. The baseline is shifted for all traes.
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102 A VARIOUS BEHAVIORS OF A SINGLE MEMBRANE
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103B Supplementary �gures of various membranebehaviorsB.1 Stable quantized events
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104B SUPPLEMENTARY FIGURES OF VARIOUSMEMBRANE BEHAVIORSB.2 Overload events
5000

4000

3000

2000

1000

 c
u
rr

e
n
t 
[p

A
]

5040302010

 time [s]

6:4 DMPG:DMPC,
100mM NaCl, 10mM Hepes, 1mM EDTA
U=50mV, T=23.8C

2500

2000

1500

1000

500

 c
u
rr

e
n
t 
[p

A
]

169168167166165164

 time [s]

6:4 DMPG:DMPC, 
100mM NaCl, 10mM Hepes, 1mM EDTA
U=70mV, T=23.8C

B.3 Non-quantized events
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B.4 Burst 105B.4 Burst
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B.5 Sawteeth
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B.6 Baseline drift 107
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B.6 Baseline drift
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108B SUPPLEMENTARY FIGURES OF VARIOUSMEMBRANE BEHAVIORSB.7 Baseline jumps and stairs
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B.8 Spikes 109B.8 Spikes
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B.9 Breakage 111
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112 C PROTEIN CHANNEL DATAC Protein hannel dataUnspei� events seen with a path lamp setup.
Figure 54: Baseline jump found for an inside-out on�guration on a CHOell with a M2M8P hannel. U=-60mV. Courtesy K. Witshas.

Figure 55: Uneven baseline in native HEK293 ell made in inside-out on�g-uration. U=60mV. Courtesy K. Witshas.

Figure 56: Sawteeth shaped urrent trae due to noise from ooling iruitin Axopath 200B headstage. Courtesy K. Witshas.



113

Figure 57: Break of seal to a native HEK293 ell in inside-out on�guration.U=60mV. Courtesy K. Witshas.



114 D VOLTAGE DEPENDENCED Voltage dependeneThe presented data is based on 2 membranes. One that is measured on at22.2◦C and another where it is done at 32◦C. The data is measured over alonger time span with temperature sans in between.
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