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Entropy-Driven Softening of Fluid Lipid Bilayers by Alamethicin
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Using dilatometry and small-angle X-ray diffraction, we have studied under bulk conditions the structural changes
and elastic response of dioleoyl phosphatidylcholine bilayers to alamethicin. With increasing peptide concentration,
we found a progressive thinning of the membrane. However, in contrast to previously published reports, this thinning
exhibits exponential behavior. Furthermore, an increase in alamethicin content resulted in an increased lateral area
per lipid and a swelling of the multibilayers which can be attributed to a decrease in the bilayer’s bending rigidity
by ~50%. At the same time, hydration and van der Waals forces remained unaffected by the presence of the peptide.
Interestingly, all elastic and structural parameters followed the same exponential form found for the membrane thickness,
implying a common underlying mechanism for all of these structural parameters. Our results can be understood by
introducing an additional entropy term into the free-energy description of peptide incorporation, a term previously
not considered. As a result, we have been able to reconcile recent controversies regarding the effect of peptides on
membrane thinning.

the latter distinguishes between barretave and toroidal
(wormhole) pores. Using neutron diffraction, Huang and co-
éNorker§2have demonstrated the existence of both types of pores
in membranes. However, given the complex lipid composition
of natural membranes, one can imagine other membrane
disruption mechanisms (e.g., peptide-induced lipid segregation
or a shiftin lipid phase-transition temperaturé$jFor example,

it has recently been shown that LL-37 may either induce the
formation of disklike micelles in phosphatidylcholines (PCs) or
lead to the formation of a quasi-interdigitated phase in phos-
phatidylglycerols (PGsY Nevertheless, even if one overlooks
the remaining ambiguities concerning the molecular mode of
AMPs, from a physicochemical point of view these systems still
present many challenging issues.

One issue is the mutual dependence of membrane and peptide
properties. Several theoretical studies have looked at the influence
of proteins perturbing lipid bilayer$:-23 According to elasticity
theory, a single peptide adsorbed to the lipid bilayer creates a
local deformation that propagates over a given length scale, which
depends on the local hydrocarbon chain length, the bending
rigidity K¢, and the area stretch modukis.?° Oriented circular

1. Introduction

The rapid increase in the number of antibiotic-resistant bacterial
strains has resulted in considerable efforts being expended in th
search for novel antibiotics, particularly with regard to antimi-
crobial peptides (AMPs) which are intrinsic to the immune system
and represent the first line of defense against invading
pathogensd=* Among the most intriguing properties of AMPs
are their nonspecific mode of action and their ability to
discriminate between mammalian and bacterial cells, which are
believed to be governed by a delicate interplay between
electrostatic and hydrophobic interactién8The two commonly
discussed molecular models of membrane disruption by AMPs
are the so-called carg@and pore-formation mechanisisyhere

* To whom correspondence should be addressed. Tel: 43 316 4120 342.
Fax: 43 316 4120 390. E-mail: georg.pabst@oeaw.ac.at.

T Austrian Academy of Sciences.

* National Institutes of Health.

§ University of Ljubljana.

I Jozf Stefan Institute.

U National Research Council.

#Brock University.

V University of Guelph.

(1) Boman, H. GCell 1991, 65, 205.

(2) Ganz, T.Sciencel999 286, 420.

(3) Zasloff, M. Nature 2002 415, 389.

(4) Lohner, K.; Blondelle, S. EComb. Chem. High Throughput Screening

(11) Matsuzaki K. IDevelopment of Neel Antimicrobial Agents: Emerging
Strategies Lohner, K., Ed.; Horizon Scientific Press: Wymondham, Norfolk,
England, 2001; p 167.

(12) Huang, H. WBiochim. Biophys. Act2006 1758 1292.

2005 8, 241.

(5) Epand, R. M.; Vogel, H. Biochim. Biophys. Actd999 1462 11.

(6) Lohner, K.; Prenner, E. Biochim. Biophys. Act4999 1462 141.

(7) Lohner K. In Development of Noel Antimicrobial Agents: Emerging
Strategies Lohner, K., Ed.; Horizon Scientific Press: Wymondham, Norfolk,
England, 2001; p 149.

(8) Dathe, M.; Meyer, J.; Beyermann, M.; Maul, B.; Hoischen, C.; Bienert,
M. Biochim. Biophys. Act2002 1558 171.

(9) Zweytick, D.; Pabst, G.; Abuja, P. M.; Jilek, A.; Blondelle, S. E.; Andra,
J.; Jerala, R.; Monreal, D.; Martinez, d. T.; Lohner,Blochim. Biophys. Acta
2006 1758 1426.

(10) OrenZ.; Shai, Y. IDevelopment of Neel Antimicrobial Agents: Emerging
Strategies Lohner, K., Ed.; Horizon Scientific Press: Wymondham, Norfolk,
England, 2001; p 183.

10.1021/1a701586¢ CCC: $37.00

(13) Pabst, G.; Danner, S.; Karmakar, S.; Deutsch, G.; Raghunathan, V. A.
Biophys. J.2007, 93, 513.

(14) Sevcsik, E.; Pabst, G.; Jilek, A.; Lohner, Biochim. Biophys. Actan
press.

(15) Mouritsen, O. G.; Bloom, MBiophys. J.1984 46, 141.

(16) Dan, N.; Pincus, P.; Safran, S. Bangmuir1993 9, 2768.

(17) Dan, N.; Berman, A.; Pincus, P.; Safran, SJAPhys. Il (France)l994
4,1713.

(18) Huang, H. WJ. Phys. Il (France)l995 5, 1427.

(19) Dan, N.; Safran, S. ABiophys. J.1998 75, 1410.

(20) May, S.Curr. Opin. Colloid Interface Sci200Q 5, 244.

(21) Zuckermann, M. J.; Heimburg, Biophys. J.2001, 81, 2458.

(22) Zemel, A.; Ben Shaul, A.; May, Riophys. J.2004 86, 3607.

(23) Zemel, A.; Ben Shaul, A.; May, Eur. Biophys. J2005 34, 230.

© 2007 American Chemical Society

Published on Web 10/16/2007



11706 Langmuir, Vol. 23, No. 23, 2007 Pabst et al.

dichroism experiments, pioneered by Huang et al., have shownvarious model membran&svhich has challenged the universality
that surface-adsorbed peptides, or so-called S-state peptides, occaf the membrane thinning effect reported by Huang é2 al.
atvery low concentrationg.However, a recent diffraction study We have performed dilatometric and small-angle X-ray
found thato-helical peptides have to be, at a minimum, in the diffraction studies on osmotically stressed dioleoyl phosphati-
dimeric form in order to perturb the membraife-ence, the dylcholine (DOPC) multibilayers containing various concentra-
self-association of surface-adsorbed AMPs is believed to be ations of alamethicin. Alamethiciiis a well-known ionophore
precursor to peptide insertion (I state) and subsequent pore(see, for example, refs 35 and 36), and both DOPC and alamethicin
formatior?® which takes place when the peptide/lipid (P/L) have beenextensively studied. Our experimental conditions differ,
molecular ratio is above a certain threshold P& Peptide however, from the previous diffraction studies by Huang étal.
oligomerization and pore formation require the penalties imposed and Salditt et a¥>3!in that we studied the systems under bulk
by the entropy and repulsion of similarly charged proteins to be conditions (i.e., fully hydrated liposomal dispersions) eliminating
overcome. Besides the common theoretical agreement that proteir@ny possible complications due to less than fully hydrated bilayers.
interactions are mediated by bilayer properi&d825there are Here we provide evidence for the distinct softening of lipid
currently three models that deal with the S- to I-state transition. bilayers in the presence of alamethicin, whereas other bilayer
According to Zuckermann and Heimbutysurface-adsorbed  interactions remained largely unaffected. We also clearly observed
peptides can be treated as a 2D gas exerting a lateral pressuré thinning of the membrane. HOWeV.er,.in contrast to the St.udies
which, at elevated concentrations, results in the peptide insertingby Huang and co-workers, the thinning was exponential.
into the membrane. Alternatively, Huang and co-workers Interestingly, all other studied parameters such as bilayer
considered the possibility that with increasing peptide concentra- Separation, area per lipid, and bending rigidity also followed the
tion the membrane deforms, driving the transition into the | S&me exponential form with increasing peptide concentration.
state!21826Finally, a molecular-level model calculation suggests We were able to describe these findings qualitatively by taking

that lipid chains gain in conformational freedom when the peptide INto @ccountan additional entropic contribution to the free energy
inserts itself into the membrare. of peptide insertion. This allowed us to reconcile the disparate

i 2
With respect to the global elastic response of the lipid bilayer results reported by Huang et al. and Salditt et'at.
to peptide inclusions, the consensus seems to be that there is an

overall linear thinning of the lipid bilayer when PA P/L* by
a few &ngstims and a constant membrane thicknéssfor P/L

2. Materials and Methods

2.1. Sample PreparationDry powder of 1,2-dioleoybkn-glycero-

*12 | : : ) . 3-phosphatidylcholine (DOPC) was purchased from Avanti Polar
> PIL* ITlme IS "”0}"”? at;)outdt_he b!"”%.ers ov%ratl)l_lelastlc Lipids (Alabaster, AL). Alamethicin (from the fungdsichoderma
response In terms of its ben ing rgi itgc an llayer viride34), polyethylene glycol (PEG) (MV& 20 000), chloroform,
interactions. For example, a theoretical report based on elasticang methonal (p.A. grade) were obtained from Sigma-Aldrich (St.

continuum theory claims th#tc should increase as the protein
is dissolved in the lipid bilayet’ However, a different theoretical
treatment, which includes the effects of molecular lateral diffusion,
shows that membrane rigidity may also be rediSédeverthe-

Louis, MO). Both the lipid (claimed purity>99%) and peptide

(claimed purity>90%) were used without further purification.
Stock lipid and alamethicin solutions were prepared by dissolving

lipid and peptide powders in chloroform/methanol (2/1 v/v).

less, despite the theoretical predictions, there have been fewAppropriate amounts of the stock solutions were mixed to obtain

experimental reports. A membrane stiffening effect for distearoyl
phosphatidylglycerol monolayers in the presence of the frog skin
peptide PGLa was surmised from X-ray grazing incidence
diffraction studies, while being implicated in the softening of
distearoyl phosphatidylcholirf€ln contrast, X-ray reflectometry

the desired L/P ratio and subsequently dried under a gentle stream
of N,. The glass vials containing the lipid films were then placed
under vacuum fo8 h toremove the remaining solvent. Dry lipid/
peptide films were hydrated in 18 ®cm water (UHQ PS,USF
Elga, Wycombe, U.K.) at room temperature for 4 h, while being
intermittently vortex mixed. This method of preparation yielded

studies of solid-supported charged and uncharged multibilayersmultilamellar vesicles (MLVs), as verified by X-ray diffraction (see

in the presence of magainin 2 and at relative humidites (RH)
slightly below 100% showed increased bending fluctuations,
pointing to a reduction ic.2%31To the best of our knowledge,

no direct measurement of the bending rigidity in the presence

below). The total lipid concentration was 50 mg/mL for X-ray
experiments and 5 mg/mL for dilatometry measurements.
Osmotically stressed samples were centrifuged at 6000 rpm for
8 min (Sigma 3K18, Sigma Laborzentrifugen, Osterode am Harz,
Germany). The supernatant was then removed, weighed, and replaced

of a ?rotem or peptt)lde h‘f"s lbee_n reportefdr.] l\/tI)c_Jlreov’er, lllpll_i by the appropriate wt % PEG solutions. Samples were subsequently
monolayers may notbe equivalentinterms ofthe bilayer's elastic o, jjibrated at room temperature for 2 days. Osmotic pressures were

response, and bilayers may behave differently in the presencegetermined using the data published on http://www.brocku.ca/
of peptides under fully hydrated conditions. Recently, finite size researchers/peter_rand/osmotic/osfile.html, taking into account the

effects have been reported for very thin lipid fil#s3possibly
affecting the results if highly aligned bilayers with less that0
layers are studied. An additional motivating factor for the present
studies was drawn from a recent X-ray reflectometry study of
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dilution of the PEG solution by the excess water in the lipid pellet.
Thin layer chromatography, prior to and after experimentation,
showed no signs of sample degradation.

2.2. Dilatometry. The suitability of dilatometry to determine lipid/
peptide interactions has been previously demonstétBensities
of fully hydrated DOPC MLVs in the presence of alamethicin were
obtained using a DSA 5000 dilatometer (Anton Paar, Graz, Austria),
which consists of a vibrating U-shaped borsilica glass tube containing
the lipid dispersion and a vibrating reference glass 3fgd.
Temperature control was provided by a Peltier circuit with a claimed
density measurement accuracy of 4@/mL. Sedimentation, or
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floatation sample effects were found to be negligible as determined
by repeating the measurements with freshly prepared samples.

The apparent partial specific volume of the dispersion was
calculated from
(o

wherepo andp are the measured densities of water and the lipid
dispersion, respectively, ands the total lipid/peptide concentration.
Following Greenwood et a9 we determined the partial volumes
of DOPC ) and alamethicin\(p) by first calculating the volume
per molecule using

1

Bo

_/5_/50)
c

Pv 1)

V= M+ (L= x)M] @
A

where N, is Avogadro’s numberMp and M are the molecular
weights of the peptide and the lipid, respectively, apes No/(Np

+ N.), whereNp and N_ are the numbers of peptide and lipid
molecules, respectively. The partial molecular volumes are then
given by the expressidh

dv
dxp

VP=V+(1—XP)37VandVL=V—xP @3)
P

2.3. Small-Angle X-ray Diffraction (SAXD). SAXD measure-
ments were performed using a SWAX camera (Hecus X-ray Systems,
Graz, Austria) mounted on a sealed tube X-ray generator (Seifert,
Ahrensburg, Germany) operating at 2 kW. Cu Kadiation ¢ =
1.542 A) was selected using a Ni filter in combination with a pulse-
height discriminator; the X-ray beam size was set to 0.5 m3%

mm. Samples were transferred into 1 mm thin-walled quartz glass
capillaries, and prior to each measurement, they were equilibrated
at 25°C for 10 min using a programmable Peltier unit. The scattering
intensity was recorded using a linear position-sensitive detector
(Hecus X-ray Systems, Graz, Austria) for wave vectgrs @ sin

(0)/A, where@ is half the scattering angle) betweerriand 1 A2,

An exposure time of 7200 s was chosen in order to obtain good
counting statistics at higheay values. Detector channel numbers
were converted to wave vectors using a silver stearate standard.

Diffraction patterns were corrected for background scattering
originating from the capillary and polymer solution, or water, and
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wherez, andoy are the Gaussian’s position and width, respectively,
describing the electron-dense part of the electron density profile.
The lateral area per lipid is given #y

6

where the headgroup/(j = 319 A3 for PC¢5) and lipid volumes
(VL) were obtained from dilatometry. (See above.) The hydrocarbon
chain length is given byc = z, — 4 A.

The fluctuation, or so-called Calillparametef? also obtained
from the global X-ray data analysis, is given as follows

B kg T
P NCr

1 describes the power law decay of Bragg peaks and includes the
Boltzmann constantkg), the temperatureT], the lamellar repeat
distance @) of the lipid bilayer stack, the bending rigidit§K¢) of
a single bilayer, and the bulk modulus of compressBybetween
two interacting membrang$#7 To disentangle the two mechanical
parameters, one can either perform surface diffraction experiments
on highly aligned multibilayeré4° or use an osmotic pressure
technique?®=52 We chose the latter.

We determined the bilayer interactions from MLVs under osmotic
pressurdl using the relationshipl = Pygw + Phyg + Ps,%° where

)

Hf 1 2 1
Pogw = — o] —= — + 8
M eald (dyt+ e @yt 2dB)3] ©

—d
Phya = Py ex Thw) ©)
and
_ [%sTV? A —dy

Pﬂ = (E) Kciﬂ ex Tﬂ) (10)

are the pressures corresponding to van der W&alg,), hydration
(Pnyd), and fluctuation Py) interactions, respectively. They involve
the Hamaker coefficierttl, the empirical scaling constari® and
Aq, and the decay lengttis andAq. Petrache et &P determinedy
and iy by measuring Caillparameter; (eq 7) as a function ofI
and derive, Py, andi, from a least-square fit ti(dy) data. This,

were further analyzed using GAP (global analysis program), a however, requires high-resolution diffraction data and an accurate
program based on a previously developed global data ana|ysisdescr|ptlon ofthe shape ofthe Bragg peaks. In ourcase,the rect{;\ngular
technique. (For a review, see ref41.) In brief, the scattering intensity P8am smeared the data, precluding the type of analysis carried out

from MLVs is modeled as

_ SQIF@/*
2

I(a) (4)

where§(q) is the structure factor determined from Catheory#2:43
andF(q) is the form factor obtained from fitting the electron density
profile** From the fit parameters we determined the membrane
thickness

0 = 2(z + 20}) (5)
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by Petrache et al. , especially at high osmotic pressures where the

diffuse signal, as a result of bending fluctuations, also happens to

be weak. Only afl = 0 were we able to obtain reliable values for

7 as a function of peptide content. (See also Figure 3E.) As a result

of the limitations imposed on us by the instrument, we took a different

approach to disentangling the two bilayer mechanical parameters.
First, we determine@;, and4, at high osmotic pressureBI(>

12 atm), where bending fluctuations can be neglected and all data

fall on a single straight line on a semilogarithmic plofafdy). For

van der Waals interactions, we usdd= 4.3 zJ, a value recently
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Figure 1. Molecular volumes of DOPC/alamethicin at 25 as a - 49 C ]
function of peptide concentratiog. The solid line is afit to the data <L F :
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Figure 2. SAXD patterns of DOPC at 25C in the presence of 15.5
alamethicin. For clarity, the patterns have been offset vertically. 0.14 : : . . .
Numbers to the right of the data give the corresponding peptide/lipid 012 LE i
molar ratio. Solid lines are fits to the data using the global analysis )
program’*! The dashed line shows the global fit for a membrane 0.10 | .
thickness 0f<0.3 A. Increasing the membrane thickness by 0.3A <= o8 | N
leads to a fit that is difficult to distinguish visually from the best fit 0.06 L |
presented. However, its reducgreporting on the goodness of the :
fit,®is larger. All reported structural parameters correspond to the 0.04 b
fit with the lowesty? found. 0.02 L L . . \

0.00 0.01 0.02 003 0.04 0.05
calculated for lipid-water systems based on the full Lifshitz theory

for multilamellar assembli€s.We then seflqy = 24, as predicted P/L
by an earlier theoretical considerattérof fluctuation-enhanced
repulsive interactions, which scale as the square root of the bare
interaction potentialdy was determined by fixing{c to a reported

Figure 3. Structural parameters of DOPC as a function of alamethicin
concentration. (A) Lamellar repeat distance, (B) membrane thickness,
(C) lateral area per lipid, (D) bilayer separation, and (E) fluctuation

value®® and fitting over the full range of(dw). Finally, we fixed parameter. The solid lines are exponential fits to the data with a
An and leftKc and4, as the only adjustable parameters for bilayers decay constant of PA= 1/160. The dashed line in panel D indicates
containing alamethicin. a fit with P/L* = 1/120.

This analysis implicitly assumes thidtandAy are not altered by
the peptideH depends on the dielectric spectrum of the bilayers,
which to some extent will be affected by the presence of alamethicin.

e et 2 STl Hamake! anlyis. Thi i lso upportcd by Ptrache o foundAy
dielectric hydrocarbon chains with the larger dielectric polar moieties to b_e_ independent of temperature in EggPC bllayers,_despl_te a
ofthe peptide, and the Hamaker coefficient depends on the differenceS'gmﬂcam dgcr_ez:\jse_df(c. NeVﬁrtr;]eless,_weShavg :/ermed this
between the dielectric constants. However, even atP1/25 the assumption by inducing a small changefin (See below.)
peptide concentration is still too low to cause a significant change.
Pn and analogouslyy, that containg?,,5° strongly depend on the
definition of membrane thickness. Osmotic pressure data at small The partial molecular volumes of 25C DOPC bilayers
containing alamethicin were determined as a function of ala-

intermembrane separations showed Ehaioes not vary substantially
with the P/L ratio. (See below.) The same would thus be true for
Aq, and this is the reason that we have képtconstant in our

3. Results and Discussion

(53) Podgornik, R.; French, R. H.; Parsegian, VJAChem. Phy2006 124,
0447009. (55) Petrache, H. I.; Tristram-Nagle, S.; Nagle, JJRem. Phys. Lipid$998
(54) Podgornik, R.; Parsegian, V. Aangmuir1992 8, 557. 95, 83.
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methicin concentration using dilatometry (Figure 1). The data headgroup? our value fordg of 47.0+ 0.3 A at P/L= 1/25
were best fit by a straight line and are in contrast to the behavior yields a hydrophobic thickness ofig = dg — 2dy = 27.0 A.
exhibited by lipid/cholesterol mixtures, whevéas beenreported  This value is in good agreement with alamethicin/lipid studies
to decrease supposedly as a result of a condensing effect byperformed by Huang and co-workédhut is about 5-7 A larger
cholesterof® The present data imply that alamethicin increases than alamethicin’s estimated hydrophobic lentftBecause at
membrane disorder, and the linear dependence of the moleculathe highest peptide concentrations most of the alamethicin
volume on peptide concentration shows that neither the lipid nor molecules are assumed to be in a transmembrane orientation,
the peptide underwent a conformational change during the this implies that the DOPC bilayer distorts locally in order to
incorporation process. From the slop&/qeq 8), we determined  match the bilayer and peptide hydrophobic regions.
VL andVp to be 1303+ 1 and 2630+ 60 A3, respectively. The For the most part, our results are in good overall agreement
DOPC result is in good agreement with previous data using a with previous work by Huang et al. However, we are in
neutral flotation metho& With regard to the partial volume of  disagreement with a subtle yet important point made by Huang
the peptideVp, we note that, to the best of our knowledge this and co-workerd? In comparing membrane thicknesses we did
is the first report of a peptide’s partial molecular volume in the not observe a linear decrease at low peptide concentrations and
presence of a bilayer and can be compared to crystallographica constands above P/It. What we observed was a gradual
data on alamethicif¥.Using the program CRYSGEwe obtained decrease imlg with P/L, which is well fit using an exponential
an envelope volume of 28843AThis compares favorably to our  decay (i.e.ds O exp[—(P/L)/(P/L*)]. The decay constant P/L
value even though the program ss& 3 Ahydration shell to = 1/160 is in reasonable agreement with PA*1/200 reported
cover the entire molecule, which is certainly not true for the from oriented circular dichroisi¥2. However, it is remarkable
portions of the peptide facing the lipid bilayer's hydrophobic that an exponential form with the same decay constant also
interior. From this we conclude, in agreement with previous describesthe lateral area per lipid, bilayer separation, and bending
studies (see, for example, Bak etahnd references therein), fluctuations data (Figure 3€E). There is only a slight variation
that the overall structure of alamethicin in DOPC bilayers closely in P/L* if we allow it to adjust freely (Figure 3D). Hence, there
resembles the crystallographic structure. is a strong implication for a common underlying mechanism that
Figure 2 shows SAXS patterns of 28 stress-free DOPC  leads the various structural parameters to behave similarly.
dispersions at various alamethicin concentrations. Each pattern To address this mechanism we reconsidered the energy change
exhibits two lamellar diffraction orders. The asymmetric shape Af per lipid induced by peptide binding put forward by Huang
of the peak is due to geometrical smearing from using a et all?2®For P/L> P/L*, Af resulted in a linear decrease in the
rectangularly shaped X-ray beam, which is taken into account inserted peptide fractio® when plotted as a function of 1/(P/L).
when fitting the data (solid lines in Figure 2). The data show This is supported by oriented circular dicroism d&t&urther-
small shifts in the peak positions to smaligralues asthe amount ~ more, several studies performed by the same group have
of peptide is increased, indicating a small increase in the lamellar demonstrated tha critically depends on the level of hydration,
repeat distancd. This is unexpected because one would have thus shifting P/E to higher values if the system is partially
predicted infinite swelling in a charged systetmamethicin dehydrated. Similarly, itis well known that bilayers are restricted
carries a single negative chargia the absence of counterions.  intheir spectrum of fluctuations if studied under osmotic pressure,
The observation of finite bilayer separation, even at the highest or equivalently, at relative humidities (RH) below 100%6*
alamethicin concentrations, signifies that electrostatic bilayer Taking all of these experimental findings into account has led
repulsion apparently plays, at best, a very small role and can thusus to believe that certain considerations were not previously
be neglected when considering bilayer interactions. (See below.)accounted for in the original formulation of the free energy,
More important than the changesdis a function of increasing ~ which would affect the Sl equilibrium 226
peptide concentration, is the decreased peak intensity and the One of the more obvious things to consider is the entropy
concomitant increase in diffuse scattering, pointing to increased corresponding to the ensemble of bound peptides on the surface
crystalline disorder as a result of bending fluctuations. Regardlessof which only a volume fractio® is inserted into the membrane.
of peptide concentration no scattering contribution from alame- In this case, apart from the Hudidgnergy per lipid Af, one
thicin was observed. should also consider the lattice-gas surface enfifofy so that
Figure 3 shows the results obtained when using global datathe total excess free energyAd — TAs. In Huang's case, the
analysis for thdI = 0 data presented in Figure 2. First, we deal Minimization of energy chang®f per lipid gives the equilibrium
with the parameters describing the overall membrane structureconditiort? in a form that reads simply as
and then turn to the modulation of the bilayer interactions. Besides
the slightly increasing (~1 A) we find an almos2 A decrease A\ 0 (11)
in membrane thickness (Figure 3B) over the range of alamethicin 0P
concentrations studied. Becaubsanddg, as a function of P/L,
exhibit opposite behavior, bilayer separation has to increase withleading to a functional dependence ®fon P/L, ®(P/L).12:26
increasing peptide concentration pointing to an increase in bendingAdding the surface entropy for membrane-bound peptides to the
fluctuations (Figure 3D,E). We were also able to quantify the equilibrium considerations, i.e., minimizing the total free energy
increase in the lateral area per lipid as a function of P/L. Our per lipid, Af — TAs, as opposed to just the energy tetfileads
results confirm reports that as a function of increasing alamethicin to a more complicated equilibrium condition that can be cast as
concentration there is increasing bilayer disorder, previously

expressed as membrane thinniglsingdy = 10 A for the PC (60) Press, W.H.; Teukolsky, S. A.; Vetterling, W. T.; Flannery, BNémerical
Recipes: The Art of Scientific Computjrgyd ed.; Cambridge University Press:

Cambridge, U.K., 2007.

(56) Tristram-Nagle, S.; Petrache, H. I.; Nagle, Bephys. J1998 75, 917. (61) Mclintosh, T. J.; Simon, S. Aiochemistry1986 25, 4058.
(57) Fox, R. O., Jr.; Richards, F. NNature1982 300, 325. (62) Huang, H. W.; Wu, YBiophys. J.1991, 60, 1079.
(58) Svergun, D. |.; Barberato, C.; Koch, M. HJJ Appl. Crystallogr1995 (63) Katsaras, Biophys. J.1998 75, 2157.
28, 768. (64) Nagle, J. F.; Katsaras, Bhys. Re. E 1999 59, 7018.
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1 1 OAf 08 ——————————
() 2(1 tanh2kBT 8(1)) (12)
0.6 1
and has a form that is standard for lattice-gas sysfériibe <)
derivative )Af/d® in both of the above equations contains, as T 04 1
a prefactor, the numerical coefficieiii/(ksT)(AsZAL) (1 — B),2 <
whereKa is the area compressional modulksT is the thermal 0.2 1
energy, AL is the cross-sectional area per lipf is defined as
the lipid area increase due to one peptide in the S statejand 0.0
accounts for differential effects of peptides in the | and S states 0.0 02 04 06 08 1.0 12 14 16 158
and can be derived on inspection of eq 3inref 12. If this numerical (PILY*/(PIL)
coefficientis large e_nough, which simply means that the surface- Figure 4. Numerical solutions of eq 12 with)) and without ()
energy termAf dominates the surface entropy tefiis, then a finite surface entropy contribution, which gives rise to eq 12 as

the second equilibrium condition, eq 12, is reduced to eq 11. In opposed to the minimization condition of eq 11. The latter coincides
simple terms, if the surface energy of bound peptides dominateswith the solution given by Huang,which is linear in (P/L)/(P/L)
their surface entropy, it then dictates the equilibrium conditions. until (P/L)*/(P/L) = 1, at which point it levels off to zero with a
For the most part, entropy simply softens the behavior of eq 11 discontinuous derivative. The solution of eq 12 with surface entropy

: : terms included is a continuous function for all values of (P/L)
as analyzed by Huang et#This smoothing effect of the entropy (P/L), shows no discontinuity in the derivative, and can be fit by the

can also be seen in other contexts, for example, in the PoiSson  fynctional form exp¢-(P/L)/(P/L*)), which, incidentally, is also the

Boltzmann theory of electrostatic interactidiidn the case of form suggested by our experiments. We have rescalexidkis by

Poissor-Boltzmann theory, the electrostatic energy would lead a constant (P/¥) defined by Huan¥ (eq 5 in ref 12). The plot is

to a sharp increase in the counterion concentration close to anot meant to represent any measured data but merely illustrates the

charged wall, but the ideal translational entropy softens this suddenPrinciple of how finite entropy terms change the dependenck of

surge of counterions into a smooth exponential with a Debye

Huckel screening length! 102
As stated, the Huang equilibrium condition (eq 11) results in

a linear decrease in the fraction of inserted peptilevhen

plotted as a function of 1/(P/L). A decreasednis also observed 00 E
if the entropy term is included in the equilibrium condition =3
described by eq 12 (Figure 4), except that in that c@sis = 10° E
smoothened out and can be fitted by an exponential function of =

the form expt(P/L)/(P/L¥*)), where (P/L)* is the same as that 10+ L
given by Huand? This is, in fact, the form that is also suggested
by our experiments (Figure 3)! A plausible rationale for this

102 I I L

result is the entropic smoothing out of the equilibridmas a 5 4 § 8 1'0 1'2 1'4 16 18 20
function of P/L. However, a direct connection of the various A
structural parameters to changeslircannot be made because dy, (A)

dimeric or higher oligomeric peptides deform the membrane, Figure 5. Equation of state for DOPC in the presence of alamethicin
even in the S stat&:24 Furthermore, in the absence of direct at 25°C. Representation dfi(dy) data of pure DOPCE), P/L =
measurements @b for fully hydrated systems, such consider- 1/700 (redd), P/L = 1/200 (bluea), and P/L= 1/25 (greenv).
ations are highly speculative. Nevertheless, surface emropyThesolld_llnes are fits to the data of pure DOPC bilayers (black line)
evidently guides the functional behavior of the bilayer’s structural and P/L= 1/25 (green line).

parameters. By assuming this, we are also able to reconcile the> 10 atm. This implies that short-range interactions, such as
lack of membrane thinning observed by Li and Salditt in certain hydration forces, are not affected by the presence of the peptide.
lipid/peptide systemd! If the entropy contribution is reduced,  Only the long-range forces are modified, which in the present
then at some point peptides will not aggregate within the bilayer case are given by a balance between the van der Waals and
to form pores and consequently will not lead to a membrane yndulation interactions. However, because the change in mem-
thinning effect. brane thickness amounts to oni2 A over the entire range of
Finally, we present the changes in bilayer interactions as peptide concentrations studied, van der Waals attractions will
observed by increasesdy andy (Figure 3), whichwere derived  decrease only very slightly. Consequently, the pronounced
from the global fits to the diffraction data (Figure 2). As noted, increase in bilayer separation at |d# for high alamethicin
we took the fact that DOPC exhibits a finite bilayer separation content must be the result of increased fluctuation pressure.
at all alamethicin concentrations as evidence that electrostatic To gain quantitative insight, we have analyzedley) data
effects can be neglected. Hence, the only interactions that couldin terms of interacting forces. As described, we first determined
have been affected by the presence of alamethicin are the varthe parameterB, = 590+ 180 atm andl, = 2.1+ 0.1 A for
der Waals force, the hydration force, and/or bilayer undulations. the hydration pressure at highusingH = 4.3 zJ% Our result
We measured the interacting forces (i.e., equation of state) asfor A, agrees well with previous repo&5768The value ofPy,
detailed in the Materials and Methods section, with the results depends very much on the definition of the membrane thickness,
shownin Figure 5. Two things are apparent fromilil{ely) data, butis in agreement with previously published d&t#Deviations
even in the absence of any analysis. The data differ most at low IT then have to originate from bending fluctuations. We
significantly at low osmotic pressure but basically overlaplat  determined the empirical scaling constaat= 0.85+ 0.2 A2

(66) Andelman D. InSoft Condensed Matter Physics in Molecular and Cell (67) Rand, R. P.; Parsegian, V. Biochim. Biophys. Actd989 988 351.
Biology, Poon, W. C. K., Andelman, D., Eds.; CRC Press: Boca Raton, FL, 2006; (68) Mclintosh, T. J.; Simon, S. Aiochemistry1993 32, 8374.
p 97. (69) Mclntosh, T. J.; Magid, A. D.; Simon, S. Biochemistryl987, 26, 7325.
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100 . . . . . solid line (Figure 6). Hence the bilayer's bending rigidity is
90 + ] obviously coupled to membrane disorder, and follows the same
80 F . mechanism discussed above. This means that alamethicin not
= 70t i only affects the bilayer structure, but also the membrane’s
Noosol ] elasticity. The important aspect of this finding is that the softening
& 50 ] of the lipid bilayer, induced by the peptide, modulates the
a0k ] membrane-mediated interactions between the peptides. Thus,
30l b the formation of alamethicin dimers or oligomers, which are
2 ) ) ) ) ) ] precursor states to pore formation, will most likely be facilitated

0.00 001 002 003 004 005 when the membrane’s bending rigidity is reduced. In other words,
PIL alamethicin appears to soften up the bilayer to enable it to penetrate

. s . . the membrane.
Figure 6. Bending rigidities of DOPC bilayers at 2% in the
presence of alamethicin. The solid line indicates an exponential )
decay ofK¢ with (P/L)* = 160. 4. Conclusions

We have provided experimental evidence showing that
alamethicin leads to significant disorder in fully hydrated DOPC
multibilayers. This disorder is manifested in the form of membrane
thinning, increase to the lateral area per lipid and a decrease in

analysis, which is shown to drop as a function of peptide . T“?m?ra”e's_ be.r?d"‘g rigidity. We k_)e_lieve that softeni_ng of
concentration, from-80.0 to 35.0 zJ. The observed variation of the I|p|d _b|Iayers_|gn|f|cantIy |nﬂuenc_es I|p|d—med|ated peptrde_
Anfor P/L =0, 1/700, 1/200, and 1/25 was negligible and within pept@e |nt¢ract|ons and should be included in fgture theoretical
the accuracy of 0.1 A. cor_15|derat|ons. The obsgrved me_mbrane thinning was found to
To check for the possible effect of a changairas a function be in agreement with previous s.tu.dles. by Huang and co-wotkers.
of PIL, we fixed its value at 1.3 # at the highest peptide Howev_er, our data did not exhibit a linear decreasestbelow
concentration. This led to a slight decreaséino 1.94 A, but & certain threshold value Pyland a constantis above P/E.
to a similar value foc. As an additional independent check Instead, we foundi to decrease exponentially with a decay
we have pursued an alternative approach similar to the one applieconstant close to the Pflvalue reported for DOPC/alamethicih.
to DMPC near its main phase-transition temper&faad have Furthermore, this exponential behavior, with the samé P_ﬂlue, _
foundKcto decrease. Hence, our results concerning the bilayer's Was found for all of the other structural parameters, including
bending rigidity as a function of peptide concentration, are thatof the bending rigidity. This was understood by considering
seemingly robust. It should be noted that reportedvalues entropic contributions prewog_sly neglected in the fr_ee-energy
usually show a large spread depending on the experimentaldescription of the S~ | transition!#2° Importantly, this also
technique used. In the case of DORG, values range from 24 resolves the apparent disagreement in the observed membrane
to 85 zJ'0 Nevertheless, we are more interested in the relative thinning effect®**because a decrease in the entropy term, due
changes téc with peptide concentration, not its absolute value. tolower levels of hydration, leads to a sharpening of the transition
We found approximately a 2-fold reduction in the bending Point and a shift to higher PfLvalues. Given the large number
rigidity of DOPC as the level of alamethicin is increased up to Of parameters relating to properties of individual lipid and peptide
P/L = 1/25 (Figure 6). Because of this drop, one would also molecules, itis not surprising that we have not been able to cast
expect a contribution to the harmonic approximation of the our findings into a more general picture of lipid/peptide
interaction potential in the form of the compressibility modulus  interactions. Moreover, we also cannot rule out membrane
B (eq 7) which consists of a bare, fluctuation-dependent interaction thickening as taking place in certain lipid/peptide systémns.
part3°Indeed, we find a drop iB by about 15% in the presence  Nevertheless, our study has clearly emphasized the importance
of the peptide when using the data presented in Figures 3 andof entropy, which needs to be considered in future lipid/peptide
6. The decreases K andB are clear evidence that the disorder interaction studies of model systems.
induced by alamethicin not only leads to disorder within the
bilayer, but also significantly affects the bilayer's mechanical ~ Acknowledgment. We thank Karin Ovari for assistance in
properties. MoreoveKc follows the same exponential behavior  performing dilatometric experiments and Karl Lohner for several
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by settingly = 24 and fixingKc at 80.0 zJ8 Finally, we fixed

Aq for all four T1(dy) data sets at the previously determined
value and lefKc andi, as the only adjustable parameters. Figure
6 shows the results for the bending rigidity obtained from this




