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biocidal
N-alkyl-N,N-dimethylamine-N-oxides

Pavol BALGAVY', Ferdinand DEVINSKY', Jana GALLOVA,
Janka KARLOVSKA, Norbert KUWCERKA", Ivan LACKQO™, Daniela UHRIKOVA

EFFECTS OF SURFACTANTSON THE STRUCTURE OF
MODEL MEMBRANES

Effects of biocidal surfactants-alkyl-N,N-dimethylamineN-oxides CnNQ, n=8-18 is the even
number of carbons in alkyl substituent) on fluiddabbilayers prepared from synthetic dioleoylphos-
phatidylcholine POPC), dipalmitoyphosphatidylcholinedDPPC), natural egg yolk phosphatidylcho-
line (EYPQ were studied using spin label ESR spectroscomgllsangle neutron scattering, x-ray
diffraction, turbidimetry, ™ NMR spectroscopy and differential scanning caletisn CnNO mole-
cules partition into the bilayer between phosphdémand create structural defects in its hydroptiobi
region and change the lipid conformation in itsgpolegion. Depending on th&nNO partition
coefficients and alkyl and lipid acyl chain lengtihésmatch, phase transitions, bilayer thickness and
surface area and the probabilityggfucheconformer formation in hydrocarbon chains are nhated
at lowerCnNQlipid molar ratios; at higher ratios, the bilayerdestabilized and mixednNO-phos-
pholipid micelles are formed. Selected resultshefse studies are reviewed and correlated with the
CnNO biocidal effects and with their effect on the wityi of sarcoplasmic reticulum GaATPase
(SERCA) reconstituted intbOPC bilayers.

1. INTRODUCTION

N-Alkyl- N,N-dimethylamineN-oxides CnNQ n is the number of carbon atoms in the
alkyl substituent) with a strong polar N-O bond andghtglectron density on the oxygen
are zwitterionic surfactants at physiological values of [pH They are widely used in
pharmaceutical and cosmetic formulations and as detergentuusehuwd dishwashing
liquids and surface cleaneSnNO surfactans, in particuldZ10NOandC12NQ are also
used for the isolation, purification, reconstitution angstallization of membrane proteins
[2]. CnNGs display microbicidal [3], phytotoxic [4], immunomoduay [5], algicidal and
antiphotosynthetic [6, 7] activities. We have also foumét tCnNGs inhibit the
phosphohydrolase activity of the transmembrarfé-@ansporting sarcoplasmic reticulum
ATPase (SERCA) [8].

The dependencies of biological potencies onGh8lOalkyl chain lengtm display a
typical “cut-off” course - the ability to affect the biologicalnfttion progressively in-
creases with the increaserofip to a maximum and than decreases (see selected examples
in Fig. 1). This deviation from the Meyer-Overton rulel[y is a general phenomenon
and it has been observed in various biological activitiggrétically every amphiphile
homologous series as a function of the length of lineardogdbon substituent [11]. It is
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Fig. 1. Dependence of the critical micelle concatimn cmc (dashed line), of the partition
coefficientKp between the water and bilayers fr&scherichia colisolated phospholipids (full
line), of theEscherichia col(e) andStaphylococcus aurea) minimum inhibition concentratio
mic, of the half maximum inhibition concentratit®s, and ofVicia sativa L.seedling root growth
(o) and of Hill reaction in chloroplasts §, and of the sarcoplasmic reticulum ATPase minimum
inhibition concentratiomr,,, (o), on theCnNOalkyl chain lengtm. Thecmc,Kp andmic values
were taken from [3], th&Cs values from [4, 7], and thg,, values from [8].

noteworthy that the decrease occurs when the effective concentddtitomg-chain
homologues reaches the critical micelle concentration The simplest explanation of
the “cut-off’-type curves in Fig. 1 could therefore be the geanf CnNO partition
equilibrium of CnNO monomers between the site of action and the aqueous sdintion
short-chain homologues to a more complicated partitionlibquim of CnNO between
the site of action, aqueous solution and micelles fog-kdmain CnNO homologues.
Because of the amphiphilic character@fNO surfactants, their primary site of action is
the phospholipid bilayer, the structural matrix of biot@di membranes. We have
observed that the partition coefficielip between the aqueous phase and lipid bilayers
prepared from bacterial phospholipids increases exponentisihythe CnNO alkyl chain
length without any indications of anomalies at chain lengthk2-16 where the the
cut-off effects are observed (see Fig. 1).

The partition equilibria certainly play an important rolethie biological activities of
surfactants. Minimally equally important are, however, muittgractions of surfactants
with biomembrane constituents. In our contributiorareples of CnNO effects on
selected physical properties of lipid bilayers are shortheresd.

2. RESULTS

In the phospholipid bilayer, the polar fragmentGoiNOinteracts with polar fragments
of phospholipids and th€nNO alkyl chain with the phospholipid hydrocarbon chains.
The insertion ofCNNO molecules between phospholipids results in the lateraldviley-
pansion. Due to the hydrophobic mismat€mNO with alkyl chain shorter than phos-
pholipid chains creates voids in the bilayer hydrophobicoregand this is compensated
by atrans-gaucheisomerisation of hydrocarbon chains or by their interdigih. We
have studied these effects using stearic acid spin probesdabih the paramagnetic
dimethyloxazolidinyl group on the m-th carbam-DSA m=13, 16), located in the fluid
hydrated bilayers of egg yolk phosphatidylcholifi®/PQ. The averaged length of the
EYPCacyl chain is 17.8 carbons with 1.2 double bonds [12]tea&YPCbilayers are
fluid above OC, even at low hydration used to avoid partitioningMeein bilayers and the
aqueous phase. The order paramesaistained from the ESR spectra are frequently used
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Fig. 2. Order paramet&of 13-DSA(panel A) andL6-DSA(B) spin probes as a function of
CnNQEYPCmolar ratio and probability of gauche conformensrfationp, as a function o€nNO
chain lengtim (C) atCnNQEYPG=0.8 molar ratio. The horizontal dashed line shtveg, value
atCnNQEYPG=0 molar ratio. The data were obtained at 5°C. Sgmeples were hydrated from

gaseous phase over saturated NaCl solution@ H

as measures of bilayer fluidity; their dependencies in Fiysartl B indicate thaCnNGs
affect the bilayer hydrophobic structure depending on theesdration in the bilayer and
alkyl length. From the known values of order parameters detednwith two different
spin labels, the probability @faucheconformationgy, can be obtained [13]. The results
in Fig. 2C prove the predicted effect — the disorderinthefbilayer hydrocarbon region
by CnNGs decreases with their alkyl lengththe ordering induced b 16NOindicates a
chain interdigitation

Other effects of insertion &&nNGs into bilayer are a modulation of bilayer thickness
at lower bilayer concentrations and a bilayer destabilizationgaiehiconcentrations. A
suitable method to study these effects is the small-angteonescattering (SANS). From
the SANS spectra of lipid aggregates iODtwo parameters can be easily evaluated [14,
15]: The shape parameterl is observed in unilamellar vesicles (ULV) and bilayer
sheetsr=2 in cylindrical micelles and=3 in globular micelles; for=1, the scattering
density weighted bilayer thicknessdy, is obtained. We have prepared
dioleoylphosphatidylcholineOPC) andCnNO mixtures at variou€nNQDOPC molar
ratios in BO and extruded them through 50 nm filters. The extrupi@duces ULVs
from aqueous dispersions of multilamellar vesicles (MUWxm DOPC [16]. Using
SANS, we have confirmed that increasing@fNODOPC ratio in sample, the bilayer
becomes destabilized and micelles form in dispersi@ig8NO is less potent in this
destabilization that€12NO (Fig. 3), though the€nNODOPC molar ratioin bilayer is

3 i T 3¢ T 2
ci2no @ f i + 1+ B
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B LI SR i } + o 7
. — 371 +\ =< b i
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Fig. 3. Shape parameteand bilayer thicknes#; as a function oc€nNQDOPC molar ratio in the

sample fom=12 (¢) andn=18 (), and the change of bilayer thicknés$ as a function o€nNO

alkyl lengthn atCnNQDOPC=1 molar ratio in the sample. TEEOPC concentration in the sam|
was 10 mg/ml.
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higher for C18NO due to its higheKp (Fig. 1). For samples with=1, the bilayer
thicknessdy was calculated. The data in Fig. 3 clearly demonstrateCitidOs influence
the bilayer stability and thickness; the effects are morequmaced for shorte€nNO
homologues. At highelCnNODOPC molar ratios (1:1), the thickness change as a
function of CnNO alkyl lengthn evidently correlates with thgy change (Fig. 2C). We
have observed the same trend of thickness change in panydigted fluid bilayers in a
lamellar phase dEYPCusing small-angle X-ray diffraction [25].

The bilayer — micelle transition, also termed solubilizatzan be conviently studied
by turbidimetry. Using this method, we confirmed thhé tcapability ofCnNGs to
solubilize ULVs [17] and MLVs [18] fromEYPC in excess of water continuously
decreases with the increase of alkyl chain lengtin case of 100 nm extruded ULVs
from DOPC and C12NQ we studied the solubilization in more detail (Fig. 5).riBg
step-wise additions o€12NO aliquots to ULV dispersion, the turbidity changes in 3
stages (Fig. 5A) in agreement with the phase behaviour lafebiforming lipid —
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Fig. 5. TurbidityA; of DOPC(1.235 mM) unilamellar vesicles as a functiorcgfno
concentration (A), dependence of the solubilizationcentratiorcs on theDOPC concentration
Coorc (B), and dependencies of normalized turbidi#fAr o and SANS shape parametern the
C12NQDOPC molar ratio in bilayem, :npopc. TheC12NQDOPC molar ratio in bilayer at the
onset of solubilizatiom,_s:npopc, @and at the bilayer — nonbilayer micelle transit{predicted by

packing parameted) is delimited by dashed and dash-dotted vertinak| respectively.

micelle-forming surfactant mixed systems in an excess of Wateiewed in [19]): in the
stage |, the liposomes with surfactant intercalated into bpaers (mixed bilayers) are
in equilibrium with free surfactant molecules in the aquecese; in the stage Il, the
mixed bilayers coexist with mixed lipid — surfactant mieslland free surfactant
molecules in the aqueous phase; in the stage lll, the mipidd-l surfactant micelles are
in equilibrium with free surfactant molecules in the aqugahase. From the simultaneous
fitting of the data by linear functions, the solubiliziagncentration of surfactamt is
obtained as the onset concentration corresponding to thersention of lines
approximating the data in the stage | and Il. We have perfobrdifferent experiments
as in Fig. 5A at differenDOPC concentrationspopc (Fig. 5B). Thecs values are a linear

function ofcpopc
n 1 1
Cg=——= [E B7+CDOPC]

Noorc \ NaVporc Kp

where the constami_snpopc is the molar ratio o€12NOlocated in the lipid phase and
DOPC at the concentratiocs, N, is the Avogadro constar¥popc the molecular volume
of DOPCin vesicles andKp the partition koefficient o€12NObetween the lipid bilayer
phase and aqueous phase. The fisafs. coopc data in Fig. 5B gave, snpop=0.76£0.08
andKp=683t130. Using thiKp, the experimental data f@12NOin Fig. 3 and the data
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as in Fig. 5A can be recalculated as a function of Ghi@ NQDOPC molar ratioin
bilayer n_:npopc (Fig. 5C). Comparing the normalized turbidiBt/Aro (Aro is the
turbidity of DOPC ULVs without C12NQ and SANS shape parameterit is seen that
bilayers in ULVs and/or in bilayer sheets={) are present at the onset of solubilization
n_shpopc @nd during the first half of stage Il; the turbidityrist sensitive enough to
register the transition to mixed cylindrical micellesZ). Theoretically, the transitions
from bilayers to cylindrical micelles in lipid-surfactant aggates occurs at the packing
paramete=X Vi /A Ly +XsVhdAsLhs=0.5 [20, 21], whereXs is the molar fraction of
surfactant an_=1-Xs of lipid, Vy; is the hydrophobic volumé,; the effective length of
the hydrocarbon chain ag the surface area at the interface with the aqueous phase, and
the indicesi=S denote the surfactanC{2NO) and i=L the lipid OOPC). We have
calculated the volumes, lengthad areas from the SANS [22, 23] and volumetric [24]
data and obtained that the theoretically predicted bilayer — cglaidnicelle transition
should occur at th€12NQDOPC molar ratioin bilayer n_:npopc=2: at about half of the
rather broad transition from bilayens={) to mixed cylindrical micelles£2) observed in
SANS experiments (Fig. 5C). Summarizing — the soludtilin proceeds in the following
sequence of steps: bilayers in vesicles — (hypothetical hdiyels in vesicles) — bilayer
sheets (mixed discoid micelles?) — mixed cylindrical micellesixed globular micelles.
This mechanism is most probably behind biocidal propedti€g3nNGs. Since the extent
of CnNO4induceddefect in bilayer pe€nNO molecule decreases with the chain length
(Figs. 2 and 3) and the partition coefficient increases wigxponentially (Fig. 1), the
final result is a cut-off type of dependence observdidoidal potencies as in Fig. 1.

Not only the solubilizing effects, but also more subtle geanof bilayer physical
properties at lower (subsolubilizingCnNO concentrations can have important
consequences on the bilayer biological functions. We have waasahat C12NO
increases the phosphohydrolase activity of th&-@ansporting sarcoplasmic reticulum
ATPase (SERCA) reconstituted into bilayers unilamellar DORSGicles at lower
concentrations and decreases it at higher concentratio [23]. \\vemstituted into
bilayers from synthetic phospholipids, the activity aétttansmembrane protein depends
on the bilayer phase state, phospholipid hydrocarbon ¢biagrth, structure and charges
of polar head groups of annular phospholipids surrognttie protein: a) the activity is
practically zero in the solid-like (gel phase) bilayer, highhie fluid (liquid crystalline)
bilayer, but the particular value of fluidity in the flugtate has no effect; b) for high
activity, a fluid bilayer from lipids with zwitterionic heagkoups is required - charged
lipids support low activities; c) lower activity is obged in lipids under conditions when
they form non-bilayer aggregates in isolation; d) the agtivit (zwitterionic)
diacylphosphatidylcholines is highest in the fluid bilay&érD®PC, but lower in fluid
bilayers with shorter or longer acyl chains [26, 27]. Thessults indicate, that the
ATPase activity is modulated by a delicate interplay of severdigd factors - bilayer
thickness, hydrogen bonding potential and hydratiorfase charge, dipole potential and
curvature frustration of the bilayer seem to be the mostritapio When the activity is
compared with bilayer physical parameters at the same biy&XOconcentration, the
C12NGinduced increase in activity was observed in the rangel@NO:DOPCmolar
ratios in bilayers, where the bilayer thickness estimated bySSdé¢reases. In this range,
the*'P-NMR chemical shift anisotropy measured in MLV increaségating an effect of
C12NOon theDOPC N*-P dipole orientation accompanied by a variation of the local
bilayer dipole potential. The decrease in the ATPase activitypserved in the range of
C12NO:DOPCmolar ratios, where mixed tubular micelles were detected lNSSA can
be concluded that the effect of bilayer thickness decrease, whietwige would result in
the activity decrease, is compensated by the changes in the bilpgker potential; the
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curvature frustration of the bilayer resulting in mixed tabunicelles in isolation, causes
the decrease of the €aATPase activity.

The experiments above were performed with laterally homoger®laysrs in the
fluid state. The bilayer of biological membrane containsamdy fluid regions, but also
lateral domains which are solid-like — e.g. well known detdrgmoluble rafts. It is
therefore interesting to study t@NO interaction with solid-like bilayers. As a first step
in this direction we have studied the influenceGoiNO surfactants on the pretransition
(Ly—Pg) and the main gel-liquid crystal phase transitiong—f,) of
dipalmitoylphosphatidylcholine OPPC) bilayers in MLV using differential scanning
calorimetry (DSC). | and B phases are solid-like, the phase is fluid. Our results are
summarized in Fig. 7. The temperattifgof the main phase transition, the temperatyre
of the pretransition, and the calorimetric enthalfi}, of the main phase transition
determined from the thermogram &PPC without CnNO were t,,=35.48:0.20°C,
tn=41.530.02°C and A4H,=34.8t1.6 kJ/mol, in agreement with data published
previously in the literature. In the range of molar rai2NQDPP&0.4 studied, both
the main phase transition and pretransition of DPPC weadugly shifted to lower
temperatures and asymmetrically broadened (Figs. 7 A an@rical temperatures of
the main- and pre- transition estimated from the maximéhefirtal capacityc, vs. t
curves depend linearly on th€12NO:DPPC molar ratio in the studied range of
concentrations (Fig. 7). The molar raGmNO:DPPG-0.2 was chosen to investigate the
influence of the homologous series@iNO (n=6-18) on the phase transitions@PPC.

As can be seen from Fig. 7, the efficiency of CnNO to decrdasghase transition
temperatures oDPPC increases witn for n<10 and reaches maxima for12-14.
Longer homologs =16, 18) have an opposite effect causing an increase in phase
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transitions temperatures. Extending the van’t Hoff thadrfreezing point depression, it
can be shown that this effect is connected with the surfap@titioning into lipid
bilayers [29] — the decrease tf occurs when the partition coefficient of surfactant
between the fluid-state,lbilayer and water,, is higher than the partition coefficient of
surfactant between the gel-staige litlayer and waters, while the increase df, occurs
when K /Ks<1. Similarly, when the partition coefficiels is higher than the partition
coefficient of surfactant between the gel-stgjebllayer and wateiKs, the decrease @f

is observed andlice versa The ability of long-chain CnNO surfactants to prefdediyt
partition in the solid-like bilayers makes them very ping for further studies of raft
properties.

As a conclusion we should like to stress that not ondy fhrtition equilibria and
changes in bilayer physical properties of surfactants are impddartheir biological
effects. Surfactants act on biological objects in time, scthiedt diffusion to their site of
action and their metabolism during this diffusion arenensely important, especially
when they have to pass series of hydrophilic and hydtiptemmpartments. In the last
case, the available concentration at the site of action candigplay a cut-off type of
dependence on the linear hydrophobic substituent [30]. Théingsbiological effect is,
consequently, a convolution of several mechanisms, and nhetusal perturbation of
lipid bilayers, thogh very important, is just one ofriin

Acknowledgement®Ve express our gratitude to Prof. dr. hab. Kazimiera A. Wilk and
to Prof. dr. hab. in Stanistaw Witek for invitation to present our resultS&RUZ 2007
Conference. This study was supported by the APVV-51-027¢tant andlINR project
07-4-1031-99/2008, and by the VEGA 1/3029/06 a2280/05 grants.

REFERENCES

[1] HERRMAN K.W.:J. Phys. Chen68 (1964) 1540-1546

[2] LE MAIRE M., CHAMPEIL P., MOLLER J.V.Biochim. Biophys. Acta508 (2000) 86-111

[3] DEVINSKY F., KOPECKA-LEITMANOVA A., SERSKI F., BALGAVY P.:J. Pharm.
Pharmacol.42 (1990) 790-794

[4] MURIN A., DEVINSKY F., KOLEKOVA A., LACKO I.: Biol4gia (Bratislava)45 (1990)
521-531

341



[5] BUKOVSKY M., MLYNAR CIK D., ONDRACKOVA V.: Int. J. Immunopharmacol8
(1996) 423-426
[6] SERSH F., BALGAVY P., DEVINSKY F.:Gen. Physiol. Biophy$. (1990) 625-633
[7] SERSH F., GABUNIA G., KREZIROVA E., KRACOVA K.: Photosynthetic&6 (1992)
205-212
[8] KARLOVSKA J., HAMMEL M., LAGGNER P., LACKO I.,DEVINSKY F., BALGAVY P.:
Pharmazies0 (2005) 135-137
[9] MEYER H.H.:Arch. Exp. Pathol. Pharmakai2 (1899) 109-118
[10] OVERTON E.:Studien Uber Narkose, Zugleich Ein Beitrag Zur éffgeinen Pharmakologie,
Verlag Von Gustav Fischer, Jenderlag von Gustav Fischer, Jena, 1901
[11] BALGAVY P., DEVINSKY F.: Adv. Colloid Interface Sc66 (1996) 23-63
[12] FILIPEK J., GELIENOVA K., KOVACS P., BALGAVY P. Gen. Physiol. Biophy42 (1993)
55-68
[13] GALLOVA J., ANDRIAMAINTY F., UHRIKOVA D., BALGAVY P.: Biochim. Biophys.
Acta1325 (1997) 189-196
[14] UHRIKOVA D., KUCERKA N., ISLAMOV A., GORDELIY V., BALGAVY P.:Gen.
Physiol. Biophys20 (2001) 183-189
[15] KUCERKA N., NAGLE J.F., FELLER S.E., BALGAVY PPhys. Rev. B9 (2004) 051903
[16] KUCERKA N., PENCER J., SACHS J.N., NAGLE J.F., KATSARA.:Langmuir23 (2007)
1292-1299
[17] HRUBSOVA A., KARLOVSKA J., DEVINSKY F., LACKOI., BALGAVY P.: Ces. Slov.
Farm.52 (2003) 299-305
[18] KARLOVSKA J., DEVINSKY F., LACKO I., GALLOVA 1, BALGAVY P.: Acta Facult.
Pharm. Univ. Comenianagl (2004) 119-128
[19] LICHTENBERG D., OPATOWSKI E., KOZLOV M.M.Biochim. Biophys. Act4508 (2000)
1-19
[20] ISRAELACHVILI J., MITCHELL D.J., NINHAM B.W.:J. Chem. Soc. , Faraday Trans72
(1976) 1525-1568
[21] GOLTSOV A.N., BARSUKOV L.1..J. Biol. Phys26 (2000) 27-41
[22] TIMMINS P.A., HAUK J., WACKER T., WELTE W.FEBS Lett280 (1991) 115-120
[23] KARLOVSKA J., UHRIKOVA D., KUCERKA N., TEIXEIRA J., DEVINSKY F., LACKO
I, BALGAVY P.: Biophys. Cheml19 (2006) 69-77
[24] UHRIKOVA D., RYBAR P., HIANIK T., BALGAVY P.: Chem. Phys. Lipid$45 (2007) 97-
105
[25] KARLOVSKA J., LOHNER K., DEGOVICS G., LACKO ] DEVINSKY F., BALGAVY P.:
Chem. Phys. Lipid$29 (2004) 31-41
[27] LEE A.G., EAST J.M., BALGAVY P.Pesticide Sci32 (1991) 317-327
[28] LEE A.G.:Biochim. Biophys. Act&a666 (2004) 62-87
[29] GALLOVA J., BAGELOVA J.,CIZMARIK J., BALGAVY P. Collect. Czech. Chem.
Commun60 (1995) 763-780
[30] BALAZ S., STURDIK E., ROSENBERG M., AUGUSTIN JSKARKA B. J. Theor. Biol131
(1988) 115-134

342



