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Abstract

Understandingnteractonsof calciumwith lipid membraneat the molecular leves$ of great
importarcein light of thar involvementin calcium signalingassociation of proteins with
cellular membranesand membrane fusioWe quantifythese interactions in detail by
employing a combination of spectroscopic methods with atonmgilecular dynamics
simulations. Namelyime-resolvel fluorescent spectroscopy of lipid vesicles aitmational
sum frequency spectroscopi/lipid monolayersare used to characterize local binding sites

of calciumin zwitterionic and anionic model lipi@lssembliesvhile dynamic light scattering



and zeta ptential meas@ments are employed for macroscopic characterization of lipid
vesicles in calciuatontaining environmentTo gain additional atomitevel information,
the experiments are complemented by molecular simulations that atigmeuratdorce
field for calcium ionswith scaled charges effectivedgcounting foelectronic polarization
effects We demonstrate théipid membranes hava&ibstantiatalciumbinding capacity,
with severalkypes ofbinding sitegresent Significantly, the birding mode depends on
calcium concentratiowith important implication$or calcium buffering, synaptic plasticity,

andproteirmembranessociation



Introduction

Calcium cations are very potent and versatgentswithin a cell. Thar divalent
character makes them strong binders; hethegr physiologicaboncentratiormust bestrictly
controlled.The concentration of G4in the extracellular space is about 2 mM, witie
intracellularlevels aremuch lowerandrange amongstell organellesrom 100 nM in the
cyt os ol ittoe esdOpasmiceticulum Themaintenance dbw intracellular
calciumconcentratiosis achieved, among other mechanismscalgium buffersvhich
includebothcytoplasmic and membrassnchorectalciumbinding proteing-4 On the other
hand, leyevensin calcium signalingareconnected witliapid spikes of G4 concentration
caused byan influx of theCa* into the cytosol via calcium channel$hese spiks can be up
to 10Gfold highercompared to the resting €aoncentratiorandare both spatially and
temporally modulated bthe calcium bufferé,

There isonecommonlyoverlookedfactorthat significantly influencebehaviorof
calcium ions upon their influx into the cytosol. Namelgart from proteirbased buffers
calciumionsstronglyinteractwith thenegatively chargethner leaflet of thg@lasma
membran& Recently, it has been shown tlaalsorption of calcium can neutralize this
negative charge, and that this effect alone is responsible for the modulati@elof T
activatiorf. Calcium ionscan also serve as a bridge between a protein and the cell membrane,
for instance, during membrane association of C2 domains and arffegies-membrane
binding is also recognized as a key factor during membrane ¥sion

The nteractions otalciumionswith lipid membranesiave beemprobed by a variety
of experimental methods 1t is generally accepted that the presence 8f @zidifies and
orders lipid bilayes.*>1>1° Conformational changesf the lipid headyroupregiorf®2%

ordering of acyl chairf§??, and lipid dehydratioti*? were reported.



Sincephysiological concentratioref calcium ae low and calcium domains are
highly localized in space, the globmembranehangesnduced byits bindingare highly
relevant as well atheidentity ofthelocal binding sitesLipid bilayers consising of 80 mol%
phosphatidylcholine (PGnd 20 mol%phosphatidylserinedRS have oftenbeen used as a
simple model of the inner leaflet tife plasmamembraneln this system, threpossible
binding sites can be distinguishe@rboxyl group®f PS, phosphate groups PC and PS,
ard carbonyl groupsf PC and PSExperimentaimethodspredominantly NMRbased
identifiedtwo distinctbindingmodesof calciumto PC/PSmembrangbutthar natureis not
completely resolved?’ Many studieslemonstrated thatlciumbinds primarily to
phosphate groupsf all phospholipids, independent thigr chargé®, evenin purePC
membrane¥:2%3% Molecular dynamicsimulationshaveprovided more detailand generally
confirmed binding to phosphate groups$i@ and several anionic lipids, including
PS18:263132 pytconcurrent binding to the carboxgoupof PShasalsobeenreported-®31 1t
was suggested thaalciumcanalsobind tothe carbonyl oxygefP33 whichis in line with the
binding of Na" and K" to PC and PC/P8arbonys.3* Regardinghelocal consequences of
calciumbinding, smulations indicate that&al*is ableto clusterphospholipidmolecules via
ion-bridgeg8-26:32

Despite previous studies, an atoff@gel understanding of calcitmembrane
interactions istill incompleteand often inconsistenin particular,earlierMD studies
sufferedfrom very short(<100ns) trajectoriegielding unconvergedesults but more
importantly, the previously used forfields overshoofon-lipid binding interaction¥. In the
present workve overcome these limitatiorsy utilizing amore realistigonic forcefield
implicitly accounting for polarization effect®/e combine MD simulations with
experimental methods tgain a comprehensivamplexmolecularlevel picture ofcalcium

ion-lipid bilayerbinding.



Results

In the subsequent sections we presieatesults of experimental and computational
investigations ontheinteractions otalciumions with model zwitterionic and anionic lipid
systems.

Dynamic light scattering (DLS) and zeta potential measurements

First,we presenthe calcium induced changesroacroscopic properties of DOPC
and DOPC/DOPS vesicleBuring preparation oPC/PSvesicles precipitation of lipid
aggregatewas observedh samples containingt® 30 mM CacCi. It has been showhat
calciumcan lead to aggregation or fusion of negatively charged lipid vedtciEEo check
whether these phenomena ocedin thepresensystems, DLS was used to meadhesize
distribution of DOPC and DOPC/DOPS (80/20, mol/m@sicles Representative results are
shown in Figl. Unimodal distributions oliposomehydrodynamic diameters centenegiar
150 nm were obtainees expectedor most of the DOPC samplésig. 1A). Vesicle
aggregatiorwasonly inducedat 1 M CaC} which was manifest in particle growth,
distribution broadening antieappearance of vettgrge (~<5¢ m) aggr egates. The
DOPC/DOPSyesicleswere found taggregate already at®&30 mM CacCi (Fig. 1B).
Samples baane polydisperse with largest detectable partiobkisag>5¢ m. I nt atr est i ng
50to0 1000 mM CadJ, thesamplesveremonodisperse agaiAlso theaddition of CaCGlto
already aggregated samples reversed the aggregation. There wetieaionsof any
persistent growth of thigposomeswhich would be expected in the casdipdsone fusion.
This means that calcium israre able to bridge the lipid bilayersngfighboringvesiclesand
that his process is reversibl€his agrees witlpreviousreport oncalciuminduced vescicle
fusion (e.g.12?4.

To further investigatgesicleclustering thezeta potential of POPC and POPC/POPS

vesicles was measured (FigC). The zeta potentiadf POPC vesicles, which in the absence



of CaCh was close to zero, increased in the presence of calciunamoissabilized at

~15mV. This indicateghe adsorption ofions For POPCPOPS vesiclesthe initial zeta
potentialo f a b o u beamdpbsitiva ¥bove5 mM CaCl,and at 200 mMeacled the
samevalueas thePOPC vesiclesThisis directevidence of overcharging dieoriginally
negatively chargeBOPCPOPS vesicles by adsorbed calcitons. These resultsationalize

the loss oDOPCDOPS vesiclenonodispersityat intermediat€aCb concentratios, while
higherconcentrationged to overcharging and, as a consequence, electrostatic repulsien of
subsequentlpositively charged vesicle$his impliesthat the driving force for the

adsorption of calcium ion® PC/PS membramsgoesbeyond simple&Coulomb interactions
between permanent charges or dipo®gercharging hebeenpreviouslyobservedn many

colloidal systems includinipid membranes, peptides, proteins, and DNA &:).

Time-dependentfluorescenceshift (TDFS) in PC andPC/PS bilayers
Theabovemacroscopiexperiments provided motivation for furthmolecular
investigations of the calcium binding sites. VSFS was used to investigate binding to
carboxylate, phosphate, and carbonyl groups in DLPS monoldgenslan and Dtmac
probes were used to investigate the consequences of caldsorption athe level of
cabonyls and phosphates, respectivelyf?Gfand PC/PS membran&sg. 2A). The
fluorophoreof Laurdan locatedat~10v from the DOPC bilayer cent®r*}, was shown to
probe predominantly polarity and mobility of hydraseell carbonyls ophospholipids?
The fuorophoreof Dtmacis located close to the phosphate moieties of lipid headgroups, i.e.,
~15v from the DOPC bilayer centér TDFS parameters measured for digkolipid
vesicles at 10 1000mM CaCb are shown in Fig2. Comparison of DOPC/DOPS with

POPC/POPS is given in tiBipplementaryniformation. The influence of Clons onthe



membrane propertias minor, as was evidenced by TDFS and rationalized by MD in our
previous studie&t4°

TheLaurdan relaxation timd) shows thatalciumrestrics mobility of thecarbonyls
(Fig. 2B, red curvesdf both neutral and negatively chardguds. This effect ismuch
strongelin the case othe negatively charged DOPC/DOPS vesicles, for which thfesrent
regions can be distinguished in the curvé&Ja$ a function of CagktoncentrationFirst, the
steep increase in the range dbb mM CaCbkdemonstratethat eversucha small amount of
calcium can considerably reduitee mobility of lipid carbonylg(i.e. the influence ofl mM
CaCl,is comparable with the orfer 150 mMNacCl).*® Second, between&hd50 mM CacCb,
a plateau is observatherethe initial effect of calciunseemssaturated. In the third regipn
50-1000mM CacCb, a second slowdown of the relaxation is present. In this retien
increase otJis much less steep than in the first one (note tha2Bigresents a semi
logarithmic plot). The slopes in the first and the third regions are ~55 ands/M5
respectivelyOverall, such @omplexcalciumconcentration dependence suggésts
existence ofariousinteractionmodes odiversebinding sitesn the PC/PS bilayein the
case 0DOPGC no differencesn LaurdanUvalueswerenoted up to 10nM CaCh (Fig. 2B,
black curve) For 50mM and moreCaCb gradudly increasd therelaxation time; its slope
between 10 and00mM is ~1ns/M.

The ptal spectral shift of Laurdan representing local polarity at the level of lipid carbonyls
wasnot affected by calcium bindin@ig. 2C). A minor dehydration is visible only for
CaCb in theDOPC/DOPS systentt was shown that the presermfean ion itseliin the
vicinity of the fluorescent probe can contribute to the relaxation precesscreae gs*’,
which could compensater the effect ofpossibledehydration othelipid carbonyls.

Dtmacresponds toheincreasing calcium concentration much ldesmaticallythan

Laurdandoes Due tothe presence of bulk watertinevicinity of Dtmac, theelaxationis



very fastwith aconsiderablgartbeingfaster than the time resolution of cueasurements.
Herein only theDtmacdata for negatively charged DOPC/DORSiclesare presented (Fig.
2, blue curves It is very likely that the hydratezthrboxylatenoieiesof DOPS molecule
also contribute to the relaxation probed by Dtnmegmannerdepenénton the PS
headgroup orientatiohe knetics of the relaxation measured with Dtmac was agkly
affectedat 0.2 and IM CaCb. The total spectral shift was almost unaffedigdhe presence
of calcium A slight dehydrationobservedn the range of .00 mM CaCl, was reversed at
0.2 and 1 M CaGl The later canagain be interpreted aa mdicationof theclose proximity
of calcium iongo the Dtmac fluorophoreOverall, heabove resultgdicatethatcalcium
affectsthe headgroup regiomobility at considerably higér concentrationshanfor the
carbonyl region.

Although he plateau oflobserve for Laurdan in DOPC/DOPS at 556 mM CaC#
coincides with aggregation ovesiclesat 5to 30 mM CaCireported by DLSwe showed that
the plateau was not caused by the aggregation (see Supplementary Information for the results

of additional eperimentswith suppressed aggregatjon

Sum frequency generation spectroscopgf Langmuir M onolayers

The resulting ibrationalsum frequency spectra (VSFS) of Langmuir monolayers of DLPS at

the air/water interface are shown in Fig. 3. This saturated lipid was chosen for monolayer

studies to avoid oxidation of double bonds over the course of the spectroscopic

measurements. The ngaements were made at a surface pressure of 30 mN/m with an area

per lipid headgroup of 0.72rfp er | i pi d. The DLPS monol ayers
and were in the fluid phase under the experimental conditions which were employed. Three
different spectral regions are provided, which probed (a) the phosphate symmetric stretch

around 1100 cht, (b) the carboxylate stretch around 1420 rwhich also has a



contribution from GH scissoring modes, and (c) the carbonyl stretch around 1732 cm
respectively. The data provide clear evidence that calcium ions perturb the headgroup region
of the monchyer. The most complex changes occur in the region of the phosphate symmetric
stretch. In this case, the shoulders at 1056 emd 1074 crit are from the phosphate ester
stretch GOP and from the C@-C, respectively® while the phosphate symmetric stretch is
located near 1099 crhin the absence of €a The phephate symmetric stretch peak blue
shifted by 16 cntin the presence of €a Such a blue shift is evidence for dehydration and
direct cation binding? Significantly, theextent of this shift was essentially the same at 10
and 200 mM CagGl

The COO symmetric stretch at 1420 Ehincreased in intensity in the presence of
Ca&*. The intensity of this peak remained unchanged upon increasing thecGantration
to 200 mM.It should be noted that there is a shoulder on this peak near 145®&ich
increases in intensity in the presence of'Cehese changes indicate the binding of'Ga
the carboxylate. . Also, a small increase in intensity was noted in the carbetgh siround
1732cm? upon introduction of 10 mM Caghnd no further significant change was noted at
200 mM Cadd. This suggests that the binding of calcium ions is rather complex and that
different sites are differentially occupied as the GaGhcentration increases as discussed

below in the MD simulations.

Molecular Dynamics(MD) simulations of lipid bilayers

Finally, molecular dynamics simulation of POPC and POPC/POPS bilayers at varying
agueous Caglkoncentrations were used to charactettizebinding at the atomic level and to
explore the consequences of calcium interactions with membranes.

Lipid bilayers stronglyadsorbcalciumions
In the course adifew tens of nanosecond$ MD simulations all calcium ionsrom nominal

100 mM Cadd solutiors partitioned toPOPCbilayer. Thisresuledin effectivdy 0 mM



calcium concentration in the bulk solutjomith no subsequerdalcium iondesorptionduring
200 ns Note that the same issue occurregrigvious MD studie$®263133ere, b maintaina
finite calcium concentratiomithe water phaséhe nominalCaCl, concentration was raised
stepwiseo 400, 600, and 700 mMDnly at the last stepyasan equilibriumnonzero
concentration otalcium iondn the water phasebservedwith the effective180 mM
calciumconcentration in water, i.ithin the concentration range explored by our
experimental measuremerfsee Supplementary Information for more dejails

Similarly, in the case dPOPC/POPS bilayers, at a nominal concentration of 100 mM
CacClb, all calcium ions were adsorbed, whereas at a nominal concentration of 700 mM CacCl
equilibrium with an effective concentration of 180 mM of calcium ions was ach{eeed
stepwise addition of ions was employed hekgte that since in the POPC/POPS system an
additional 200 mM of calcium iongas added to neutralize PS charge, the binding capacity
of this bilayer is higher than that of POPC. Under equilibrium conditihrere was 1
calcium ion adsorbed per 2 lipids in POPC/POPS and 1 ion per 3 lipids in the POPC bilayer.
Thisis within therange of 14 lipids per catiorasreported in earlier MD studig&2¢-33°%nd
1-2 lipids per cation resulting from NMR measureméhtSationexchange between
membrane and water observuattlertheseconditionsdemonstrassystemequilibration
Time scale of thigxchangestrongly depends on the location of bound catiRased on
contact analysis,eorption of the ionkom the lipid h@dgroupswasobserved at ~10 ns
while from lipid carbonylsonly after 236280 ns.

The strong binding aalcium iongesulted in lateral compression of the bilayiére
area per lipid (APL) gradually decreased after subsequent additions of(E@C4A). Only
atnominalconcentration o700 mM CaCi wasno furtherAPL reductionobserved. This

corresponds to the aforementiorexlilibrium between the bound and solvatattiumions.
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In the following sections, we discuss the results obtained only for two nominal CacCl
concentrations: 100 mia low-concentration regime with O mBhlcium ionsgn aqueous
phase, and 700 mMa highconcentration regime with 180 méélcium ionsn aqueous

phase.

Calciumadsorptioncompressebpid bilayers

In Fig. 4B and G average APL and membrane thickness are reported for both POPC and
POPC/POPS membraneswb CaCl> concentrationsnd compared with effects of sodium
and potassiumAs mentioned abovedsorption of calcium compresdés lipid bilayer
laterally, in accad with earlier MD studie$®263133n [ow and high CaGlconcentration
regimes APL was reduced by 5 and 14% for POPC, and by 12 anddOP©OPC/POPS
respectively(Fig. 4B). Reduction of APL is accompanidxy anincrease of bilayer thickness
(Fig. 4C) There isno direct correspondence between the two paramstacethe thickness
is determinedy bothlateral packing of lipidendheadgroup orientatiohe bilayer
compaction by calciuris much stronger thaor monovalent cation#t 0.15M
concentration, Naand K" cause almost neffect whereas already at OM CaCb APL is
altered.Membrane compression is likely caused by caleliyma clustering andhe
subsequent rearrangement of lipid molecules, just as it was observed for‘Saaidm
calcium?826:3133Tq verify this hypothesisye furtherscrutinizethe changes calcium induces

in thelipid bilayer at the atomic level.

Calcium penetrates deep affectiagomic structure of lipid bilayer
Density profiles calculated for selected system components along the bilayer normal are
depicted in Fig5. In thelow concentration regimealcium ions are adsorbed deejiio the

POPC bilaye (Fig. 5A). Their density profileverlapscloselywith that of carbonyl groups
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andonly partially with that of the phosphate groups. our best knowledgsjgnificant
binding to carbonyls was reportedly in oneearlierMD study?® while notobserved in most
otherMD simulations!®2%3INo penetration of calcium into the purely hydrophobic
membrane corerasobserved. Chloride iorere weaklyenhancd at the watemembrane
interface likely due tother tendencyto neutralize thenembrané positive chargeausedy
calciumadsorptionsimilarly to what wagpreviouslyobserved in NaCl and KCI solutioffs.
A few chlorideionswereable to penetrate into the headgroup re@iwming transient pairs
with calcium ions

In thehigh concentration regimealcium ions are shifted towathewater phase.
Ther density peak is located haifay between those tifie carbonyl and phosphate groups
(Fig. 5B). Calcium iondensity in theaqueougphase ilearlynon-zero.The thickening of the
membrane is evident from the shift of the phosphate density toward thepivaser.
Moreover,as a result of increased lateral packihg,carbonyl and phosphate density
profilesbecomenarrower.Separation of posphate and choline nitrogen profiles suggest
reorientation of PC headgroup&enetration of chloride anions into timembrane headgroup
region is elevated with Cforming transient pairs witbalcium ions

In the mixed POPC/POPS bilaygtise adsorbedtalciumlocatesbetween carbonyls
and phosphateat both concentratioa (Fig. 5C and D)With increasing CaGlconcentration,
the mean distance o&lcium iongo thebilayer center increases only due to membrane
thickening. Contrary tthe POPC systemhe mean distanaaf calcium ionto the water
phase is preserved hita distribution becomelsimodal (Fig. 5D)A fraction ofcalcium ions
locates above the mean position of the phosphate grougs bineling toCOO groupsof
POPS Note that theeOPC/POP$embrane structure ésomore complexwith POPS
mostlyburied below the choline groups of PORIDntrary to previous repdf no lateral

demixing of PC and PS wabserved
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Orientation of lipidheadgroups waguantified bydistributions ofthe angle between
thelipid P-N dipoles and the membrane normal (Fig.A3.suggested aboyealciumion
adsorption causesgradualrisein thePOPC headgroups both in pure POPC (F9.&nd in
POPC/POP®ilayers, whileno significant changef the mean orientation of POPS
headgroups ifound Closer examination d?OP Sl p.n distributions(Fig. 6C)and simulated
trajectoriegeveals that Wile in the presence of calciuiens,PS headroupslie on average
flat with the bilayer surfacehereis a fraction ofPS headgroups that pasridoth outwardand
inward.Hence calciumaltersthe POPS headgroup orientation.

Calcium also affected hydration thfelipid bilayer. The mean number of water
molecules in theicinity of thephosphate and carbonyl groupgiodlipids decreased with
increasing CaGlconcentration, which also corresponds to the number of adsorbed calcium
ions per lipid (Table 1). Botimcreased lateral membrane packamglithe presence of
calcium ionssterically limit the number of water molecules in the headgroup and carbonyl
regions of theilayer.This result qualitatively agrees withe slight dehydration suggested in
TDFSand VSFSxperimentsBilayer cehydration was alseeportedn earlier MDand

experimentastudies(e.g.,1"?¥%),

Calciumbinding sites in lipid bilayes

The bnding of calcium byndividual atomic groups of lipglwas quantified by
calculatingfirst coordination numberg) from radial distribution functions average
numbers otalcium iondn the first coordination shell @given group(TableS2). To better
visualize thanteractionsthese numberareschematically re@sented by the thickness of the
red lines inFig. 7. lons and lipid componenis Fig. 7 are placed according to their average

locations calculated from Fi§.and 6.
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At low CaCb concentratios, thecoordination numberof phosphatendthesn-2
carbonyl groupsire similar(with aslight preference for P£), even thougltalcium ions are
located deep in thd?OPCmembrane (Fig. 7A)The @ordinationnumbers are limited by the
small number otalciumionsi 1 adsorbeaalcium ionper 17 POPC molecules.Wnthe
concentration increasesalcium ionsshift towardshewater phaséFig. 7B) The
coordination numbers increase, but their proportion prese?®s morecalcium ionsbind
to PQ' thanto carbonylsIn the POPC/POPS bilaygein thelow concentration regimgrig.
7C) calcium ionshind predominantly téhe carboxylate groups of POP8,£0.58) followed
by the phosphates (0.38) and carbonyls (0.84a number of configuratiorabserved in
simulated trajectories singlecalcium ionbindsseveralgroups 6 the same lipidin POPS,
calcium iongypically bind b COO and simultaneousl PQ' and/or C=0 of the same
molecule We observed that such binding calismorientation othe POPS headgroup
towards themembrane interiotdigh CaC concentratioomodifiesthe equilibrium between
coordination numbers, which increas@t68, 0.98and 0.60 for COQ PQ' and C=0,
respectively. This substantial increaséQ;' binding ismore pronounced for POPC (180%
increase) than for POPS (80Atcreasg However, onsidering alcontacts betweecalcium
ionsand lipids (ith 0.42 nm cutoff)binding to POPS prevail# accouns for 80 and 75%
of all calciumlipid interactiorsin thelow and high concentration regimes, respectively.

Calcium was also concurrently bound to more than one lipid molecule at a time.
Coordination numbers ahe adsorbedalcium iong mean number of the considered groups
in theirfirst coordination shell (Tdb 1) reveal thaat low CaC} concentratiorcalcium
clusters at least 3 lipioholeculesin POPCvia PQ' and in POPC/POPS via CO@\t high
concentrationthe clustering is somehow reducesdhglecalcium ionbinds to2.6and 2.2

PQy' in POPCPOPC/POPSespectively
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Discussion

Theprincipalaim of the present study was to identiBiciumbinding sitesn zwitterionic
PC and mixed PC/PS lipid bilayers and to investigateiuminduced changes imembrane
propertiesat the atont level.

DLS experiments demonstraktéhatcalciumion adsorption alipid membranes is
guided not only by simpl€oulomb interactiondotentially the observedlustering of lipid
vesicles may be controlled by varying calciion concentrationTDFS measurements
revealed thatalcium iongestrict local mobility of various membrane regioms
concentratiordependent fashiofror exampledeeplyburied carbonyl groupas well as
waterexposed phosphatese subject to such restrictiohhesamoieties can be viewed as
calciumbinding siteswhichwas further supported BYSFSexperiments employing lipid
monolayers wherealcium ionswereshown to interact witthe carbonyl, phosphatand
carboxylate groups of PS lipids.

MD simulations of lipidbilayer patches were employtxiget atomic level insights into
calciummembrane bindingA novel forcefield with scaled chargesas usedo account in a
meanfield fashionfor polarization effects and thus reduce the known ion overbinding
problem ofstardardly used empirical force field$>2MD identified three calcium binding
sites: carboxylate group@POPS), phosphates, and carbonyl groupsy@lipid chains. Their
relative affinities towards calciumonsvarywith calciumconcentration and lipid
composition, buphosphatesomewhaprevail over carbonyldn PC/PSmembranedyinding
to carboxylate groupdominatesat low calcium concentratm but isovertaken by phosphate
moietiesat higher concentrationCalciumbindingleads tdipid clustering lateral shrinkage
and thickeningf the bilayer which ismore pronouncetbr negatively charged PC/PS
membranesThis is in full agreement with the restricted carbonyl mobility probed by TDFS.

As has been shown, these parameters are often staumgiated>® MD shows thatdteral

15



compression leads to membrane dehydratdrnch wasalsosuggested iVSFSand TDFS
experimentsOur findings are iroverallagreement with prgous experimental and
computational studied calciumlipid bilayer systems reporting ostrong propensity of
calcium toward negatively enged bilayers accompanied by significant membrane
remodelingas discussed in the IntroductioBy combiningseveral experimental techniques
with MD simulations that employ the novel force field, we demonstnateevaluate how
propensity of calcium binding sites changes with ion concentra@ibnote, in contrary to
most of previous MD studiesve showby bothsimulations and experiments that carbonyl
groups of lipids aremportantcalcium binders, in particular at low concentrations.
Ourresults demonstrate that calcibitayer interactions are complex and spechite
postulate that in a biological contegbme of the phenomena accompanying cal¢am
binding by lipid membranes may play a considerable role. Birsgh affinity of calcium
toward membranes is important from the point of view of calcium signdtiajows te
negatively charged inner gt of cellular membraneo act asa calcium buffer and modulate
calciumdiffusivity in calcium signaling microdomains. Second, the varietyatdium

binding sites and their energetic heterogeneity can play a role in synaptic plasticitytcelated
so-called residual calciur®f. Third, catiumion-induced changes in lipid dynamics and
structure can plaginimportant biological role, i.e. reduced lipid mobility can influence
membrane receptors and headgroup rearrangement can change the affinity of phospholipid
binding proteins. FourtHipids on the millisecond timescaleharacteristic for calcium
signaling are laterally mobileand carserve as mobile calcium buffers by transporting the
cations out of the proximity @ calcium channel. Last but not least, the abilitgatium
ionsto overcharge PC/PS bilayers may potentially plaigaificantrole for vesicle
trafficking, membrane fusigmnd membrangrotein binding by modulation of the effective

charge of the inner leaflet of cellular membrane.

16



Conclusions

Calciumion bindingsites are heterogeneous both from the point of view of binding
affinity and theirpositioning in the membran&he character othe calcium binding varies
with calciumconcentration; thisssueis of particularimportanceas significant concentration
spikesof calcium ionsoccuralong calcium signalingathways. Th@resent results support
theconjecturehatlipid membrans, in particularthe negatively charged inner leaflet the
plasma membraneanact as effective calcium buffeaponcalciumionsentering the
cytosol.Of equalimportancas the fat thatthe strong binding othis ionsignificantlyalters
themembranes byneans of reduction of their hydratidipid mobility, and lateral intetipid
distance. Such local conformatiomaémbrane remodelingay play a significant rolm
modulationof lipid-protein interactionas well as membraraembrane interactions
Overall, he phenomena relatéolcalcium ionsmembranenteractons demonstrated here

point to theirdiverse rolsin biological systems.

Experimental

Materials

1,2-dioleoytsn-glycero3-phosphocholingDOPC),1,2-dioleoylsn-glycerc3-phosphel -

serine (DOPS)1,2-dilauroytsnglycero3-phosphelL-serine (DLPS)and 1,2dioleoytsn
glycera3-phosphoethanolamind-[methoxy(polyethylene glycoi2000] (DOPEPEG2000)

were supplied by Avanti Polar Lipids, Inc. (Alabaster, USAauroyl2-

dimethylaminonaphthalene (Laurdan) was obtained from Molecular Probes (EUu§je,
4-[(n-dodecylthio)methyH7-(N,N-dimethylaminojcoumarin (Dtmacjvas a gift of prof.

Kraayenhof, VrijeUniversiteit AmsterdamCaCbwi t h purity O 99% was us

were used without further puriycation.
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Liposome preparation

Appropriate wlumes of lipids and fluorescent probe stock solutions were mixed in glass
tubes, dried undexnitrogen stream and left for at least 2 hours in vacuum. Lipicfiere
rehydrated in 1.5 mL MiliQ water (Milipore, USA) containing either 0.1 mM
ethylenediaminetetraacetic acid or appropriate concentration of.dgiisomes in the form
of large unilamellar vesicles were formed by extrusion through aad0Pore diameter
membrane filters (Avestin, Ottawa, Canada). The final lipid concentratiod mdé with

1:100 (mol/mol) fluorescent probe to lipid ratio.

DLS and zeta potential

The size and zeta potential of the liposomes were measured by DLS. The samples were
transferred to UV grade poly(methyl methacrylate) cuvettes, ortotbeasb | e dell Adi p O
(Malvern Instruments Ltd., Worcestershire, UK) for zptdential measurements, and
equilibrated at 298 K for 3 minutes before each measurement. The light scattering setup of
Zetasizer Nano ZS (Malvern Instruments Ltd.) consisted ofidNElédaser (532im) and an
avalanche photodiode detector (APD). The scattering intensity was colleeteanafie of
173A. 7TZ5automatically adapts to the sample by adjusting the intensity of the laser
and the attenuator of the photomultiplier. Intensvgightedsize distributions were obtained

using regularized fitting implemented in Zetasizer Software 6.2 (Malvern Instruments Ltd.).

TDFS method
Samples in 1.5 mL quartz cuvettes were equilibrated for 15 minutes and measured at 283 K.

The temperature was stabilized usimgater circulating bath. Sady-state emission spectra

were recordedonaFluorok®) s pectr opuor dahelobenYvonnen&diserl, FL 3
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NJ, USA) equipped with a xenarc lamp. Timeresolved measurements were performed on
a 5000U Single Photon Counting setup using a cooled Hamamatsu R880fldrochannel
plate photomultiplier (IBH, UK)An emission cutoff filter(> 399 nm)was used to eliminate
the scattered light. Fluorescent probes were excited at 373 nm with the IBH NanoLed 11 laser
diode and fluorescent decays were collected at 400 to 550 nm with 10 snEstelp decay
was fitted with a multexponential function usintpe iterative reconvolution procedure (IBH
DASG6 software). The decays and the stestdye emission spectrum were used to reconstruct
time-resolved emission spectra, which were then fitted witilmgnal function in order to
determine position of their mai m &), andstheir widtP?.

The TDFSmethod is based anonitoring the Stokes shift kinetics of polarity
sensitive probes. The dipolar relaxation of the microenvironment of the probe is mapped in
the recorded timeesolved emission spectra, which carry information about the
microenvironment polarity and mobilit These two properties can be quantified by total
s p ect r a) anddolvent relaxatipn tim&)(respectively. It has been shown in lipid
bilayers that these two parameters are related to the hydration and local mobility of the
hydrated lipid moiges>®>’ Accordingly, the wo parameters were derived fraaft):
gB i total spectral shift, andi s ol vent r elsasatabosds@meldd)mns o
where3(0) is spectrum position immediately after electronic excitationzgn®d) i s spectr
position after dipolar relaxation of solvaattompleted3(0) was estimated according to
ref>8to be 23800 cit and 22750 cit, respectively for Laurdan and Dtmac. The spectral
shift is proportional to the loss of energy due to dipole reorientation, therefore, corresponds to

the polarity ofthe probe environment. The second parameter, thealled integrated

relaxation time;} A (s used to characterize the kinetics of the relaxation. It

was shown to reflect mobility of the hydrated lipid moieties in the vicinity of the probe.

Intr i nsi c uncer t an‘mtdP.0shsdorU 3 was 50

19



VSFSspectroscopy

In vibrational sum frequency generation, a fixed wavelength visible beam (532 nm) and a
tunable IR beam were spatially and temporally overlapped at a phospholipid/water interface
to generate the sum frequency beam. The intensity of the sum frequency radiation is

proportional to the square of second order nonlinear susceptibility and the intensity of the

visible and IR beam® | ... ‘O O, where... isthe second order nonlinear
susceptibility,lvis, ir andlvsrsare the intensities of the visible, infrared and sum frequency
beams respectively The VSFS experimental setup (purchased from EKSPLA, Lithuania)
consisted of a 1064 nm Nd:YAG laser (pulse duration: 30 ps; pulse energy: 40 mJ; maximum
repetition rate 50 Hz), which was directed te trarmonic unit (H500). The second harmonic
(532 nm) and fundamental beams from the harmonic unit pumpeaptital parametric
generatodifference frequency generator (PG501/DFG) unit. The infrared beam was tuned
between 1000 and 4000 thand the spedcdt resolution was < 6 crh VSFS experiments

were performed in a Langmuir trough (NIMA technology, England) made from Teflon and
equipped with a pressure sensor and Teflon barriers. The trough had a total area®f 65 cm
and a subphase volume of 35 mL. Lamgr monolayers of lipid molecules were first formed

at the air/water interface and the VSFS spectra were then collected in the absence and

presence of met al lons i n the subphase. The
and 60A, r hese werecspatiallyeahdytempofally overlapped at air/water interface
and the sum frequency signal was coll ected a

Vibrational sum frequency spectra of Langmuir monolayers of DLPS were monitored
in the presence of calciurans using the ssp polarization combination (referring to the sum
frequency, visible, and infrared polarizations, respectively). The surface pressure and

temperature were maintained at 30 MmN/ m and
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spectroscopic expenents. The subphase was buffered using 10 mM Tris at pH of 7.4. The
VSFS signal was collected at 3 'dnintervals and each point on the spectrum represented an
average of 600 laser pulses. The intensity of the collected VSFS signal was normalized to the
corresponding IR and visible intensities. Each spectrum represents an average of five

measurements.

MD simulations
MD simulations were performed for purgalmitoyl2-oleoylsn-glycera3-phosphocholine
(POPC) and its mixture with-palmitoyl2-oleoylsn-glycerc3-phosphel -serine (POPS):
POPC/POPS 4:1, mol:mol. Several nominal calcium concentrations wjilateto the
number of water molecules in the simulation box, were considered. 32abighe
Supplementary Information summarizes the composition of all simulated systems. Each lipid
bilayer consisted of 128 lipid molecules (64 in each leaflet) hydvatbdover 4300 water
molecules. The mixed POPC/POPS system was prepared by replacing 12 randomly chosen
PC headgroups in each leaflet ofqeilibrated POPC bilayer with PS. To neutralize the
system, 16 calcium ions were added to the water pkasé (vih scaled charge of +1.5¢e
the charge scaling details below). Additional calcium and chloride ions were added to obtain
the required salt concentration (not counting the neutralizing cations). The presence of the
additional neutralizing cations resultednominal 306 mM and 919 mM calcium
concentrations in POPC/POPS system. Xdng preequilibration MD runs were
performed, followed by 200 ns and 300losg trajectories for POPC and POPC/POPS
systems, respectively. Only the last 100 ns of each toajewere used for time independent
analysis.

A standard unitedtomnorp ol ari zabl e Berger 6s force fi

description othelipids.?° The simple point charge (SPC) water model used iatibie
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with the Hieldyrerecénty dévelaped set of parameters wasider calcium

and chloride ions; the parameters derived by employing charge scaling were shown to
improve ionic interactions in aqueous environmént$he basic idea of this approach is to
include electronic polarization in a meaeld manner via resdiag the ionic charges by the
inverse of the square root of the electronic part of the water dielectric constant, i.e by a factor
of 0.75%2%3Hence, the resulting charges of calcium and chloride ions in simulation are +1.5e
andi 0.75e respectively As a mea#field ansatz, such an approach is applicable to
homogeneous media in termstloé electronic polarizationNote that none of currently

available combinations of ion and lipid force fields are able to fully quantitatively account for
calciumphospholipids binding. Nevertheless, the scaled charges employed here seem to, at
least, semguantitatively describe these interaction. Furithetiails of the MD methaulogy,

force fields testand issugsand discussion of the ion charge scaling is given in the

Supplementary Information.
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Table 1.Adsorption of C& (extent and coordination numbers) dipitl hydration.

ini C&* coordination numbefd Hydratior®
Lipid bilayer  [CaCh] ""gﬂs Y , y
Caabs: PO, C=0 COO PO, C=0
0.1 M 17 N 3.0 K 2. N T 3.5 KN2.0 K
POPC N - N N N
0.7M 3 N 2.6 NMN2.1 N I 2.4 N1.3 N
pPoOPC/POPS 0.1M 5 N 2.0 N1.8 NR3.0 N3.m®1N1.7 K
(4:1, mol:mol) 0.7 M 2 N 2.2 f1.3 NR1.5 KR2.2 K1.4 K

@ratio of the total number of lipids in the system per number of adsorbed calcium;cations

®) average number of the considered groups in the first coordination shethd$é@med C4;

©number of water molecules per lipid in the first solvation shell of selected atom groups (cutoff
determined from radial distribution functions asg.4 f or car bonylj ofxgrgens

phosphate phosphorsliet given uncertainties reggentSD.
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Figure 4. Simulated area per lipid and bilayer thickness. (A) Area per lipid of POPC bilayer
during five MD simulations with increasing CaCbncentration. At each concentration, 200
nslong trajectory was calculated. Fir{8) average area per lipid and (B) bilayer thickrfess
POPC and mixed POPC/POPS bilayers in pure water and in the presence-oD@sCtor

0.15 MNaCl and KCl,taken froman additional 200 rkong MD simulation with scaletn
charges,aregiven for comparison. Error baia APL are based on block analysi$e bilayer
thicknessis calculatedas the phosphdtphosphate distance in the density prafigth the

error bars epresenng inaccuracy in the estimation of peak posison
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Figure 5. Density profiles calculated along the bilayer normalitnogen,phosphorousand

sn2 carbonyl oxygen atoms of POPC and POPS, calcium and chloride ions, water, and

carboxylategroups of POPS. Profiles of bdtilayer leaflets are averaged.
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Figure 6. Normalized distributions ol pin headgroup angles of POPC (A, B) and POPS (C)

in pure POPC (A) and POPC/POPS (B, C) bilayers for different nominap Ca@lentrations.
Definitions of Gpin angles and their mean values calculated based on the presented
distributions < rin>, are given. The data for 0 mM CaGire taken from ref where it was
calculated for POPC in pure water, and for POPC/POPS in 1 Md€€ltext for justificadn).

The distributions were calculated based on the final 100 ns of MD trajec¢tadies for those

from ref.%9).

34



3 A ommcaz T B womMea T C o ommea T D 180 mM Ca2* |
o _
or cl \(;4 -
[ [ Ve (.~ ]
‘g L (- [ /N ,__.:N’ T~ PO;,/ cumuz ]
S0 r\\,N’ T PO; ~ 1 PO; CO0" Ny . | ~ca2+"—
g “f PO; I Ca? N L 0
S r 0/ o— Ca%
o \ r \ 0 0
5 0— N I 0 1 0 0 1 .
& 0 I 0
5 I
e |
2 1t
g [ I
= Ca®/lipid=1/17 | Ca2*/lipid = 1/3 Ca?*/lipid =1/5 Ca?/lipid =1/2
s I
a
of POPC |\ rorc t \ porc pops / | POPC POPS
0.1 M CaCl, 0.7 M CaCl, 0.1 M CaCl, 0.7 M CaCl,

Figure 7. Scheme of calcium ions binding to PORC B) and POPC/POP&, D) bilayers at
low (A, C) and high(B, D) CaCk concentrationgaccordingly,0 and 180 mM in the water
phase, corresponding t@minal DOmMM and 7.5 mM in thewholesysten). The thickness of
the red lines is proportional to the average numbers gfiGshe first coordination shell of a
given group (the numbers are listed in Tabig Positions of the functional groups, ions, and
waterlipid interface (50% of bulk water density) are taken as mean positmmgHieir density
profiles (Fig. §. Effecive C&* concentration in the water phase are given in @lbe.numbers

of adsorbed C4 per total numbers of lipids are also provided.
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