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Chapter 1
Introdution
The omplex higher funtions of the entral and peripheral nervous systems are intimately re-lated to the signaling of neurons and the information �ow in the spatially organized, omplexneuronal iruitries. The entire human neuronal network onsists of about 1010 to 1012 neu-rons1 (2). Typially, eah of these neurons forms about 103 hemial synapses2 (3), onnetingthe neuron to other ells, or bak to itself. The presynapti terminus at eah hemial synapsetypially ontains about 103 synapti vesiles (4), small membranous organelles, typially en-apsulating in the order of 103 to 104 neurotransmitter moleules in their interior (4).On a sub-ellular and moleular level, the understanding of the proesses related to neuronalsignaling is intimately related to the eluidation of the proesses of membrane merger andbudding in intraellular membrane tra�king in neurons (5, 6), and in partiular to the fusion ofsynapti vesiles with the plasma membrane leading to exoytosis of neurotransmitter moleulesat hemial synapses (7).The basi physial priniples of moleular interations, surfae fores and urvatures gov-erning membrane merger and budding (8) are diretly related to the dynamial self-assemblyof maromoleules, inluding lipid moleules and a multitude of di�erent proteins, into highlyomplex strutures, suh as membranes, vesiles, mielles, miroemulsions or omplex aggre-gates, both in vivo and ex vivo (9).Figure 1.1 illustrates a hemial synapse, a unidiretional ommuniation hannel allowingthe presynapti ell to signal the postsynapti ell. Upon arrival of an ation potential throughthe neuronal axon of the presynapti ell, synapti vesiles fuse [Ca2+℄-dependent with theplasma-membrane, releasing their neurotransmitter ontent into the synapti left. The neuro-transmitter moleules di�use to the postsynapti ell and are reognized on the surfae of thepostsynapti ell by reeptors, leading either to exitation via the generation of an ation poten-1The number of stars in the Milky Way galaxy is estimated to be of about the same order of magnitude (1).2In humans, hemial synapses outnumber eletrial synapses by far (2). Thus we neglet the number ofeletrial synapses here. 1
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Figure 1.1: The synapti left separates the plasma membranes of the presynapti and postsy-napti ells. Continued transmission of eletri nervous impulses is mediated via the release of aneurotransmitter (red irles) by the presynapti ell, its di�usion aross the synapti left, andits binding to spei� reeptors on the plasma membrane of the postsynapti ell. Simpli�edmodel sketh, adapted from (3).tial in the postsynapti ell, or to the inhibition of the postsynapti ell by hyperpolarization.Synapti vesile omponents are reovered from the plasma membrane by lathrin-dependentneuronal endoytosis. The synapti vesile eventually re�lls with neurotransmitter and anpartiipate in a new round of neuronal exoytosis.Figure 1.2 illustrates some important moleular proesses in the fusion of the synapti vesilewith the plasma membrane of the presynapti ell (11, 12). Neuronal exoytosis is mediated andontrolled by the SNARE3 proteins synaptobrevin 2 (blak), anhored in the synapti vesilemembrane, syntaxin 1 (yan) and SNAP-25 (green), both anhored in the plasma membraneof the presynapti ell. SNARE proteins omprise a superfamily of small membrane-boundproteins, sharing a ommon SNARE-motif. The urrent model of synapti vesile fusion (13)implies that the SNARE-motifs of synaptobrevin 2, SNAP-254 and syntaxin 1 assemble intoelongated four-helix trans-omplexes, onneting the membrane of the synapti vesile withthe plasma membrane. The energy barrier separating the membranes may be overome bythe energy provided by the progressing assembly proess, initializing fusion. After fusion ofthe membranes, the formed omplexes are aligned parallelly in the plasma membrane of the3Aronym derived from Soluble N-ethylmaleimide-sensitive fator Attahment protein REeptors.4Synaptosomal-assoiated protein
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Figure 1.2: On a moleular sale, SNARE proteins mediate and ontrol the fusion proess ofsynapti vesiles with the plasma membrane of the presynapti ell upon neuronal exoytosis,as detailed in the text. Simpli�ed model sketh, after (10).presynapti ell (is omplexes). NSF5 and SNAPs6 disassemble the is omplexes under ATP7onsumption, reversing the assembly proesses and regenerating the SNARE proteins for another round of fusion.The synapti vesile as a key player in neuronal exoytosis has been investigated and physi-ally haraterized by employing a multitude of analytial tehniques inluding ryogeni ele-tron mirosopy, sanning transmission eletron mirosopy, and �uoresene orrelation spe-trosopy. The stoihiometry of individual onstituent protein and lipid moleules has been ad-dressed by biohemial analysis. Further, x-ray rystallography eluidated strutures of severalproteins found on the synapti vesile. Reently, the enormous progress in this �eld ulminatedin a moleular model of the entire average synapti vesile isolated from rat brain (14).However, we still lak detailed empirial data on the struture of the entire synapti vesileeluidating details on the density pro�le of the membrane, inluding ontributions from lipidsand proteins, as well as addressing the average onformation and overall organization of proteinson synapti vesiles under quasi-physiologial onditions. Suh strutural information mayontribute to desribing and understanding the proesses of membrane fusion, retrieval andreyling related to neuronal exoytosis, and to membrane tra�king in eukaryoti ells ingeneral.Based on these onsiderations and works, the aim of this thesis is(i) to ontribute to the understanding of the synapti vesile (SV) struture, and to theunderstanding of the proesses of neuronal exoytosis and endoytosis, prominent examples of5N-ethylmaleimide-sensitive fator6Soluble NSF Attahment Proteins7Adenosine triphosphate



4 Chapter 1. Introdutionmembrane tra�king in ells, (ii) to prepare and to haraterize samples of SVs isolated fromrat brain suited for investigation by small-angle x-ray sattering (SAXS), and to reord solutionSAXS data from SV dispersions under quasi-physiologial onditions, (iii) to develop struturalmodels for SVs, to alulate the orresponding sattering form fators, and to optimize and tofalsify these form fators against experimentally determined sattering urves from SVs, (iv) toontribute to the understanding of fusion pathways by developing new approahes for struturalinvestigation of ell free fusion systems.Setions of the thesis are partly based on manusipts whih will be or have been publishedelsewhere, as indiated in detail below. The thesis is organized as follows:Chapter 2 introdues the SV as model tra�king organelle, presents the moleular inventoryof SVs, and desribes a puri�ation protool for the isolation of SVs from rat brain (15). Thepurity of the SV dispersions obtained from the isolation protool is haraterized by ryogenieletron mirosopy (ryo-EM) (15), and dynami light sattering (DLS) (16), and are furtherpuri�ed by asymmetri-�ow �eld-�ow (AFFF) frationation (16). Further, the preparation ofsamples for x-ray sattering experiments is addressed (15, 17).Chapter 3 presents results of synhrotron-based small-angle x-ray sattering measurementsunder quasi-physiologial onditions from dispersed SVs isolated from rat brain (15, 17). Ag-gregation and strong interation potentials between SVs are exluded.Chapter 4 disusses di�erent model independent and model dependent approahes to modelSAXS urves. Di�erent isotropi and anisotropi SV models are developed and orrespondingsattering form fators are alulated (15, 17). Subsequently, the form fators are least-squares�tted to SAXS urves (15, 17). All investigated isotropi form fators are falsi�ed (15, 17).Two anisotropi form fators are presented whih are in exellent agreement with SAXS data,ryo-EM observations, biohemial data and DLS data (15, 17). The SV size polydispersitydistribution, and the eletron density pro�le of the protein deorated SV bilayer is given on anabsolute sale with no free prefators (15).Chapter 5 presents an evaluation and disussion of the optimized form fator models (15, 17).The optimized parameter values of the model form fators are indiative of larger proteinlusters on the SV membrane (15, 17). Possible model dependenies and ambiguities are ad-dressed (15, 17). Entropi ontributions to the free energy due to protein luster formationand disintegration on the SV is investigated by alulating the entropy of a miroanonial SVmodel.Chapter 6 presents work on a ell free fusion system, employing SVs and proteo-liposomes withreonstituted SNARE proteins (16). The apabilities of using DLS to quantify fusion proessesis assessed (16). A SAXS Gedankenexperiment is onsidered, and alulated sattering urvesof fused SVs and proteo-liposomes are presented and disussed (18).Chapter 7 �nally summarizes the results and presents the onlusions (15, 16, 17, 18).



Chapter 2
Synapti Vesiles
This hapter introdues the funtion and moleular inventory of SVs, and desribes the methodsto isolate and assess the purity of SVs from rat brain. These tehniques allow to prepare samplesof dispersed SVs under quasi-physiologial onditions, suited for investigation by solution SAXSexperiments. The SV is haraterized as a tra�king organelle, the key player in neuronalexoytosis, a temporally and spatially highly ontrolled proess (Setion 2.1). Details of thebiohemial omposition of SVs, inluding lipid and protein inventory, have been eluidatedin reent years (Setion 2.2). A puri�ation protool (Setion 2.3) of SVs from rat brain hasopened up numerous possibilities to investigate native SVs ex vivo. The purity (Setion 2.4) ofthe obtained SV dispersions is investigated and haraterized by ryo-EM (Setion 2.5) and DLS(Setion 2.6). Finally, the preparation of samples for solution SAXS experiments is desribed(Setion 2.7).
2.1 Tra�king OrganelleSynapti vesiles (SVs) are seretory tra�king organelles that store neurotransmitter in presy-napti nerve endings (14). When an ation potential arrives in the nerve terminal, the plasmamembrane is depolarized leading to the opening of voltage-gated [Ca2+℄ hannels in the plasmamembrane. The aompanying rise in intraellular [Ca2+℄ leads to the fusion (exoytosis) of thesynapti vesiles with the plasma membrane, resulting in the release of neurotransmitter. Fol-lowing exoytosis, SV membrane is reovered by endoytosis and used to reform vesiles whihare then re�lled with neurotransmitter moleules and used for a subsequent round of exoytosis(19). As the SV is the only onstant during this yle, it must be able to o-ordinate the pro-ess (15). 5



6 Chapter 2. Synapti Vesiles2.2 Moleular InventoryIn a primary approah to understanding SV funtion, individual proteins on isolated vesileswere identi�ed and their funtions eluidated, suh as synaptobrevin whih is the SNARE pro-tein thought to play a role in exoytosis (20). A preliminary analysis of lipid omposition wasalso performed (21). Work from several laboratories over the years ulminated in the reentpubliation of a moleular model that attempted to integrate all quantitative data on the pro-tein and lipid omposition of the vesile (14), see Fig. 2.1. The protein ontributions inludedin the model aount for approximately 67.5 % of the estimated total mass of all proteins onthe vesile (14). Despite these e�orts, what is still laking is an empirial desription of SVstruture at the supra-moleular level, whih is neessary to fully desribe and understand theproesses of membrane fusion, retrieval and reyling. Importantly, suh an assessment of SVstruture, ompatible with more physiologial onditions and with higher (near moleular) res-olution, an be e�etively ross-validated by these reent, independent studies. Unfortunately,the property that allows vesile puri�ation (small size) ompliates strutural analysis. Forinstane, advaned light mirosopy tehniques, e.g. photo ativated loalization mirosopy(PALM) (22) or stimulated emission depletion mirosopy (STED) (23), or advaned nanosalex-ray imaging tehniques (24), are at the limit of the spatial resolution required. In on-trast, eletron mirosopy tehniques, suh as ryo-EM and quik-freeze deep eth mirosopy,an provide detailed strutural information on the onformation of protein (omplexes), butboth fail to provide detailed strutural information about the lipid environment of the protein(omplex) under investigation. Further, are has to be taken as these methods are prone tomethod-spei� artifats. SAXS, on the other hand, is a well-established tehnique that hastraditionally been used for the ensemble solution struture of biomoleules (25) or larger, reg-ular shaped strutures suh as virus apsids (26). Importantly, the tehnique is also apableof providing detailed information about lipid strutures and assoiated proteins, under quasi-physiologial onditions. Here we demonstrate that SAXS is an ideal tehnique to study the(heterogeneous) supramoleular struture of a funtional organelle on an absolute sale.
2.3 Puri�ationFortunately, the analysis of SVs is simpli�ed by the fat that they an be puri�ed to apparenthomogeneity in large quantities, making them amenable to biohemial studies. This puri�-ation is possible beause they are very abundant in brain tissue (approximately 5% of theprotein in the entral nervous system) and smaller and more homogeneous in size and shapethan most other organelles, allowing the appliation of mild size frationation tehniques.
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Figure 2.1: (A) Outside view, and (B) setion through a moleular model of an average SV iso-lated from rat brain, based on spae-�lling models of maromoleules at near-atomi resolution.Salebar 20 nm. Reprodution from (14).



8 Chapter 2. Synapti VesilesSynapti vesiles were puri�ed by Matthew Holt1 from rat brain, as desribed (14), throughdi�erential entrifugation, surose density entrifugation and size exlusion hromatography.While SVs prepared this way are 95% pure (as measured by immunogold eletron mirosopyfor integral SV membrane proteins), some larger membranous strutures remain following pu-ri�ation (100 � 200 nm). These partiles (less than 0.9 % of the total number of partiles) havea signi�ant in�uene on the sattering intensity. Analytial tools were developed to aount forthis (see later). Following hromatography, an additional entrifugation step was introdued toallow bu�er exhange and SV onentration. SVs were resuspended in HB100 (in mM; 100 KCl,
1 DTT2, 25 HEPES3, pH 7.40 KOH), and immediately snap-frozen for transportation to thesynhrotron. Importantly, membrane damage due to freeze/thaw was minimal as judged bythe apaity of the SVs to aidify (27). The dry weight of the SV population was obtained bymeasuring the protein mass using a modi�ed Lowry assay and assuming a onstant (10:5:2)ratio of proteins, phospholipids and holesterol (14). The resulting SV stok solutions had aprotein onentration of about 6 µg/µl.The purity of the SV samples was subsequently heked and quanti�ed by ryo-EM andDLS.2.4 Purity Assessment: Shape and Size Polydispersity Char-aterizationTo assess the purity of the SV dispersions, the shape of the SVs and the relative size polydis-persity pn(R) of the SV population were measured by ryo-EM on vitri�ed SV solutions. Toharaterize the larger membranous partiles, EM tilt-pair images were taken.Further, to assess pn(R) under quasi-physiologial onditions, and to quantify the ontribu-tions from larger trae partiles present in the SV samples, DLS measurements were performedat diluted SV dispersions. Asymmetri-�ow �eld-�ow (AFFF) Frationation was used for fur-ther puri�ation of the SV dispersions, e�etively eliminating the ontaminant larger traepartiles.2.5 Cryogeni Eletron MirosopyCryo-EM measurements were performed by Dietmar Riedel4 on vitri�ed SV solutions using aPhilips Titan Krios (Cs orreted) mirosope operating at 300 kV, and equipped with a FEI1Department of Neurobiology, Max Plank Institut für Biophysikalishe Chemie, Göttingen, Germany2Dithiothreitol, (2S,3S)-1,4-Bis-sulfanylbutane-2,3-diol.32-[4-(2-hydroxyethyl)piperazin-1-yl℄ethanesulfoni aid4Department of Neurobiology, Max Plank Institut für Biophysikalishe Chemie, Göttingen, Germany
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Figure 2.2: (A) EM size distribution of SVs from rat brain. (B and C) Cryo-EM images oftypial SVs from rat brain. Sale bars 20 nm. (D and E) Cryo-EM tilt-pair images of SVs andlarger membranous trae partiles present in the SV dispersions. 0 ◦ and 45 ◦ relative angles,sale bars 50 nm. Figure partly adapted from (15).Eagle 4k CCD, running in 2-fold binning mode (FEI, Holland). Samples were vitri�ed in a fullyautomated Vitribot Mark IV (FEI) vitri�ation devie for plunge-freezing of aqueous suspen-sions providing a tightly ontrolled sample environment (temperature, humidity), allowing toavoid ooling and onentration artifats, often unavoidable in other freezing methods. Sam-ples were �rst bound to a glow disharged holey arbon foil (quantifoil grid), and blotted twiewith �lter paper for one seond at blot-fore 2. Samples are kept at 30 ◦ C and 97% relativehumidity, and subsequently vitri�ed and transferred from the vitri�ation medium into theliquid nitrogen atmosphere. In total, 559 SVs were measured and R was determined by takingthe average of the shortest and longest diameter of the SVs, as measured from bilayer surfaeto bilayer surfae.To haraterize the larger membranous partiles, EM tilt-pair images at 0 ◦ and 45 ◦ relativeangles were taken with a Philips CM200 FEG mirosope and reorded using a TVIPS 4k x 4kslow san CCD, running in 2-fold binning mode (FEI). These were used to assess the samplingerror aused by uneven ollapse of partiles onto the arbon grid.Figure 2.2 (A) shows the size distribution pn(R) of SVs as determined by the analysis ofryo-EM images of 559 SVs. The SV radius R was determined from the diameter of theSV, measured from bilayer surfae to bilayer surfae. The most frequently ourring size is
R = 21 nm. The size distribution runs from R = 15 to R = 30 nm, and drops o� asymmetrially



10 Chapter 2. Synapti Vesileswith a slower desent towards larger radii than towards smaller ones. (B and C) show typialryo-EM mirographs of SVs. Clearly visible are proteins extending both to the outside andthe lumen of the SV, and the harateristi lipid bilayer struture. No aggregation of SVs wasobservable by eletron mirosopy. (D and E) show typial ryo eletron mirographs (tilt pairs)of SVs and larger membranous trae partiles present in the SV dispersions, whih seemed tobe unavoidable in the puri�ation protool, e.g. due to olumn bleed. These partiles may beformed by larger membrane aggregates, possibly originating from early endosomes or unspei�vesiulated membranes. For further details see (14).Due to the small number of these larger partiles when ompared to the number of SVs,it is pratially impossible to preisely quantify the relative ontributions from SVs and thelarger trae partiles by ryo-EM. However, suh an assessment is possible by using satteringtehniques like DLS or SAXS as the ontributions to the sattering signal depend highly nonlinearly on the partile size.
2.6 Dynami Light SatteringDynami Light Sattering (DLS) an be employed for detailed haraterizations of size poly-dispersities of SVs under quasi-physiologial onditions, see diploma thesis of Sarah ShwarzHenriques5 (28). Measurements are fast and eonomi when ompared to ryo-EM, promisingto open up the possibility of following the dynamis of polydispersity distributions in real-time.We �nd that DLS autoorrelation urves an onsistently be desribed by a model al-ulation employing a size distribution funtion pn(R) obtained by ryo-EM of vitri�ed SVdispersions (16).The size distribution of the native SV preparation ontains a seond trae population oflarger partiles (14, 15). Asymmetri-�ow �eld-�ow (AFFF) frationation is used for furtherpuri�ation of the SV samples, e�etively eliminating the larger ontaminant partiles (16).DLS spetra of SV populations an be regularized and inverted, giving diret aess to the sizedistribution of the SV whih is in exellent agreement with ryo-EM and SAXS data. Whilethe inversion approah works well in the ase of SV samples puri�ed by means of AFFF, itfails to resolve the bimodal size distribution if larger trae partiles are present in the sample.Instead, a mono-modal distribution is obtained, shifted slightly towards larger radii and showinga somewhat larger width (16).5Institut für Röntgenphysik, Georg-August-Universität Göttingen



2.6. Dynami Light Sattering 112.6.1 Autoorrelation FuntionFor a dilute dispersion of polydisperse spherial partiles of hydrodynami radii Rh in Brownianmotion, g1(τ) is the Laplae transform with respet to the hydrodynami radii Rh given by (29)
g1(τ) =

∫

dRh pn (Rh)V (Rh)
2 |F (q, Rh)|2 exp

(−kBT

6πηRh

q2τ

)

, (2.1)with τ the delay time, pn(Rh) the distribution of partile sizes, V (Rh) the volume of thepartiles, or the partile shells, F (q, Rh) the normalized form fator amplitudes of the partiles,
kB Boltzmann's onstant, T temperature, and η the visosity of the bu�er. The form fatoramplitude Fs(q, Rh) for a homogeneous sphere of hydrodynami radius Rh, alulated withinthe Rayleigh-Debye-Gans theory, is given by (30)

Fs(q, Rh) = 3
sin (qRh) − qRh cos (qRh)

(qRh)3
, (2.2)with q = 4π

λ
sin (Θ) the modulus of the sattering vetor, Θ the sattering angle, and λ thewavelength of the inident photons and the elastially sattered photons. For hollow spheresof hydrodynami radius Rh and shell thikness t the form fator amplitude Fhs(q, Rh) is givenorrespondingly by (30)

Fhs(q, Rh) = Fs(q, Rh) − Fs(q, Rh − t) . (2.3)Considering that the inverse Laplae transformation of g1(τ) with respet to time is a well-known 'ill-onditioned' problem, we hoose di�erent approahes to takle this problem and toanalyze g1(τ) (31).2.6.2 Data Regularization and InversionA nonlinear �t to |β g1(τ)|2 is alulated by using a onstrained regularization method (32, 33,34), employing a CONTIN algorithm (35, 36) in a standard implementation (ALV-CorrelatorSoftware ALV-7004 for Windows, V.3.0.4.5) by ALV GmbH, Langen, Germany. For thedata analysis, several settings are spei�ed within the ALV-Regularized �t setup of the ALV-Correlator Software. If not indiated di�erently, the �t model DLS-Exponential (g2(t)) is used,and �t additional baseline as well as enable data weighting is enabled. Further, single �t withtarget PROB1=0.5 is seleted. The �t range is hosen to be between 250 ns and 78.6 ms.To estimate the errors of the orrelation funtion at eah lag time, the ALV software uses atheoretial model desribed in (31, 37, 38). The partiles are modeled as hard spherial shellsof thikness 12 nm, as suggested by the low resolution struture proposed in (15), or as hardspheres (see setion 6.3). Correspondingly, �t for vesiles with r*=12 nm was enabled, or dis-abled within the ALV-Regularized �t setup of the ALV-Correlator Software. The result of the



12 Chapter 2. Synapti Vesilesinversion pI(Rh) = pn(Rh)V (Rh)
2 |F (q, Rh)|2 is the intensity weighted distribution funtion, ameasure of the ontribution from the di�erently sized vesiles to the auto-orrelation funtion.To obtain a size distribution funtion pn(Rh), pI(Rh) needs to be orreted for the partile formfator F (q, Rh) and volume V (Rh). The alulation of F (q, Rh) is performed by modeling thesynapti vesiles as hard spherial shell partiles with a shell thikness of t = 12 nm, or as hardspheres (see Eq. 2.3 and Eq. 2.2, above). As the roots in F (q, Rh) would lead to singularitiesin pn(Rh), the partile form fator is smoothed around these points. Both pI(Rh) and pn(Rh)are alulated by the ALV software. Normalization sets the highest peak to 1.Figure 2.3 (A) shows DLS data from a native SV ensemble. A polydisperse size distribution(Fig. 2.3 (B) was obtained from the data set by a regularized nonlinear inversion of the intensityorrelation funtion g2(τ)−1. The inversion was performed by the ALV software, yielding �rstthe intensity weighted distribution pI(Rh) (blak irles). Experimental errors were estimatedby the ALV software aording to the theoretial model desribed in (31, 37, 38). Corretingfor the partile volume and form fator the size distribution pn(Rh) (full blak squares) wasthen alulated from pI(Rh).The width and shape of the distribution pn(Rh) are to some degree in�uened by the regular-ization. The maximum at 20.9 nm is, however, found to be independent of the regularization.A seond peak at 161 nm arises from the orretion for the partile form fator. Around thatradius the form fator takes values lose to zero, making it di�ult to determine the relativenumber of partiles within that partiular size range.

2.6.3 Diret ModelingIn a diret approah g2(τ) is analyzed by least-square �tting to a model of polydisperse hardspherial shell partiles, undergoing independent (unorrelated) Brownian motion, using thelsqnonlin routine of MATLAB Optimization Toolbox (Version 7.5.0.342 (R2007b), The Math-Works In.), dediated to solve nonlinear least-squares problems. A bimodal size distributionwas assumed onsisting of a �xed part and a freely varied Gaussian distributed omponent.The onstant part desribes the size distribution of SV as determined by ryo-EM, shiftedby 3 nm towards larger radii to aount for proteins on the outer surfae of the SV bilayer.The Gaussian distribution aounts for larger membranous trae partiles. A onstant shellthikness of 12 nm is assumed for the partiles, in agreement with strutural parameters of theprotein deorated SV bilayer as determined by SAXS (15). Further details on the MATLABode are given in the appendix.
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Figure 2.3: (A) DLS data of a native SV ensemble. (B) Intensity weighted distribution pI(Rh)(blak irles) and size distribution pn(Rh) (full blak squares) obtained by a regularized inver-sion of the data shown in (A).



14 Chapter 2. Synapti Vesiles2.6.4 Asymmetri-Flow Field-Flow FrationationAsymmetri-�ow �eld-�ow (AFFF) frationation is a one-phase hromatography tehniquewhih allows to separate partiles of di�erent sizes on the basis of their di�usion properties(39,40, 41). The dispersed partiles travel along a hannel with a paraboli veloity pro�le in theprinipal �ow diretion. An additional small perpendiular fore �eld is applied whih drivesthe partiles towards one wall of the �ow hannel. The partiles exhibit an equilibrium positionin the diretion of the perpendiular fore �eld whih depends on their di�usion assoiated withBrownian motion. Thus, the partiles exhibit di�erent travel veloities in the diretion of theprinipal �ow. Smaller partiles will reah the end of the hannel faster than larger partiles,and subsequent sample frations ontaining partiles of di�erent sizes an be olleted. Impor-tantly, the sample does not interat with a stationary phase whih might degrade or alter thesample. AFFF is a robust and quik tehnique, needing only low-sample amounts. Further,the sample is reusable in other experiments.For the AFFF frationation, 10 µl of SV stok solution at a protein onentration of
3.58 mg/ml is diluted in 40 µl AFFF bu�er (150 mM KCl, 25 mM HEPES, 0.02 % NaN3(sodium azide), pH 7.40), giving a total �nal protein onentration of 0.72 mg/ml; 30 µl ofthis solution is used for eah AFFF run. An Elipse 2 system from Wyatt Tehnology is usedfor the AFFF frationation with a hannel of height 350 µm and length 275 mm. A preutmembrane of regenerated Cellulose (10 kDa moleular weight ut-o�) is used. The Elipsesystem is onneted to a Agilant 1100 series HPLC pump, and to a Dawn Eos multi-angle lightsattering setup. The hannel �ow is onstantly 1.00 ml/min. The sample is injeted with aninjet �ow rate of 0.20 ml/min for 1 min, and foused with a fous �ow rate of 3 ml/min for2 min. Subsequently, the ross �ow is set to 0.5 ml/min and is linearly dereased to 0 ml/minover 40 min. Subsequent frations are olleted for 60 s eah, starting 3 min after the injetionof the SV sample, and 8 min after the initiation of the frationation proedure. The totalduration of one frationation proedure is 40 min.2.6.5 Instrumentation and Choie of ParametersIf not indiated di�erently, the DLS measurments were performed at SVs dispered in HB100bu�er (100 mM KCl, 25 mM HEPES, 1 mM DTT, pH 7.4 (KOH)). For the DLS measurementsof SV sample used for the AFFF frationation, a SV stok solution of 3.58 µg/µl is diluted bya fator of 1000 with degassed aqueous AFFF bu�er (150 mM KCl, 20 mM HEPES, 0.02 %NaN3, pH 7.4 (KOH)), leading to a total protein onentration of 3.58 µg/ml (28). ColletedAFFF frations are not further diluted for DLS measurements sine the frationation proessalready leads to a dilution fator of about 1000. The DLS measurement results are relativelyinsensitive to the exat partile onentration of SVs within a relatively large range (28). E�ets



2.6. Dynami Light Sattering 15due to the partile onentration on the DLS data have been ruled out by dilution series on aSV preparation with an initial protein onentration of 3.39 mg/ml, orresponding to a vesileonentration of about (1.98±0.03)×1014 vesiles/ml (14). For SV partile onentrations from
1.89 × 1012 to 1.55× 1010 vesiles/ml no signi�ant e�ets on the auto-orrelation funtion arevisible after resaling, and the DLS auto-orrelation urves are highly reproduible for identialsamples, see (16, 28).The samples are put into ylindrial borosiliate uvettes with a diameter of 10 mm (FisherSienti�), and are losed air tightly with polymer aps (Carl Roth GmbH, Karlsruhe, Ger-many). DLS is performed with an ALV/CGS-3 Laser Light Sattering Goniometer System(ALV-GmbH, Langen, Germany), equipped with a 22 mW HeNe-Laser (λ = 632.8 nm fromUNIPHASE, model 1145P), and an ALV-7004 or ALV-5004 Multiple Tau Digital Correlator.The sattered intensity is reorded by a high quantum e�ieny avalanhe photo diode at asattering angle of 90 ◦ in the sattering plane, perpendiular to the vertially polarized inidentbeam. If not indiated di�erently, the intensity auto orrelation funtion alulated for threeonseutive intervals of 30 s is averaged, orresponding to 90 s aumulation time. Three suhruns are then performed to obtain the �nal averaged intensity auto orrelation funtion g2(τ),representing a total measurement time of 270 s. The errors are alulated by the standarddeviation of the three 90 s runs for eah τ . The resulting (normalized amplitude) orrelationfuntion g1(τ) is given by β|g1(τ)| =

√

g2(τ) − 1 (29, 42) with the intensity orrelation funtion
g2(τ) =< I(t)I(t+ τ) >t / < I >2

t and the oherene fator β.2.6.6 ResultsRegularized inversionFigure 2.4 (A) shows the size distribution funtions of a seletion of AFFF frations. Frationswere olleted every other minute over 60 s throughout the separation proedure. The �rstfration shown was olleted 5 min after injetion of the SV sample (hronologial order offrations, with their time of olletion [in minutes℄ after injetion of the SV sample: red rosses[5℄, blue full squares [7℄, orange empty squares [9℄, magenta full triangles [11℄, purple fulldiamonds [13℄, light gray plus signs [15℄).The sample used for the AFFF orresponds to the same vesile preparation depited inFig. 2.3. The size distribution funtions were alulated by the ALV software and then resaledto show the relative abundane of vesiles between the frations. For eah fration the salingfator s was omputed with the time averaged intensity 〈I〉t: s = 〈I〉t/
∑

Rh
pI(Rh)dRh. Ina �nal step, the distribution funtions were normalized setting the peak height of the mostabundant fration to 1. For omparison the size distribution of the unfrationated sample wasinluded into the plot (solid blak line).
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Figure 2.4: (A) Size distribution of SVs by DLS. Native SV preparation (solid blak line)and individual AFFF frationns (olored lines, time of olletion [in minutes℄ after injetionof the SV samples: red rosses [5℄, blue full squares [7℄, orange empty squares [9℄, magentafull triangles [11℄, purple full diamonds [13℄, light gray plus signs [15℄) weighted by the relativenumber of partiles within the orresponding individual AFFF fration as determined from thetime averaged sattering intensity < I >t. The inset shows a shemati of the AFFF �owhannel. Red arrows indiate the veloity U(x) of the bu�er in diretion of the �ow hannel,brown arrows indiate the diretion of the hannel ross-�ow. (B) Size distribution of nativeSV preparation by DLS (solid blak line) and ryo-EM (gray irles), shifted as detailed in thetext, and individual AFFF fration [5℄ from the shown native SV preparation (red rosses).



2.6. Dynami Light Sattering 17The bulk of the synapti vesiles in �gure 2.4 (A) appears in the �rst frations (red rosses[5℄, blue full squares [7℄). These frations ontain puri�ed vesiles, larger partiles (> 60 nm)are not present in any signi�ant number, indiating the suessful frationation of SV awayfrom larger partiles. The di�erene between the peak position of the two size distributionfuntions obtained from frations [5℄ and [7℄ is within the auray of the regularized �t. Laterfrations only ontain fewer SVs and some larger partiles.Figure 2.4 (B) shows a repetition from Fig. 2.3 of the size distribution funtion of theunfrationated sample measured by DLS (solid blak line), the AFFF fration [5℄, olletedin minute 5 after injetion of the SV sample, measured by DLS (red rosses [5℄) and the sizedistribution of SVs in unfrationated samples determined by ryo-EM (grey irles). The ryo-EM data on the radius of the SVs was orreted for the expeted e�ets of the outer proteinson the hydrodynami radius by adding 3 nm.The size distribution as determined by ryo-EM agrees well with the AFFF fration [5℄. Thelatter extends a little towards larger partiles. On the other hand, the regularization methodsomewhat in�uenes the shape of the distribution. Further, the distribution funtion of theunfrationated sample is also in good agreement with ryo-EM data and the single AFFFfration data. Here, however, there are learly a small number of larger partiles present.Parameterized modelsFigure 2.5 (A) shows the intensity orrelation funtions g2(τ) of a typial SV sample (greenpoints) and of a typial individual AFFF fration obtained from the native SV sample (blakpoints), exhibiting the harateristi (exponential) deay expeted for polydisperse olloidalpartiles undergoing Brownian motion, along with the errors estimated from the di�erent runsand a least-square �t of a model as detailed below (solid red line and dashed red line). Fig. 2.5(B) shows the resulting bimodal distribution funtion pn(Rh) of the synapti vesiles (solidblue line, ryo-EM data, �xed during �tting) and of the larger aggregated membrane partiles(dashed red line and solid red line). The ryo-EM data are taken from (15). Note the di�erentsalings of the two omponents of pn(Rh), indiating that the large partiles an be viewed asa small ontamination.The SV as well as the larger membranous fragments were modeled as spherial ore-shellpartiles with a onstant shell thikness of t = 12 nm, aounting for both lipid and proteinomponents of the strutures. The lipid bilayer thikness is taken to be about 6 nm (15),and the ontributions from the protein shells are taken into aount by an additional 3 nm onboth sides of the bilayer. In this way the small unilamellar vesile struture of the SV and themembranous harater of the larger partiles are mimiked. The model form fator amplitudeorresponding to this real spae model is given in Eq. 2.3, above.Using this model form fator amplitude, a forward alulation approah was implemented
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Figure 2.5: (A) DLS data of native SV ensemble (green dots) and AFFF fration [5℄ (blakdots), olleted in minute 5 after injetion of the SV sample, with error bars and �tted modelalulations (red dashed line, red solid line). Calulated orrelation funtion for partiles fol-lowing the ryo-EM size distribution (solid blue line). (B) Number weighted bimodal sizedistribution funtions onsisting of the blue branh (ryo-EM data, smoothed) and one of thered branhes (�tted Gaussian distributions, solid red line, red dots) orresponding to the �tsin (A), (solid red line, red dots). Note the di�erent salings for the blue branh and the redbranhes.



2.6. Dynami Light Sattering 19to analyze the SV data, irumventing problems usually arising from the standard inversionapproah of g1(τ) implemented in most ommerial DLS instruments. For the alulations, theSV size distribution obtained by ryo-EM (smoothed) was used, shifted by 3 nm towards lagerradii to aount for the size inrease of the hydrodynami radius resulting from proteins faingoutwards of the SV, whih were not taken into aount in the EM size measurement.The ontribution from the larger membranous partiles was parametrized with a Gaussianshaped size distribution. Together with the main population of isolated and intat SVs thisseond omponent forms a bimodal size distribution. Baselines for τ → 0 and τ → ∞ were�tted to g2(τ). pn(Rh) was optimized by a least-squares �t to g2(τ), solely by adjusting theposition, width and relative height of the Gaussian size distribution of the larger partiles tothe SV population. The size distribution and relative ontribution of the larger membranouspartiles depend to some extent on the individual SV preparation. The resulting alulatedauto orrelation urves are found to be in exellent agreement with the measured g2(τ) forthe native SV ensemble (redued χ2 = 1.36), and in fair agreement for the individual AFFFfration (redued χ2 = 10.92).2.6.7 Disussion and ConlusionsRegularized nonlinear inversion of the intensity orrelation funtion by the ALV software(Fig. 2.3) gives aess to the intensity weighted size distribution funtion pI(Rh), or num-ber weighted size distribution funtion pn(Rh) of the SV population. Width and shape dependto some extent on the regularization. However, the maximum of pn(Rh) is hardly a�eted bydi�erent regularization parameters. Due to imperfetions in the onsideration of the form fatormodel, a seond peak at a radius of about 160 nm is present in pn(Rh). This peak ours in allases, where pI(Rh) 6= 0 for F (q, Rh) = 0 and is more pronouned in ases where the partilesare modeled as hollow hard spheres as ompared to hard spheres (see below). A preise assess-ment of the relative partile number of sizes within the range of the arti�ial peak is omittedhere.The size distributions as obtained from the DLS data are found to depend ritially onthe purity of the investigated SV samples. Espeially even relatively few larger ontaminantpartiles in�uene the obtained size distributions onsiderably, owing to the highly nonlineardependene of the number of photons sattered at partiles of di�erent sizes.The number of larger ontaminant partiles in the SV samples with di�erent di�usion prop-erties than SVs are signi�antly redued by AFFF whih greatly dereases the ontribution ofthe tail towards larger radii in pn(Rh) (solid blak line and red rosses in Fig. 2.4). The sizedistribution of SV samples after puri�ation by AFFF an onsistently be obtained by ryo-EMand inversion of regularized DLS data (gray irles and red rosses in Fig. 2.4 (B)). Results arein exellent agreement with values reported previously (14).



20 Chapter 2. Synapti VesilesThus, the AFFF separation proess is found to disriminate well between SV and largertrae partiles and is suited for further puri�ation of SV samples. In the ourse of the AFFFfrationation proess, the sample is diluted here by a fator of about 1000. Depending on sep-aration parameters it seems feasible to sub-frationate the atual SV population, giving aessto SV sub-populations preisely de�ned and seleted by their di�usion properties. However,the size distribution obtained by DLS extends still somewhat further towards larger radii (redrosses in Fig. 2.4 (B)), or a very small additional ontribution of somewhat larger partiles isneeded (solid red line in Fig. 2.5) when ompared to the ryo-EM size data. This may be dueto an underestimation of larger SV partiles by ryo-EM due to under sampling, and re�etsthe e�ets of very few remaining larger partiles in the sample. In the ase of the inversionanalysis, it annot be exluded, that part of the small deviation between the size distributionobtained by ryo-EM when ompared to the one obtained by DLS is also due to regularizatione�ets.Sattering tehniques allow here to obtain information averaged over a fairly large numberof partiles as ompared to single partile imaging tehniques like ryo-EM in reasonably shorttimes (here in the order of 100 s). It seems feasible to signi�antly inrease time resolutionreahing values in the order of a few seonds. The needed sample volumes are relatively small(about 1 µg of SVs in about 1 ml bu�er) and samples are reusable.In summary, DLS spetra reorded from SV under quasi-physiologial onditions an beonsistently desribed with a size distribution obtained by ryo-EM at vitri�ed SV dispersions.The e�ets originating from few larger trae partiles of sizes in the order of few 100 nm insamples an be e�etively modeled by a seond Gaussian distributed branh in the partile sizedistribution.Regularization and inversion of DLS spetra from samples ontaining relatively few of suhlarger trae partiles lead to a mono-modal size distribution with a signi�antly overestimatedwidth when ompared to the SV size distribution obtained by ryo-EM. The atual SV sizedistribution is rather sharp, ompared to the rather broad size distribution of the larger mem-branous partiles. Although the position of the maximum of the size distribution is also slightlyshifted towards larger radii, it is found to be still a fairly good estimate for the atual mostlikely radius within the SV population.Larger trae partiles ontaminating the SV population an be removed e�etively by AFFFfrationation, giving aess to diluted SV dispersions of utmost purity. DLS spetra fromAFFF frations ontaining the SV population an be analyzed by means of regularization andinversion and reveal a SV size distribution onsistent with ryo-EM data.DLS is found to be a fast and reliable method to obtain information on the ensemble averagedsize and size distribution of dispersed synapti vesiles within the range of approximately 10 nmto few 100 nm. Short measurement times and small sample amounts needed for DLS allow to



2.7. Sample Preparation for X-Ray Sattering Experiments 21investigate large numbers of samples in a bath. No invasive sample preparation steps areneeded and DLS measurements are ompatible with quasi-physiologial onditions. Samplesare reusable after DLS measurements.2.7 Sample Preparation for X-Ray Sattering Experiments2.7.1 Native Synapti VesilesSynapti vesiles from rat brain were puri�ed by Matthew Holt 6 following the puri�ationprotool by Jahn et al., (14), as desribed in setion 2.3 above. Samples were kept on water/iemixtures until investigation by eletron mirosopy (EM). Samples for the SAXS measurementswere snap frozen for transportation to the synhrotron. In similar samples, the V-ATPase onSVs retained the apaity to aidify the interior of the SV in the presene of ATP (build-upof a proton gradient, as assayed by the quenh of the �uoresent dye aridine orange as anindiator), whih is an important indiation that the SV membranes are funtionally intat(43).The resulting SV stok solutions had a protein onentration in the range of 5.47−6.45 µg/µl,whih were partly further diluted by adding HB100 bu�er at pH 7.40.Samples at low pH were prepared by adding HB100 bu�er ajusted to pH 2.10 to the SVstok solution in a ratio of 4:1. Correspondingly, samples at high pH were prepared by addingHB100 bu�er at pH 12.90 to the SV stok solution in a ratio of 4:1.2.7.2 Protease Treatment Synapti VesilesFor the protease digested SVs (44), one sample was split in two following the usual puri�ation.To one sample 0.1 µg Trypsin per µg protein was added and inubated at 37 ◦C for 60 minutes.The other sample was inubated for the same time on ie as a ontrol. Both samples wereentrifuged at 3×105 g (average) for two hours. The pellets were then re-suspended in aqueousbu�er of 100 mM KCl, 25 mM HEPES and 1 mM DTT at pH 7.40. Both the entrifugationand re-suspension followed similar steps of the usual puri�ation protool.2.7.3 Preparation of LiposomesSmall unilamellar lipid vesiles were prepared by dissolving 1,2-Dioleoyl-sn-Glyero-3-Phosphat-idilserine (DOPS) supplied by Avanti Polar Lipids (Alabaster, AL) at a onentration c =

20 mg/ml in ultrapure water (Milli-Q), and soniation to larity with a Sonoplus tip sonia-tor (Bandeli eletroni, Berlin, Germany), set to 45 % power and 6 yles. Samples were6Department of Neurobiology, Max Plank Institut für Biophysikalishe Chemie, Göttingen, Germany



22 Chapter 2. Synapti Vesilesentrifuged for 10 min. at 14.5 × 103 rpm to remove metal partiles originating from thesonotrode, and subsequently degassed at room temperature for 10 min in a Heraeus vauthermVT 6060P vauum oven (Kendro Laboratory Produs, Hanau, Germany), operated with adiaphragm vauum pump (Balzers-Pfei�er, Asslar, Germany).2.8 ConlusionsSVs an be puri�ed in su�ient large quantities and purity from rat brain needed for synhrotronSXAS experiments. The purity of the SV dispersions an be assessed by employing ryo-EMand DLS. Shape information is obtained for both the SVs and the larger trae partiles byryo-EM. The size distribution of SVs is independently obtained by ryo-EM and DLS. Largertrae partiles present in the SV dispersions an be identi�ed by ryo-EM, and quanti�ed byDLS.



Chapter 3Small-Angle X-Ray SatteringThis hapter introdues basi experimental aspets of SAXS, inluding raw data treatment,and presents measured sattering urves. The experimental set-ups and parameters used inthe SAXS measurements are given (Setion 3.1). SAXS urves from native synapti vesile(Setion 3.2), reorded independently at two di�erent synhrotrons, are ompared revealing highreproduibility of data taken from di�erent individual samples and at di�erent experimentalset-ups. A dilution series reveals the absene of a pronouned interation potential betweenthe SVs. SAXS urves from native SVs measured at three di�erent pH values show distintdi�erenes in their sattering urves. Further, SAXS urves obtained from protease treated SVsshow distint features when ompared to native SVs. Finally, SAXS urves from unilamellarliposomes are ompared to data from SVs. Model independent onlusions are drawn from thesattering data (Setion 3.3).3.1 Experiments and Instrumental CorretionsFigure 3.1 shows a shemati of the experimental set up for the SAXS measurements. Themomentum transfer vetor is de�ned by q = Kf − Ki, where Kf and Ki are the wave vetorsof the sattered and inident x-ray beam, respetively. The modulus of the sattering vetor qis given by
q ≡ |q| =

4π

λ
sin Θ , (3.1)where λ is the wave length of the inident photons, as well as of the elastially sattered photons.Photons are sattered to angles 2Θ relative to the inident beam, see Fig. 3.1.SAXS experiments were performed at the high brilliane undulator beamline ID-2 of theEuropean Synhrotron Radiation Faility (ESRF) in Grenoble, Frane, and beamline B1 at theDoris III storage ring of HASYLAB at Deutshes Elektronen-Synhrotron, Hamburg, Germany.23
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SourceFigure 3.1: Shemati of experimental setup for SAXS measurements. The momentum transfervetor is de�ned by q = Kf −Ki, where Kf and Ki are the wave vetors of the sattered andinident x-ray beam, respetively.3.1.1 Beamline ID-2, ESRFBeamline ID-2 was operated under the beamline's standard onditions at E = 12.4 keV (45)photon energy. The beamline is operated with a monohromati, highly ollimated and intensebeam in a pinhole on�guration. The ryogenially ooled Si-111 double-rystal monohromator(bandwith in the order of ∆E/E = 2 × 10−4 for E = 12.4 keV) displaes the beam vertiallyby 30 mm to redue the bakground radiation from the eletron storage ring. An unooledRh-oated double-fousing toroidal mirror follows the monohromator and minimizes the beamsize at the detetor position for the longest possible soure to detetor distane at the beamline(65 m). Beam size is in the order of 100 µm.The SV samples were at total protein onentrations of 2.74 µg/µl in aqueous bu�er of
100 mM KCl, 25 mM HEPES and 1 mM DTT at pH 7.40. The samples were kept in a glass�ow through apillary, or wax sealed glass apillary, with a diameter of 1.5 mm and a wallthikness of 0.01 mm.The di�ration patterns were reorded with a �ber optially oupled FReLoN1 CCD detetorpositioned 0.85 and 5 m behind the sample in an evauated detetor tube. The CCD2 has aninput �eld of 100 mm × 100 mm and a nominal dynami range of 16 bit, (15 bit above the noise�oor). The spatial resolution, as determined by the point spread funtion, is about 80 µm. Thedetetor was proteted from the primary beam by a beam stop of size 2.5 × 6 mm, equippedwith a PIN photo diode for measurements of the primary beam intensity after being attenuatedby the sample. Data were olleted over a q-range from 0.016 to 5.5 nm−1. Typial exposure1Fast-Readout, Low-Noise2Kodak KAF-4320, Eastman Kodak Company



3.1. Experiments and Instrumental Corretions 25times were 0.1 seonds.The number of pixels was redued by 2 × 2 binning from 2048 × 2048 to 1024 × 1024virtual pixels. The 2D isotropi (powder average) di�ration pattern was orreted for the CCDdark urrent, o�set of the analogue to digital onverter, spaial distortion, detetor sensitivity(�at-�eld), and was alibrated to an absolute sale (water referene) employing the proeduredesribed in (45). The SAXS utilities 3 program pakage from Mihael Sztuki4 has beenemployed for these on-line data proessing steps.Detetor pixels with very low ount rates lose to the edge of the detetor as well as inthe regions of the shadow of the beam stop were masked and exluded from the further dataproessing. The mask is generated using the program Fit2D 5, and saved as a BSL �le, whihis onverted to a EDF �le by employing the sript �le mask2b2.ma 6 from Mihael Sztuki,as desribed in more detail in the diploma thesis of Gudrun Lotze (46). The �le names ofthe masks employed for proessing the sattering data reorded at the di�erent sample todetetor distanes are (�le name, distane in m): (A99000.BSL, 2.00), (B99000.BSL, 5.00),(C99000.BSL, 0.85).Figure 3.2 (A) shows the entrosymmetri sattering pattern from dispersed SVs, reordedwith a sample to detetor distane of 5 m. The data is re-binned and orreted for the CCDdark urrent, the o�set of the analogue to digital onverter, spaial distortion and the detetorsensitivity. (B) shows the same sattering pattern as in (A), masked pixels are marked (blak),and exluded from the further data proessing.The orreted, alibrated and masked sattering pattern is azimuthally regrouped, and sub-sequently azimuthally averaged, by employing the sript �le dmultialib_arianz_trm.ma 7from Mihael Sztuki, whih requires and uses funtions from the SAXS program pakage 8 fromPeter Böseke9. The output of the sript �le is written in DAT �les, ontaining one headerline and three olumns with entries giving the values of the modulus of the sattering vetor
q in units of (1/nm), the reorded sattering intensities I(q) in dimensionless units (1), andthe orresponding ounting error statistis, negleting orrelations between pixels. In orderto obtain the sattering intensity on an absolute sale in units of an inverse length, I(q) isdivided by the sample thikness in units of the orresponding length in real spae. Further,
I(q) is multiplied by a dimensionless orretion fator with a value of approximately 1.5 whihis empirially determined from the absolute sattering intensity of water at small q-values, andaounts for all proesses whih redue the number of sattered photons reahing the detetor.3http://www.sztuki.de/SAXSutilities/4European Synhrotron Radiation Faility, High Brilliane Beamline ID-2, Grenoble, Frane5http://www.esrf.eu/omputing/sienti�/FIT2D/6http://www.sztuki.de7http://www.sztuki.de8http://www.esrf.eu/UsersAndSiene/Experiments/TBS/SiSoft/OurSoftware/SAXS9European Synhrotron Radiation Faility, High Brilliane Beamline ID-2, Grenoble, Frane



26 Chapter 3. Small-Angle X-Ray Sattering
A

0 100 200 300 400 500 600 700 800 900 1000

0 100 200 300 400 500 600 700 800 900 1000

0

100

200

300

400

500

600

700

800

900

1000

0

100

200

300

400

500

600

700

800

900

1000

Columns

R
o
w

s

B

1.E-4 1.E-3 0.01 0.1 1 10

Intensity

0 100 200 300 400 500 600 700 800 900 1000

0 100 200 300 400 500 600 700 800 900 1000

0

100

200

300

400

500

600

700

800

900

1000

0

100

200

300

400

500

600

700

800

900

1000

Columns

R
o
w

s

Figure 3.2: Di�ration pattern from dispersed native SVs reorded at a distane of 5 m behindthe sample (Beamline ID-2, ESRF). (A) Data re-binned, orreted for CCD dark urrent, theo�set of the analogue to digital onverter, spaial distortion and detetor sensitivity, as detailedin the text. (B) Pixels at the detetor edge and in the region of the beam stop shadow aremasked (blak) and exluded from the further data proessing.
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Figure 3.3: Sattering urves reorded from a SV dispersion (green diamonds), and pure HB100bu�er (blue triangles) in a �ow through glass apillary at ID-2, ESRF. The sattering urvefrom the bu�er sample is subtrated from the sattering urve from the SV sample, yieldingthe �nal orreted sattering urve from the SV (blak irles, shifted by a fator of 0.1, forlarity) used for �tting.Data reorded at the two di�erent detetor distanes are manually ombined in MATLABgiving a orreted sattering urve I(q) overing more than two orders of magnitude in q.Further, the sattering data of the vesiles is orreted for the sattering of the aqueous bu�er,and the thin glass apillary, by subtrating the sattering urve reorded from a apillary �lledwith pure bu�er, from the sattering urve as reorded of the vesile dispersions, yielding the�nal 1D sattering urve for �tting. Figure 3.3 shows the sattering urves reorded from a SVdispersion (green diamonds), and from pure HB100 bu�er (blue triangles) in the �ow throughapillary. The sattering of the bu�er is slightly resaled by a fator lose to 1 (if neessary)to aount for imperfetions in the alibration proedures of the sattering intensities to anabsolute sale. The sattering urve from the bu�er is subtrated from the sattering urve ofthe SVs, yielding the �nal orreted sattering urve (blak irles, shifted by a fator of 0.1,for larity) used for �tting and model falsi�ation.Radiation damage was ruled out by omparison of sattering patterns reorded with di�erentexposure times from 0.01 to 10 seonds. For the standard aumulation time, the absorbed doseduring exposure was about 6.5 × 103 Gy, as alulated from the number of photons impingingon the sample, and the absorption of the sample. Dilution series revealed no measurableinter-partile orrelations or aggregation for samples of a total protein onentration between
6.45 µg/µl and 0.10 µg/µl, see setion 3.2. Detetor resolution e�ets ould be ignored at the



28 Chapter 3. Small-Angle X-Ray SatteringID-2, ESRF, measurements.3.1.2 Beamline B1, HASYLABBeamline B1 was operated under the beamline's standard onditions at 9.0 keV (47) photonenergy. The beamline operates in a nonfousing pinhole ollimation geometry. The x-rayphotons are generated by employing a bending magnet (rital energy 16.04 keV), whih aremonohromatized by a �xed exit monohromator onsisting of two �at symetrially ut Si-311 rystals. The higher harmonis are suppressed by detuning the seond monohromatorrystal (MOSTAB unit (48)). The beam size at the sample was 1.0 × 0.7 mm (horizontally ×vertially), de�ned by the guard slits in front of the sample.The SV samples were at total protein onentrations of 4.98 µg/µl in aqueous bu�er of
150 mM KCl, 25 mM HEPES and 1 mM DTT at pH 7.40. The samples were kept in waxsealed glass apillaries with diameters of 1.5 mm and a wall thiknesses of 0.01 mm.The di�ration patterns were reorded with a multiwire proportional hamber gas detetor(Gabriel), or a Pilatus 300k silion single photon ounting pixel array detetor positioned 935and 3635 mm behind the sample. The pixel sizes of the detetors are 0.8 mm (Gabriel), and172 µm (Pilatus). Data were olleted over a q-range from 0.08 to 2.9 nm−1. Typial exposuretimes were 30 minutes. The 2D isotropi (powder average) di�ration pattern was orretedfor the dark urrent, �utuations in primary intensity, spaial distortion, detetor sensitivity/ �at-�eld (only for Gabriel detetor), and was alibrated to an absolute sale (glassy arbonreferene) employing a similar proedure as desribed in (45). Pixels in the shadow of the beamstop, at the very edge of the detetor, and in regions with signi�ant sattering from slits weremasked and exluded from the further data analysis. The sattering pattern were azimuthallyintegrated, and data reorded at the two di�erent detetor distanes were ombined to give aorreted sattering urve I(q).All instrumental orretions were performed using a data proessing toolbox 10 onsisting ofvarious individual MATLAB maros developed by Ulla Vainio11, A. Waha and S. Haas. Themaros utilized in the proessing of the data reorded with the Gabriel 12 detetor, and thePilatus 13 detetor are distributed by Ulla Vainio. More details on the funtionality of individualmaros of the data proessing toolbox an be found in the beamline manuals 14 by Ulla Vainio.Note that the maros for the Pilatus detetor require the maro imageread.m 15, available from10http://hasylab.desy.de/failities/doris_iii/beamlines/b1/software_and_hardware/index_eng.html11Hamburger Synhrotronstrahlungslabor at Deutshes Elektronen-Synhrotron, Beamline B1, Hamburg,Germany12http://github.om/uvainio/B1marosGabriel/13http://github.om/uvainio/Beamline-B1-maros/14http://hasylab.desy.de/failities/doris_iii/beamlines/b1/software_and_hardware/index_eng.html15http://sls.web.psi.h/view.php/beamlines/ms/sd/omputing/index.html



3.2. Results 29the Swiss Light Soure.The data proessing toolbox writes several output �les. Files named intnorm*.dat ontainsthree olumns with entries giving the values of the modulus of the sattering vetor q in unitsof (1/ ◦

A), the reorded sattering intensities I(q) in units of (1/m), and the orrespondingounting error statistis, negleting orrelations between pixels. The sample thikness in unitsof (m) is determined manually and entered prior to the start of the data proessing into themaro B1normint*.m, whih is used for the normalization of the data to an absolute sale.The �le named intnorm*.log ontains di�erent experimental parameters, suh as beam size andalibrated energy. The �le ontains re-binned data, so that sattering data reorded at di�erentsample to detetor distanes are sampled at equal q values. The data struture and units inthe �le intbinned*.dat are the same as in �le intnorm*.dat. Data reorded at di�erent detetordistanes are ombined by employing the maro sumanduniteB1*.m,Further, the sattering data from the vesiles is orreted for the sattering from the aqueousbu�er, and the thin glass apillary, by subtrating the sattering urve reorded from a apillary�lled with pure bu�er, from the sattering urve as reorded from the vesile dispersions,yielding the �nal 1D sattering urve for �tting. The sattering urve from the bu�er is slightlyresaled by a fator lose to 1 (if neessary) to aount for imperfetions in the alibrationproedures of the sattering intensities to an absolute sale. The sattering urve from the bu�eris subtrated from the sattering urve of the SVs in MATLAB, yielding the �nal orretedsattering urve used for �tting and model falsi�ation. Detetor resolution e�ets ould beignored at the B1, HASYLAB, measurements.3.2 ResultsFigure 3.4 shows SAXS data from native SVs reorded at beamline ID-2 at ESRF (blak irles)and at beamline B1 at HASYLAB (green squares). Plotted are (A) the sattered intensity I(q)vs. modulus of the sattering vetor q, and (B) the I(q)×q2 vs. q (Kratky plot). Data hasbeen bakground orreted, radially integrated and alibrated to an absolute sale followingthe proedures desribed in setion 3.1. Note that the two data sets have been reorded fromsamples from di�erent individual SV preparations with similar protein onentrations, and attwo di�erent experimental set-ups. Both the data sets look very similar, only towards low qvalues there are small, but signi�ant di�erenes in the slope of the urves. This is most likelydue to small di�erenes in the number of larger trae partiles originating from imperfetionsin the SV puri�ation proedure, see setions 2.3 and 2.4.Figure 3.5 shows a dilution series of native SVs. SV sample onentrations are 6.45 µg/µl(blak irles), 1.08 µg/µl (blue squares), and 0.10 µg/µl (green diamonds). The three sat-tering urves exhibit very similar slopes when ompared to eah other at similar q values. As
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A B

Figure 3.4: SAXS data from native SVs reorded at beamline ID-2 at ESRF (blak irles)and beamline B1 at HASYLAB (green squares, shifted for larity). (A) Plot of the satteredintensity I(q) vs. the modulus of the sattering vetor q, and (B) Kratky plot, i.e. I(q)×q2 vs.q. Data has been bakground orreted, radially integrated and alibrated to an absolute sale,as detailed in the text. Exposure time 0.1 s (ID-2, ESRF), and 30 min (B1, HASYLAB).
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Figure 3.5: SAXS data from dilution series of native SVs reorded at beamline ID-2 at ESRF. SVsample onentrations are 6.45 µg/µl (blak irles), 1.08 µg/µl (blue squares), and 0.10 µg/µl(green diamonds).
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Figure 3.6: SAXS data from native SVs under di�erent pH onditions, reorded at beamlineID-2 at ESRF. SVs at pH 7.40 (blak irles), SVs at low (2.1) pH (blue diamonds), and SVsat high (12.9) pH (red squares). Figure adapted from (17).expeted, the urves are vertially shifted due to the di�erent sample onentrations as I(q) hasbeen alibrated to an absolute sale. Note the di�erenes between the theoretially expetedshifts due to the sample onentration, and the experimentally observed intensities. The di�er-enes are due to imperfetions and unertainties in the alibration proedure of the data to anabsolute sale. There are no indiations of a pronouned interation potential between the SVsin the samples. Thus, the struture fator an be approximated by 1 within the investigated qrange.Figure 3.6 shows data from SV samples in HB100 bu�er at pH 2.1, pH 7.4 and pH 12.9.The SAXS urves show distint features depending on the pH onditions. The overall slopeof the sattering urves is dereased at both high and low pH onditions as ompared toneutral pH. This might be due to hanges in overall shape and/or size of the SVs. Alsoaggregation (doking) of SVs might lead to these e�ets. Resolved hanges in the higher q-regions of the reorded data indiate distint hanges in the loal struture of the proteindeorated bilayer of the SVs as a funtion of pH onditions. The underlying detailed struturalhanges are to be further investigated and remain unlear at present. However, the SVs seemto retain well de�ned strutures even under extreme pH onditions. More subtle hanges of thehemial environment of the SV samples like di�erent alium onentrations in the range of 0to 100 µM, or magnesium onentrations around 200 mM did not show resolvable di�erenesin the orresponding SAXS urves (data not shown).Figure 3.7 shows the SAXS intensity funtion (A) I(q) vs. q, and (B) a Kratky plot I(q)×q2vs. q for a SV sample (blak irles) and SV treated with the protease Trypsin (blue squares).
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A B

Figure 3.7: SVs with additional entrifugation in puri�ation protool (blak irles), andSVs treated with protease to remove protein residues faing outwards, also with an additionalentrifugation in puri�ation protool (blue squares, shifted by fator 0.1 for larity). (A) I(q)vs. q, and (B) Kratky plot I(q) × q2 vs. q. Figure partly adapted from (17).Clearly visible are distint, signi�ant di�erenes between the two sattering urves. Thesattering urve from the protease treated SVs (blue squares) exhibits a dereased slope for
q ≈ 0.5 to q ≈ 1 1/nm when ompared to the ontrol sample (blak irles).Figure 3.8 shows data I(q) vs q from a ontrol sample onsisting of DOPS vesiles, 20 mg/mlin water (blue squares), and how they ompare to SV data (blak irles). While the data looksqualitatively similar towards both lower and higher q values for the measured interval of theDOPS vesile data, the sattered intensities di�er up to approximately two orders of magnitudeat intermediate q-values.3.3 ConlusionsSAXS measurements from dispersed SVs under quasi-physiologial onditions reveal hara-teristi and distint isotropi sattering patterns. The data is highly reproduible at di�erentsynhrotron beamlines, and depends only for smaller q values slightly on the individual SVpuri�ation. This is due to a slightly varying small number of larger trae partiles in thesample, due to unavoidable imperfetions in the SV puri�ation protool, see setion 2.3. Adilution series reveals no signi�ant inter-partile potential for SVs dispersed in HB100 bu�erat pH 7.4. Thus, the struture fator an be approximated by 1 in the measured q intervalunder neutral pH onditions. The reorded SAXS urves from SVs under di�erent pH ondi-
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Figure 3.8: DOPS vesile data (blue squares, ×10−3) reorded at beamline B1 at HASYLAB,and SV data (blak irles) reorded at beamline ID-2 at ESRF. SV data idential to datashown in Fig. 3.4. Adapted from (17).tions show distint, harateristi hanges when ompared to eah other. Thus, SAXS is suitedto follow strutural hanges in the sattering patterns from SVs indued by variation of thequasi-physiologial environment. Sattering urves from SVs treated with a protease (Trypsin)show small, but signi�ant harateristi di�erenes when ompared to sattering urves from aontrol sample onsisting of native SVs. The sattering urves reorded from unilamellar DOPSvesiles, when ompared to SV data, show well distint features in intermediate q ranges ofthe measured q regions, while they exhibit qualitatively similar sattering urves both towardshigher and lower q values.
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Chapter 4
Data Modeling of X-Ray SatteringCurves
This hapter introdues basi theoretial sattering models and desribes approahes for theanalysis of data from SVs. The desription of kinemati photon sattering at the eletrons ofpolydisperse ore-shell partiles within the ontinuum approximation is introdued, and thealibration of the sattering data from SVs to an absolute sale is addressed (Setion 4.1). Weonsider approahes of model independent analysis of SAXS data and their limitations (Setion4.2), and introdue the onept of diret modeling of SAXS data (Setion 4.3). Di�erent param-eterized strutural minimal models of SVs (Setion 4.4) are onstruted onsidering informationfrom ryo-EM on the shape of SVs, as well as ryo-EM data on the size distribution of SVs.Further, information from DLS on the size distribution of SVs and biohemial information onthe moleular inventory of SVs are taken into aount. The form fators orresponding to theminimal real-spae models are derived and generalized (Setion 4.5). Subsequently, these formfators are least-squares �tted to SAXS data from SVs (Setion 4.6). All optimized isotropimodels are falsi�ed, while optimized anisotropi models are in exellent agreement with SAXSdata, ryo-EM data and biohemial data. Finally, onlusions from this hapter are summa-rized (Setion 4.7).4.1 Kinemati ApproximationThe sattering ross setion for a dilute, polydisperse system of spherial ore-shell partiles ofradius R with the number size distribution p(R), the volumes V (R), and the sattering formfator P (q, R) is given by (49)

dσ(q)

dΩ
= ∆ρ2

∫

∞

0

p(R)V (R)2P (q, R) dR . (4.1)35



36 Chapter 4. Data Modeling of X-Ray Sattering Curves
V (R) is the dry volume of the partile de�ned as the total volume Vtot minus the volume of thesolvent ore Vcore. ∆ρ = M/V denotes the di�erene between the sattering length density ofthe solvent and the average sattering length density of the deorated bilayer shell. M will beused below as the total exess sattering length of a partile.The total number of eletrons within the partile population is

Ne = (ρ0 + ∆ρe)

∫

∞

0

p(R)V (R) dR (4.2)with ρ0 denoting the eletron density of the solvent, and ∆ρe the average exess eletron densityof the deorated bilayer shell. The dry mass m of the partile population an be obtainedfrom the modi�ed Lowry protein assay (see setion 2.3), and an be diretly linked to Ne,assuming a �xed ratio of 1.87 neutrons or protons per eletron within the partiles (50, 51) andonsidering the eletron density of the bu�er (333 electrons/nm3). Thus, ∆ρ and the numbersize distribution p(R) an both be obtained on an absolute sale. As always in satteringexperiments, two solutions generally exist for ∆ρ (and thus p(R)) due to Babinet's priniple.Here we hoose ∆ρ > 0, in agreement with the existing data on bilayer densities (15).4.2 Model Independent Data AnalysisModel independent data analysis approahes allow to dedue 3D strutural information diretlyfrom SAXS data by employing numerial methods. In general, these approahes also requiresome a priori assumptions about the sample; model building of spei� parametrized modelsis, however, not required.4.2.1 Indiret Fourier Transformation Method and Convolution SquareRoot OperationThe Indiret Fourier Transformation (IFT) method (52) applied to the SAXS data of unor-related monodisperse partiles of radius R with 0 ≤ R ≤ Rmax reveals the pair distane dis-tribution funtion p(r), or equivalently, the orrelation funtion γ(r) within partiles of �nitesize. The distane distribution funtion p(r) and the orrelation funtion γ(r) are onnetedvia the relation p(r) = r2γ(r). Further, the IFT an be generalized to aount for interationsof partiles (struture fators), for polydisperse systems of partiles of given shape (53), andnon-spherial partiles (aounted by a shape fator) (54).The basi idea of the IFT method is to follow the experiment from real spae (sample) toexperimental (data) spae, and than to ome bak to real spae by performing a Fourier trans-form (30). First, an optimized funtion system (linear ombination of ubi B-splines (55, 56),for example) is established by assigning a value to Rmax and by using the relations 0 ≤ R ≤
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Rmax. Seond, the experimental data is approximated (smoothed) using the optimized funtionsystem by employing a weighted least-squares tehnique. If neessary, orretions for instrumen-tal broadening (desmearing) are performed. Third, the smoothed data is transformed into realspae. Care has to be taken to minimize termination e�ets ourring during transformation.In ase of several entro symmetri partile strutures, the sattering density pro�le an beobtained by numerial deonvolution of the pair distane distribution funtion (57, 58, 59) byemploying the onvolution square root operation. However, lak of entro symmetry of thepartile struture e�etively prohibits to deonvolute the pair distane distribution funtion.4.2.2 Ab-Initio Shape AnalysisPseudo-atomisti ab-initio modeling reveals the three dimensional shape and overall low res-olution struture of native proteins in solution by employing multipole expansions (60). Thistehnique only works for partiles with a nearly homogeneous distribution of sattering lengthdensity, and is restrited to monodisperse partiles, or in a modi�ed version, to two-phase par-tiles (61). In reent years it has been demonstrated that rigid body modeling against SAXSdata an eluidate the overall struture and onformational hanges of funtional omplexes,�exible maromoleules and assembly proesses (62, 63).However, this approah seems unsuited for large heterogeneous and omplex strutures likeSVs. The number of free parameters of suh pseudo-atomisti models with su�ient resolutionto resolve details of the bilayer struture and the membrane proteins would be too high whenompared to the number of data points obtainable by SAXS experiments.4.3 Diret ModelingDiret modeling aims at building form fator models of an analytial form, onsistent withall previous knowledge about the sample, whih an be least-squares �tted to the satteringdata (64). Models are falsi�ed, i.e. rejeted, or found to be onsistent with the satteringdata. In the latter ase, the optimized model parameters obtained are subsequently subjetto strutural interpretation, taking into aount independent data from di�erent quantitativeexperimental tehniques like ryo EM, DLS and biohemial analysis (15, 17).4.4 Model Building: Integrated ApproahThe SV models are onstruted on the basis of information from ryo eletron mirographs,revealing their spherial ore-shell struture of a protein deorated lipid bilayer, as well asdata and information on the size distribution p(R) of SVs obtained by ryo-EM and DLS.Biohemial data on the moleular inventory of the SV provides further onstraints.



38 Chapter 4. Data Modeling of X-Ray Sattering CurvesIn all SV models, a bimodal size distribution funtion p(R) = pEM(R)+pG(R) was employedas shown in Fig. 4.4 (B). The branh pEM(R) of p(R) around approximately R = 20 nm hasbeen determined by ryo-EM (smoothed) (15). The diameter of the SV was measured frombilayer surfae to bilayer surfae. The branh pG(R) of p(R) around approximately R = 200 nmwas alulated as a freely varied Gaussian ontribution for µ− 3σ ≤ R ≤ µ+ 3σ given by
pG(R) =

a√
2πσ2

exp

(

−(R − µ)2

2σ2

)

, (4.3)with mean µ, standard deviation σ and saling parameter a to aount for the trae numberof larger membranous partiles in the sample visible by ryo-EM, see Fig. 2.2. Further detailson the larger partiles as obtained by ryo-EM are given in setion 2.5 and (14). The branh
pG(R) of p(R) also assures onsisteny of the model with DLS data on the size distribution ofthe SV samples, see setion 2.6. In the DOPS vesile models, p(R) was a freely varied Gaussianonly.The form fator models derived here are built from a entral bilayer pro�le (65, 66, 67)with added ontributions on the inside (lumen) and outside of the SV model, aounting forthe numerous proteins assoiated with the SV membrane. The spherially symmetri eletrondensity pro�le of the bilayer is modeled by three onentri Gaussians (68), representing thehead groups of the two lipid lea�ets and the hydrophobi ore. Note that protein residuesassoiated with the head groups and trans-membrane protein segments are inluded in thisontribution. The larger proteins, or protein lusters, of the inner and outer protein shells,whih an be learly seen in ryo-EM images (14, 15) are modeled as follows: (i) The proteinsare not expliitly integrated into the model. Also an asymmetri bilayer pro�le has been testedin this ase. (ii) The proteins are modeled by oronas of onentri Gaussians, or (iii) oronasof hard spheres, or (iv) oronas of Gaussian hains (69) attahed to the inner and outer sidesof the bilayer, respetively (15, 70, 71, 72, 73).A sketh of the orresponding model with attahed Gaussian hains (iv) in real spae is givenin Fig. 4.1 (B). This approah is a generalization of a model originally derived for polymermodi�ed mielles and liposomes (70, 73). For omparison, Fig. 4.1 (A) shows a setion througha moleular model of an average SV, based on spae-�lling models of maromoleules at nearatomi resolution (reprodution from (14)).The ontribution of the hard spheres oronas, or Gaussian hains oronas, expliitly intro-dues an in-plane struture to the models, breaking the spherial symmetry. The individualhard spheres or Gaussian hains are assumed to be perfetly unorrelated, forming an idealgas on the sphere. The extension of the additional onentri Gaussians, the hard spheresand the Gaussian hains in the radial diretion might be interpreted as the thikness of theprotein layers, whereas the lateral extension (parallel to the membrane tangent plane) of thehard spheres or Gaussian hains may re�et the in-plane size of individual proteins, protein
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Figure 4.1: (A) Setion through a moleular model of an average SV isolated from rat brain,based on spae-�lling models of maromoleules at near atomi resolution. Reprodution from(14). (B) Sketh of a real spae model orresponding to an optimized sattering form fa-tor onsistent with the measured SAXS data. For details on the model and parameters seeTables 4.3 and 4.4, Fig. 4.4 and setion 4.5. Reprodution from (15).lusters and/or distint lipid miro domains in a oarse grained sense. For the alulation ofpolydisperse populations the loal struture of the onentri bilayer pro�le and, dependingon the model, the additional terms desribing the protein oronas were kept onstant for allpopulation members.In addition to the parameters of the di�erent models given in Tables 4.1, 4.2, and 4.5 threeparameters re�eting the freely varied Gaussian omponent pG(R) of p(R), aounting for largermembranous partiles in the SV samples, and a small onstant bakground, were subjet tooptimization during the �tting proedure of the form fator models to I(q). The part pEM(R)of p(R) representing the size distribution of the SVs as obtained by ryo-EM (14, 15) was keptonstant for all �ts. For both branhes of p(R), the same form fator was used. In partiularthe bilayer pro�le parameters, the parameters of the additional onentri Gaussians, or thedensity of hard spheres or Gaussian hains per surfae area (N in
c /(4π(R − D − Rin

g )2) and
Nout

c /(4π(R + Rout
g )2)) were kept onstant. The e�etive number of free parameters of thedi�erent models are 7 (3 Gaussians, symmetri pro�le), 9 (3 Gaussians, asymmetri pro�le),11 (3 Gaussians forming symmetri pro�le, with 2 additional onentri Gaussians), and 12 (3Gaussians forming symmetri pro�le, with hard spheres or Gaussian hains oronas attahed).However, it should be emphasized that in pratie part of the parameters were only free tovary within relatively narrow intervals due to the strutural onstraints to these parameters



40 Chapter 4. Data Modeling of X-Ray Sattering Curvesimposed by the model. Details on the di�erent form fators orresponding to the real spaemodels presented above, are given in setion 4.5.4.5 Derivation of Form Fators4.5.1 Isotropi ModelsEquation 4.7 (below) gives the �nal form fator of the isotropi models used in the �ttingproedures. The models are built from a entral symmetri or asymmetri bilayer pro�le, withadded spherially symmetri protein shells on the inside (lumen) and outside of the SV. Thebilayer eletron density pro�le is modeled by three onentri Gaussians (68), representingthe headgroups of the two lipid lea�ets and the hydrophobi ore. Note that the amino aidresidues assoiated with the headgroups and trans-membrane protein segments are inludedin this ontribution. The inner and outer protein shells are modeled by onentri Gaussiansattahed to the inner and outer sides of the bilayer, respetively. The exess sattering lengthdensity of the bilayer pro�le is given by
ρ(r) =

∑

i

ρi exp

(

−(r −Ri)
2

2t2i

)

, (4.4)with the peak position Ri, amplitude ρi and width ti with i ∈ in, out, tail, inner, outer,for eah of the three Gaussians representing the headgroups of the two lea�ets and the tailregion, and the inner and outer protein shell, respetively. The (harateristi) radius R isde�ned as R = Rout + tout

√
2π/2 mimiking a SV with the outer lipid bilayer surfae at r ≃ R.To redue the number of model parameters, we hoose Rtail = R − (tout + ttail/2)

√
2π, Rin =

R − (tout + ttail + tin/2)
√

2π. Thus, the total thikness D of the bilayer is haraterized by
D =

√
2π(tin + ttail + tout). Further, we hoose Rinner = R − (tout + ttail + tin + tinner/2)

√
2πand Router = R + (touter/2)

√
2π so that the overall thikness of the synapti membrane isharaterized by the total thikness D of the bilayer struture and the thikness of the innerand outer protein layers. The total exess sattering length with respet to the aqueous bu�eris βb. Depending on the spei� model, we hoose (i) tin = tout (symmetri bilayer pro�le),(ii) tin 6= tout (asymmetri bilayer pro�le), or (iii) ρinner = ρouter = 0 (no protein shells). Notethat the Gaussians representing the bilayer pro�le and the protein shells interpenetrate to someextent due to their tails.The form fator P (q, R) (see Eq. 4.1) of spherial partiles an be written as

P (q, R) = (F (q, R))2 , (4.5)where F (q, R) is the normalized form fator amplitude, whih an be alulated in kinematisattering theory by the spherial Fourier Transform of the exess sattering length density
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ρ(r), given by

F (q, R) =
4π

M

∫

∞

0

ρ(r)r2 sin(qr)

qr
dr , (4.6)with M the exess sattering length of the partile. Thus, the form fator amplitude F (q, R)orresponding to the above real spae model an be alulated in kinemati sattering theoryby inserting Eq. 4.4 into Eq. 4.6. The resulting one-dimensional Fourier integral an be readilyalulated by hanging the lower boundary of the integral from 0 to −∞. This approximationis valid if the values of the peak positions Ri are large when ompared to the orrespondingvalues of the thikness parameters ti of the onentri Gaussians (68). Subsequently, the formfator P (q, R) orresponding to F (q, R) is obtained by inserting F (q, R) into Eq. 4.5, yieldingthe following result

P (q, R) =
1

M2
β2

bF
2
b (q, R) . (4.7)The symbols and funtions are given below: M = βb denotes the exess sattering length ofthe bilayer pro�le. The normalized amplitude of the self-orrelation term of the bilayer pro�leand the isotropi protein shells is given by

Fb(q, R) =
1

βb

∑

i

βb i Fb i(q, Ri) , (4.8)with i ∈ in, out, tail, inner, outer, and (68)
Fb i(q, Ri) =

1

βb i

4
√

2π3/2tiρi exp

(

−t
2
i q

2

2

)

1

q

[

t2i q cos(qRi) +Ri sin(qRi)
]

, (4.9)where βb i = ρi
4π
3

((Ri + ti
√

2π/2)3 − (Ri − ti
√

2π/2)3) denotes the exess sattering mass ofone peak of the pro�le (68).4.5.2 Anisotropi ModelsSynapti Vesile ModelsEquation 4.34 (below) gives the �nal form fator for the anisotropi SV model with Gaussianhains oronas used in the �tting proedure. The model is built from a entral bilayer pro�lewith added protein oronas on the inside (lumen) and outside of the SV model.The bilayer eletron density pro�le is modeled by three onentri Gaussians (68), repre-senting the headgroups of the two lipid lea�ets and the hydrophobi ore. Note amino aidresidues assoiated with the headgroups and trans-membrane protein segments are inludedin this ontribution. The inner and outer protein shells are modeled by Gaussian hains (69)attahed to the inner and outer sides of the bilayer, respetively (70, 71, 72, 73).



42 Chapter 4. Data Modeling of X-Ray Sattering CurvesThe Gaussian hain is a popular simple model for the desription of global properties ofpolymers. However, the Gaussian hain does not desribe orretly the loal struture of apolymer (74). The onformation of the Gaussian hain is represented by the set of (N+1)position vetors {Rn} of the joints of the hain, or by the set of bond vetors {rn}, withrn = Rn −Rn−1, n = 1, 2, .., N (74). The bond vetors rn of the Gaussian hain are randomlyorientated, and the bond length has a Gaussian distribution given by (74)
ψ(r) =

(

3

2πb2

)3/2

exp

(

−3r2

2b2

)

, (4.10)so that 〈r2〉 = b2 with the e�etive bond length b. The onformational distribution funtion ofsuh a Gaussian hain is given by (74)
Ψ({r}) =

N
∏

n=1

(

3

2πb2

)3/2

exp

(

−3r2
n

2b2

)

. (4.11)The sattering form fator of a Gaussian hain an be alulated (74). However, the satter-ing form fator amplitude of a Gaussian hain remains elusive, and an e�etive form fatoramplitude has been derived and suggested for substitution (70, 75), see below.The exess sattering length density of the bilayer pro�le is given by Eq. 4.4 with i ∈
in, out, tail, for eah of the three Gaussians representing the headgroups of the two lea�ets andthe tail region, respetively. The (harateristi) radius R, Rtail, Rin, D and βb are de�ned asfor the the isotropi form fator models. To redue the number of model parameters further,we hoose tin = tout (symmetri bilayer pro�le). There are N in

c and Nout
c Gaussian hainsdistributed randomly and without orrelations forming the inner and outer protein shell, re-spetively. The individual Gaussian hains are haraterized by their root-mean-square radiusof gyration, Rin

g and Rout
g , given by (74)

Ri
g =

√

√

√

√

1

N

N
∑

n=1

〈
(Ri

n −Ri
CM

)2〉, (4.12)with i = in, out, the set of position vetors {Ri
n} of the joints of the Gaussian hain, and theposition vetor Ri

CM of the entre of mass of the orresponding Gaussian hain, de�ned by (74)Ri
CM =

1

N

N
∑

n=1

Ri
n . (4.13)The Gaussian hains representing the inner and outer protein shell have the ommon averageexess sattering length density ρc. The distane between the inner headgroup maximum ofthe bilayer pro�le and the enter of mass of the Gaussian hains faing the lumen is taken tobe tin√2π/2 +Rin

g , and the distane between the outer headgroup maximum and the enter ofmass of the Gaussian hains faing outwards is taken to be tout

√
2π/2 + Rout

g . This limits the



4.5. Derivation of Form Fators 43penetration of the Gaussian hains into the bilayer, although there is some remaining overlap,mostly due to the extending tails of the bilayer pro�le (70).Anisotropi Form Fators: General ConsiderationsIn general, the normalized form fator amplitude F (q, r) orresponding to a model of an arbi-trarily shaped partile is given within the kinemati approximation by
F (q, r) =

1

M

∫

V

ρ(r) exp(−iq · r)dr , (4.14)with V the volume of the partile and ρ(r) the exess sattering length density of the partile,relative to the sattering length density of the solvent. Further,M denotes the exess satteringlength of the partile.The form fator amplitude F (q, r) an be alulated by onsidering the form fator ampli-tudes Fi(q, r) orresponding to the di�erent parts of a deomposition of the partile into nparts with
F (q, r) =

1

M

n
∑

i=1

Mi Fi(q, r) , (4.15)where the Fi(q, r) are de�ned in analogy to Eq. 4.14 by
Fi(q, r) =

1

Mi

∫

Vi

ρi(r) exp(−iq · r)dr , (4.16)with Vi the volume of part i of the partile, ρi(r) the exess sattering length density of part
i of the partile, relative to the sattering length density of the solvent, and Mi the exesssattering mass of part i of the partile.The normalized sattering form fator P (q, r) of the partile is given by

P (q, r) =| F (q, r) |2 , (4.17)and is related to the sattering ross setion of the partile by
dσ(q)

dΩ
= ∆ρ2V 2P (q, r) , (4.18)with ∆ρ the average exess sattering length density of the partile, and V the volume of thepartile.Further, the sattering ross setion of a partile averaged over all orientations is given by

dσ(q)

dΩ
= ∆ρ2V 2 < P (q, r) > , (4.19)where < .. > denotes the integration(s) for the alulation of the orientational averaging, and qthe modulus of the sattering vetor q. The orientational averaged sattering form fator anbe written with Eq. 4.15, Eq. 4.17 and |
∑n

i=1 Fi(q, r) |2=
∑n

i=1

∑n
j=1 Fi(q, r)F

∗

j (q, r) as
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< P (q, r) >=<

n
∑

i=1

n
∑

j=1

Fi(q, r)F
∗

j (q, r) > . (4.20)Considering the linearity of the integrals representing the orientational averaging, Eq. 4.20 anbe written as
< P (q, r) >=

n
∑

i=1

n
∑

j=1

< Fi(q, r)F
∗

j (q, r) > . (4.21)Thus, the entire sattering form fator may be averaged over all orientations (Eq. 4.20), oralternatively, the di�erent auto-orrelation and ross-orrelation terms of the sattering formfator may be separately averaged over all orientations (Eq. 4.21).The orientationally averaged form fator < P (q, r) >= P (q, R) orresponding to a modelstruture omposed of N isotropi partiles, with sattering amplitudes Fi(q, Ri) and exesssattering masses Mi is given by (76)
P (q, R) =

1

M2

N
∑

i,j=1

MiMjFi(q, Ri)Fj(q, Rj)
sin(qrij)

qrij

, (4.22)with rij the distane between the enters of the ith and jth subunit, and
M =

N
∑

i=1

Mi . (4.23)Starting from Eq. 4.22, the form fator an be alulated orresponding to a partile om-posed of an isotropi ore struture with p onentri spherial oronas, eah onsisting of Niunorrelated, isotropi strutures. For simpliity, all of these isotropi `blobs' within one oronaare assumed here to have the same strutural properties. The derivation of the form fator fol-lows (70, 71, 72). In partiular, the interferene terms of sattering from `blobs' belonging toone orona are alulated by averaging the phase fator sin(qr)/(qr) over the proper weightingof the distane r (72, 77). For simpliity, we assume that the `blobs' of the oronas form an idealgas on spherial shells (70, 71, 72). Thus, the proper weighting funtions of the distane r arethe pair distane distribution funtions pi(r) of in�nitely thin shells of radius Ri (70, 71, 72),given by (78, 79)
pi(r) =

2r

(2Ri)2
(4.24)for 0 ≤ r < 2Ri, and

pi(r) =
1

2Ri

(4.25)for r = 2Ri. The interferene terms of sattering ontributions originating from di�erent oro-nas are alulated as the produt of the square roots of the interferene terms originating from`blobs' within eah of the orresponding oronas (15, 73). The �nal form fator, a generalization



4.5. Derivation of Form Fators 45of the expressions given in (15, 70, 71, 72, 73), is given by
P (q, R) =

1

M2
×
[

M2
c F

2
c (q, R)

+

p
∑

i=1

NiM
2
i F

2
i (q, ri)

+

p
∑

i=1

2 NiMiMcFc(q, R)Fi(q, ri)
sin(qRi)

qRi

+

p
∑

i,j=1

(

NiNjMiMjFi(q, ri)Fj(q, rj)
sin(qRi)

qRi

sin(qRj)

qRj

− δijNiM
2
i F

2
i (q, ri)

(

sin(qRi)

qRi

)2
)]

, (4.26)where M denotes the total exess sattering mass, given by
M = Mc +

p
∑

i=1

NiMi , (4.27)with Mc the exess sattering mass of the ore, Ni the number of isotropi `blobs' with exesssattering mass Mi forming the orona at radius Ri. Further, Fc(q, R) and Fi(q, ri) denote thesattering amplitude of the ore, and the `blobs', respetively. Finally, δij the Kroneker Delta,with δij = 1 for i = j and δij = 0 for i 6= j. Details on the di�erent terms in Eq. 4.26 aregiven below. The terms in the �rst two lines represent the weighted ontributions from theself-interferene of the sattering from the ore and the `blobs' of the oronas. The terms inthe third line represent the weighted interferene of the sattering from the ore and the `blob'oronas. Further, the terms in the last two lines represent the weighted self-interferene (i = j)and interferene (i 6= j) of sattering from the `blob' oronas. The terms in the last line assureproper weighting of the self-interferene terms (70, 71, 72). Note that the form fator given byEq. 4.26 orresponds to an expliitly anisotropi model struture sine the ontributions fromthe isotropi `blobs' forming the oronas break the spherial symmetry of the model (70, 71, 72).The form fator given by Eq. 4.26 an be further generalized to orrespond to partiles with, forexample, ellipsoidal or ylindrial ores and oronas, following the approah taken in (70, 71).The models above assume that the oronal `blob' strutures are unorrelated, forming anideal gas on a surfae. The e�ets due to the ideal gas assumption for the `blobs' were in-vestigated for form fator models orresponding to a population of unorrelated partiles eahonsisting of two `blob' point satterers randomly distributed on a spherial surfae of radius
R1 = 1. The normalized form fator orresponding to the above model within the ideal gasapproximation for the `blobs' is given by Eq. 4.26 and Eq. 4.27 with p = 1 and Mc = 0 yieldingthe following result

P (q, R1) =
1

M2

(

N1M
2
1F

2
1 (q) + (N1 − 1)N1M

2
1F

2
1 (q)

(

sin(qR1)

qR1

)2
)

, (4.28)



46 Chapter 4. Data Modeling of X-Ray Sattering Curveswith M1 = 1 the exess sattering mass of one `blob', N1 = 2 the number of `blobs', F1(q) = 1the form fator amplitude of a point `blob', and M the total exess sattering mass givenby Eq.4.27. A form fator P ′(q, R1) whih takes into aount the orrelations between twoisotropi `blob' satterers on a spherial surfae was alulated by replaing the pair distanedistribution funtion pi(r) of a homogeneous spherial shell in Eq. 4.24 and Eq. 4.25 by thepair distane distribution funtion of two points on a spherial surfae, given by
pi(r) =

3

(2Ri)2

√

r2 −
(

r2

2Ri

)2

, (4.29)with i = 1 and R1 = 1. As above, the interferene term of the `blobs' was alulated byaveraging the phase fator sin(qr)/(qr) over the weighting of the distane r given by Eq. 4.29,yielding for the entire form fator the following result
P ′(q, R1) =

1

M2

(

N1M
2
1F

2
1 (q) + (N1 − 1)N1M

2
1F

2
1 (q)

3πStruveH [1, 2qR1]

8q2R2
1

)

, (4.30)withM1 = 1 the exess sattering mass of one `blob', N1 = 2 the number of `blobs',M = N1M1the total exess sattering mass, F1(q) = 1 the form fator amplitude of a `blob', R1 = 1 theradius of the spherial surfae, and StruveH [n, z] the Struve funtion given by (80)
StruveH [n, z] ≡ 2

(

1
2
z
)n

Γ(n+ 1
2
)Γ(1

2
)

∫

∞

0

(

1 − t2
)n− 1

2 sin(zt)dt , (4.31)with Γ(z) the Gamma funtion, given in Euler's integral form by (81)
Γ(z) ≡

∫

∞

0

tz−1 exp(−t)dt . (4.32)The relative deviationD(q) in % of the model form fator employing the ideal gas approximation(Eq. 4.28) from the model form fator taking into aount the orrelations between the two`blob' satterers (Eq. 4.30) is given by
D(q) =

P ′(q, R1) − P (q, R1)

P ′(q, R1)
× 100 , (4.33)and was evaluated numerially using MATLAB, version 7.5.0.342 (R2007b), The MathWorksIn.Figure 4.2 (lower part) shows a omparison of the graphs obtained by plotting the formfators given by Eq. 4.28 (solid blue line) and Eq. 4.30 (dashed green line) with R1 = 1 for

0.1 ≤ q ≤ 10 inverse unit lengths. Figure 4.2 (upper part) shows the absolute value of therelative deviation D(q) in % of the form fator values (solid red line). The absolute value of
D(q) is found to be smaller than 9 %, with the global maximum around q ≈ 2.2 inverse lengthunits. We speulate that the relative deviation of the model with the ideal gas approximationfrom the model taking into aount the orrelations between the `blob' strutures dereases
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Figure 4.2: Calulated sattering urves of two point satterers on a spherial shall of radius
R = 1. Model form fator within ideal gas approximation (solid blue line), model form fatortaking into aount orrelations between the point satteres on the spherial surfae (dashedgreen line), and absolute value of the relative deviation D(q) in % of the model employing theideal gas approximation (solid red line).monotonially for larger N1 with N1 > 2. Thus, the ideal gas approximation has relativelysmall e�ets on the orresponding model form fator P (q, R) for N1 ≥ 2 and seems to be areasonable assumption in many ases. However, espeially for smallN1, e.g. N1 = 2, it might bepossible to falsify models orresponding to Eq. 4.28 by experimental data from suited systems,while the model orresponding to Eq. 4.30 might desribe suh data well.In summary, sattering form fators may be alulated orresponding to omplex, anisotropimodels without the need to perform the orientational average for the whole model form fa-tor, but instead make use of already orientationally averaged, or isotropi omponents, or toalulate orresponding expressions for the individual orrelation terms of the form fator.Suh approahes may signi�antly failitate the alulation, numerial implementation and op-timization of more omplex model form fators. Further, there is no need to expliitly performorientational averaging for sattering form fators orresponding to models onsisting of a on-entri isotropi ore struture with unorrelated isotropi `blob' strutures forming an idealgas on spheres onentri to the ore struture, although suh models are expliitly anisotropi.The ideal gas approximation for the `blobs' has typially only relatively small e�ets on suhmodel form fators and seems to be overall a reasonable assumption for the modeling of SVshere.



48 Chapter 4. Data Modeling of X-Ray Sattering CurvesAnisotropi Form Fators: Synapti Vesile ModelsThe form fator orresponding to the above anisotropi SV model with Gaussian hains oronasan be alulated in kinemati sattering theory by employing Eq. 4.26, yielding the followingresult
P (q, R) =

1

M2
×
[

β2
bF

2
b (q, R)

+
∑

i=in,out

N i
cβ

i 2
c P i

c (q)

+
∑

i=in,out

2N i
cβbβ

i
cS

i
b c(q, R)

+
∑

i=in,out

N i
c(N

i
c − 1)βi 2

c Si
c(q, R)

+ Sin out
c (q, R) 2

∏

i=in,out

N i
cβ

i
c

]

. (4.34)The symbols and funtions are given below: M = βb + N in
c β

in
c + Nout

c βout
c denotes the exesssattering length, with βi

c = ρcR
i
g
3
4π/3 and i = in, out representing the total exess satteringlength of a single hain on the outside and on the inside of the bilayer pro�le, respetively. Thenormalized amplitude of the self-orrelation term of the bilayer pro�le is given by Eq. 4.8 withEq. 4.9 where βb i is de�ned as for the isotropi form fator models.The self-orrelation terms of the Gaussian hains are given by Debye funtions (74)

P i
c(q) =

2[exp(−xi) − 1 + xi]

xi 2
, (4.35)with xi = q2Ri 2

g and i = in, out for the inner and outer hains, respetively. The interfereneross-terms Sin
b c(q, R) and Sout

b c (q, R) between the bilayer and the Gaussian hains on the insideand outside, are given by
Si

b c(q, R) = Fb(q, R)ψi(xi)
sin(q[Rtail ∓ (D/2 +Ri

g)])

q[Rtail ∓ (D/2 +Ri
g)]

, (4.36)with i = in, out and ψi(xi) = [1 − exp(−xi)]/xi the e�etive form fator amplitude of theGaussian hains (75).The produt of the sattering form fator amplitudes of the hains belonging to one of thehain layers with the sattering form fator amplitude of an in�nite thin shell is equivalentto a onvolution of the orresponding sattering density distributions in real spae (71) andaounts for the fat that the Gaussian shells are loated on a spherial shell.
Si

c(q, R) =

(

ψi(xi)
sin(q[Rtail ∓ (D/2 +Ri

g)])

q[Rtail ∓ (D/2 +Ri
g)]

)2

, (4.37)



4.6. Model Falsi�ation Against SAXS Data 49with i = in, out. The interferene term between the hains of the inner and outer shells is takeninto aount by
Sin out

c (q, R) =
∏

i=in,out

ψi(xi)
sin(q[Rtail ∓ (D/2 +Ri

g)])

q[Rtail ∓ (D/2 +Ri
g)]

. (4.38)The anisotropi form fator, where spherial partiles were plaed on the inside and outsideof a symmetri bilayer pro�le instead of the Gaussian hains, is similar to that given in Eq.4.34, exept that P i
c in Eq. 4.35 and ψi in Eq. 4.36 are replaed by the sattering form fatorof spheres and the sattering form fator amplitude of spheres, respetively. The spheres areof radii Rin and Rout, the number of free parameters is the same as for the model with theattahed Gaussian hains.The model form fators alulated in this setion orrespond to model partiles with spher-ially symmetri ore strutures and (e�etively) spherially symmetri strutures (Gaussianhains, hard spheres) attahed at ertain radii whih are unorrelated in the plane of the surfaeof the sphere (ideal gas on a sphere). However, the approah hosen in Eqs. 4.7 and 4.34 to as-semble the �nal form fator from the sum of the di�erent auto-orrelation and ross-orrelationterms representing di�erent parts of the model partile is not restrited to model systems withspherially symmetri ores, and an, for example, be generalized to models with ellipsoidaland ylindrial ores (70, 71).4.6 Model Falsi�ation Against SAXS DataThe di�erent form fator models were least-squares �tted to SAXS data. Least-squares �ttingwas performed using the lsqnonlin routine of MATLAB Optimization Toolbox (Version 7.5.0.342(R2007b), The MathWorks In.), dediated to solve nonlinear least-squares problems. Fordetails on the struture of the employed MATLAB ode and the objet funtion see Appendix.The quality of a model �t f(x) with p free model parameters to N data points of experi-mentally estimated photon ounts yi with empirial varianes σ2

i was assessed by the value ofthe reduced χ2 given by
reduced χ2 =

∑N
i=1

(yi−f(xi))
2

σ2

i

N − p− 1
. (4.39)The varianes σ2

i were alulated by propagating the ounting errors from the photon ountsof the individual detetor pixels through the data redution and orretion proess desribedin Setion 3.1. Cross-orrelations between pixels were negleted.An optimized model is rejeted if the value of the reduced χ2 for the best �t to the SAXSdata is large when ompared to 1. Further, an optimized model is rejeted if it suggests astruture whih an be falsi�ed by ryo-EM or biohemial data.



50 Chapter 4. Data Modeling of X-Ray Sattering CurvesNonlinear regression inferene is performed using the linear approximation to the expetationfuntion. Approximate marginal on�dene intervals (95 %) for the parameter values are al-ulated using the nlpari routine of MATLAB Statistis Toolbox (Version 7.5.0.342 (R2007b),The MathWorks In.). For the nonlinear models the Jaobi matrix is evaluated at the leastsquares parameter estimates as obtained from the lsqnonlin �tting routine (see above) (82, 83).Geometrially stated, the expetation surfae is approximated by the tangent plane at theleast squares parameter estimates, and the true parameter oordinate system is approximatedby a linear oordinate system on the approximating tangent plane (82). Note that the extentto whih the alulated approximate marginal on�dene intervals adequately delineate the re-gions of reasonable parameter values is determined by the adequay of the linear approximationto the expetation funtion (82). One main soure of systemati errors is the unertainty inthe absolute sale of the data.
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SAXS data SVs
3 G. + G. chains (× 10−1)

SVs only (× 10−1)

larger particles only (× 10−1)

3 G. + spheres (× 10−2)

3 G. (asym. profile) (× 10−3)

3 G. (sym. profile) (× 10−4)

5 G. (3 sym. + 2 asym) (× 10−5)

Figure 4.3: SV SAXS data (open irles, blak). Fit of anisotropi model (three Gaussiansforming symmetri bilayer pro�le, with Gaussian hains attahed) to the SV data (full line,red), and ontributions to the model alulation originating from the SVs (dashed line, red)and the larger membranous partiles (dotted line, red). Corresponding eletron density pro�leand size distribution are given in Fig. 4.4. Fit of anisotropi model (three Gaussians formingsymmetri bilayer pro�le, with hard spheres attahed) to the SV data (full line, yan). Fit ofisotropi model (three Gaussians forming asymmetri bilayer pro�le) to the SV data (full line,blue). Fit of isotropi model (three Gaussians forming symmetri bilayer pro�le) to the SVdata (full line, dark green). Fit of isotropi model (three Gaussians forming symmetri bilayerpro�le, plus one additional Gaussian attahed to eah sides of the pro�le) to the SV data (fullline, magenta). Curves partly shifted downwards for larity, as detailed in the key. Figureadapted from (17).Figure 4.3 shows data I(q) vs q from SVs in aqueous bu�er (open irles, blak), and least-squares �ts of isotropi and anisotropi form fator models to the data. The isotropi formfators onsist of onentri Gaussians forming symmetri or asymmetri sattering densitypro�les. Three Gaussians forming a symmetri pro�le (solid dark green line , reduced χ2 =

602), �ve Gaussians of whih three are forming a symmetri ore pro�le (solid magenta line,
reduced χ2 = 578), three Gaussians forming an asymmetri pro�le (solid blue line, reduced χ2 =
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34.1). A bimodal size polydispersity distribution funtion p(R) was used, with one branh orre-sponding to ryo-EM data on the size distribution of the SVs, and a seond branh orrespondingto larger membranous partiles, modeled by a freely varied Gaussian distribution.Table 4.1: Parameter values of the deorated bilayer as obtained from the optimized isotropiSV SAXS model �ts shown in Fig. 4.3. The models onsist of onentri Gaussian distributedsattering densities. Parameter values of the orresponding optimized bimodal polydispersitydistributions of the SVs are given in the text.Model ρ∗c in ρ∗in ρ∗tail ρ∗out ρ∗c out

tc in

√
2π tin

√
2π ttail

√
2π tout

√
2π tc out

√
2π3 Gaussians � 2.24 a.u. −1 a.u. 0.05 a.u. �(asymmetri bilayer profile) � 1.14 nm 0.97 nm 8.88 nm �3 Gaussians � 2.29 a.u. −1 a.u. 2.29 a.u. �(symmetri bilayer profile) � 1.64 nm 2.38 nm 1.64 nm �5 Gaussians 0.06 a.u. 1.43 a.u. −1 a.u. 1.43 a.u. 0.40 a.u.(asymmetri bilayer profile)# 2.10 nm 1.61 nm 2.11 nm 1.61 nm 1.52 nm

∗ Normalized to ρtail = −1.
# 3 Gaussians form symmetri ore pro�le.

In addition to the parameters given in Tables 4.1 the following parameters have been obtainedfrom the �ts (model with three Gaussians (symmetri bilayer pro�le), model with �ve Gaussians,model with three Gaussians (asymmetri bilayer pro�le)): mean radius larger partiles (µ =

160.7 nm, µ = 180.1 nm, µ = 127.0 nm), width distribution larger partiles (σ = 45.2 nm,
σ = 50.2 nm, σ = 51.7 nm), number larger partiles (1.55 %, 1.61 %, 2.47 %) and a smallonstant bakground (7×10−5 mm−1, 3×10−5 mm−1, −3×10−5 mm−1). The exess satteringdensities ρi (relative to aqueous bu�er) have been saled to arbitrary units suh that ρtail = −1.Parameters are expliitly de�ned in setion 4.5.Only the form fator onsisting of three Gaussians forming an asymmetri pro�le is apable ofdesribing the SV SAXS data, at least qualitatively. However, the parameter values of the pro�ledo not orrespond to a physially meaningful model. The maximum exess sattering densityof the inner lea�et is about 45 times higher than for the outer lea�et. The model parameterswould suggest the struture of a lipid monolayer with a thikness of about 3 nm. However, EMshows a more or less roughly symmetrial bilayer struture of about 5 nm thikness. Further,the indiret Fourier transformation method (52) applied to the SAXS data, followed by thenumerial deonvolution of the pair distane distribution funtion (57, 58, 59) supports theview that a spherial symmetri model is not suited to desribe the data (data not shown).



4.6. Model Falsi�ation Against SAXS Data 53Elliptially deformed models onsisting of a bilayer pro�le, similar to the isotropi models above,have also been falsi�ed (data not shown).The anisotropi models onsist of a symmetri ore pro�le (three onentri Gaussians) witheither attahed hard spheres (solid yan line, reduced χ2 = 4.18), or with attahed Gaussianhains (solid red line, reduced χ2 = 2.84) on both sides of the bilayer pro�le. The dashed anddotted red lines depit the ontributions of the two branhes of the bimodal size distributionfuntion p(R) of the model onsisting of three Gaussians with Gaussian hains oronas. Againa bimodal size polydispersity distribution funtion p(R) was used, as de�ned above.Table 4.2: Parameter values of the deorated bilayer as obtained from the optimized anisotropiSV SAXS model �ts shown in Fig. 4.3. The models onsist of three onentri Gaussians(symmetri bilayer pro�le), with oronas attahed to both sides. Parameter values of theorresponding optimized bimodal polydispersity distributions of the SVs are given in the text.Model ρ∗in,out tin,out

√
2π ρ∗c Rin

g N in
c /(4π(R − D − Rin

g )2)

ρ∗tail ttail

√
2π Rout

g Nout
c /(4π(R + Rout

g )2)Hard spheres oronas# 0.18 a.u. 2.9 nm 0.28 a.u. 2.4 nm 13.75 × 10−3 nm−2

−1 a.u. 0.6 nm 5.6 nm 0.42 × 10−3 nm−2Gaussian hains oronas 1.63 a.u. 1.8 nm 1.81 a.u. 3.2 nm 7.09 × 10−3 nm−2

−1 a.u. 2.1 nm 5.7 nm 0.47 × 10−3 nm−2

∗ Normalized to ρtail = −1.
# Ri

g = Ri, i = in, out.
In addition to the parameters given in Table 4.2 the following parameters have been obtainedfrom the �ts (model hard spheres oronas, model Gaussian hains oronas): mean radius largerpartiles (µ = 232.5 nm, µ = 210.1 nm), width distribution larger partiles (σ = 54.5 nm,

σ = 50.2 nm), number density of larger partiles (0.68 %, 0.86 %) and a small onstantbakground. Details on the form fators are given in setion4.5.The parameter values as obtained from the optimized anisotropi SAXS models (as givenin Table 4.2), with 95% marginal on�dene intervals and alibrated to an absolute sale, aregiven in Table 4.3.For illustration, some properties of the the best-�t SV model struture as obtained from themodel with Gaussian hains attahed for a SV of the most frequent size are given in Table 4.4.Figure 4.4 (A) shows a sketh of a real spae model orresponding to the least-squares �t ofthe form fator onsisting of three Gaussians (symmetri bilayer pro�le) with Gaussian hainoronas shown in Fig. 4.3 (red lines). Figure 4.4 (B) shows the orresponding size distribution
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Table 4.3: Parameter values with 95% marginal on�dene intervals as obtained, from theoptimized anisotropi SAXS models.Model �t parameter Gaussian hain oronas Hard sphere oronas∗ Unit

ρin + 333, ρout + 333 379.8 ± 1.3 375.7 ± 0.5 e− nm−3

ρtail + 333 304.2 ± 3.2 99.9 ± 46.1 e− nm−3

tin
√

2π, tout

√
2π 1.8 ± 0.2 2.9 ± 0.2 nm

ttail

√
2π 2.1 ± 0.2 0.6 ± 0.2 nm

Rin
g 3.2 ± 0.1 2.4± < 0.1 nm

Rout
g 5.7 ± 0.3 5.6 ± 0.1 nm

N in
c /(4π(R − D − Rin

g )2) (7.09 ± 0.99) × 10−3 (13.75 ± 0.95) × 10−3 nm−2

Nout
c /(4π(R + Rout

g )2) (0.47 ± 0.05) × 10−3 (0.42 ± 0.03) × 10−3 nm−2

ρc + 333 385.1 ± 1.5 399.0 ± 1.4 e− nm−3Mean radius larger partiles 210.1 ± 7.2 232.5 ± 21.1 nmWidth distribution larger partiles 50.2 ± 2.8 54.5± < 0.1 nmNumber larger partiles (0.56 ± 0.04) × 109 (0.42 ± 0.06) × 109 µ l−1Constant bakground (−14.8 ± 2.9) × 10−6 (13.5 ± 22.6) × 10−6 mm−1

∗ Rin
g = Rin and Rout

g = Rout

Table 4.4: Properties of the best �t SV model struture with Gaussian hain oronas, R = 21 nmModel property Numerial value UnitDry mass entire SV 32.5 × 10−18 gDry mass lipid bilayer 26.4 × 10−18 gDry mass Gaussian hains inside 2.0 × 10−18 gDry mass Gaussian hains outside 4.0 × 10−18 gNumber Gaussian hains inside (N in
c ) 12.9 1Number Gaussian hains outside (Nout

c ) 4.2 1Cross-setion Gaussian hain inside (Rin
g

2
π) 31 nm2Cross-setion Gaussian hain outside (Rout

g
2
π) 103 nm2Surfae overage Gaussian hains inside∗ 10 %Surfae overage Gaussian hains outside∗ 11 %Buoyant density entire SV 1.05 g/ml

∗ projeted onto r = Rtail
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Figure 4.4: (A) Sketh of a real spae model orresponding to an optimized sattering formfator onsistent with the measured SAXS data from SVs shown in Fig. 4.3. For details on themodel parameters see Table 4.2 (model Gaussian hains oronas) and (15). (B) Bimodal sizedistribution funtion p(R) employed in the form fator alulation. Binning size 1 nm. (C)Eletron density pro�le ρe(r) aross a SV membrane orresponding to least-squares �t given inFig. 4.3 (full line red). Typial maximum loal ontribution of Gaussian hains (dotted line,blak), and spherially averaged ontribution of Gaussian hains (full line, blak) are shown.Light blue area: lipid bilayer. Darker blue area: spherially averaged ontribution of proteinlayers. Both ρe(r) and p(R) have been alibrated to absolute sales. Figure adapted from (15).



56 Chapter 4. Data Modeling of X-Ray Sattering Curvesfuntion p(R), and (C) the eletron density pro�le ρe(r) dedued from the optimized modelalulation.The dry mass of the average SV is 32.5×10−18 g whih ompares well to values determined byquantitative dark-�eld sanning transmission eletron mirosopy ((26.4± 5.8)× 10−18 g) (14).The total partile onentration in the sample is alulated to be 6.5 × 1010 partiles per µlpartitioned into 99.1 % SVs and about 0.9 % larger partiles. The theoretial buoyant densityof a SV with a radius R = 21 nm is about 1.05 g/ml. The harateristi thikness of theonentri Gaussian shells is 5.7 nm, and an be interpreted as an e�etive thikness of thebilayer struture of the SV. The extension of the Gaussian hains is 6.3 nm (faing inwards)and 11.4 nm (faing outwards). A SV of size R = 21 nm is deorated with an average of
12.9 Gaussian hains on the inside and 4.2 Gaussian hains on the outside. Projeted onto themiddle of the bilayer struture these over about 10 % and 11 % of the surfae area, respetively.The strutural parameters of the model representing the average SV struture are given inTables 4.3 and 4.4, and on�rm the values published in literature, whih were derived usingbiohemial methods (14).The main features of the model with attahed Gaussian hains are repliated in the modelwith attahed spheres. In partiular, the parameters of the Gaussian hains and the spheres inthe two models indiate that breaking of spherial symmetry is an essential ingredient neededto desribe the data well (15).4.6.2 Model Liposomes

Figure 4.5 shows data I(q) vs q from a ontrol sample onsisting of DOPS vesiles, 20 mg/mlin water (blue squares), and how they ompare to SV data (blak irles). While the datalooks qualitatively similar towards both lower and higher q values for the measured interval,the sattered intensities di�er up to approximately two orders of magnitude at intermediate q-values. A least-squares �t of an isotropi model (three Gaussians, symmetri bilayer pro�le, andmono-modal Gaussian distributed polydispersity of the partiles) to the DOPS data (dashedyan line) desribes the data well (reduced χ2 = 1.07), although the slight lift-o� of the minimatowards larger q values of the measured interval, whih is usually due to asymmetry of thebilayer pro�le, is naturally not reprodued by the model alulation employed here (84). Inaddition to the parameter values given in Table 4.5, the �t yields for the most frequent radius
µ = 48.5 nm, and for the width of the polydispersity distribution σ = 10.2 nm. The sametype of isotropi model (but with a bimodal polydispersity funtion) applied to the SV data(dashed dark green line) fails qualitatively to desribe the data, espeially in a region around
q ≃ 0.5 nm−1 where data and best-�t deviate by more than one order of magnitude. For
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SAXS data SVs
3 G. + G. chains
3 G. (sym. profile)
SAXS data DOPS LVs ( × 10−4)
3 G. + G. chains ( × 10−4)

3 G. + G. chains (+ 5 %) ( × 10−4)

3 G. + G. chains (+ 10 %) ( × 10−4)
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Figure 4.5: DOPS vesile data (blue squares). Fit of isotropi model (three Gaussians, symmet-ri bilayer pro�le) to the DOPS data (dashed yan line) and anisotropi model with Gaussianhains (full light green line). Anisotropi model with Gaussian hain ontributions form SVmodel added (5 %, full brown line) and (10 %, full purple line). Curves partly shifted down-wards for larity, as detailed in the key. SVs (blak irles), data idential to data shown inFig. 4.3. Fit of isotropi model to the SV data (dashed dark green line) and anisotropi modelwith Gaussian hains (full red line). Figure adapted from (17).



58 Chapter 4. Data Modeling of X-Ray Sattering CurvesTable 4.5: Parameter values of the deorated bilayer as obtained from the optimized isotropiand anisotropi SAXS model �ts shown in Fig. 4.5. Parameter values of the orrespondingoptimized polydispersity distributions of the SVs and DOPS LVs are given in the text.Sample Model ρ∗in,out tin,out

√
2π ρ∗c Rin

g N in
c /(4π(R − D − Rin

g )2)

ρ∗tail ttail

√
2π Rout

g Nout
c /(4π(R + Rout

g )2)SVs isotropi# 2.29 a.u. 1.64 nm � � �
−1 a.u. 2.38 nm � �SVs anisotropi$ 1.63 a.u. 1.8 nm 1.81 a.u. 3.2 nm 7.09 × 10−3 nm−2

−1 a.u. 2.1 nm 5.7 nm 0.47 × 10−3 nm−2DOPS LVs isotropi 2.24 a.u. 0.89 nm � � �
−1 a.u. 2.81 nm � �DOPS LVs anisotropi 2.24 a.u. 0.89 nm 1.30 a.u. 3.9 nm < 1 × 10−13 nm−2

−1 a.u. 2.81 nm 4.0 nm < 1 × 10−13 nm−2DOPS LVs anisotropi 2.24 a.u. 0.89 nm 2.49 a.u. 3.2 nm 3.55 × 10−3 nm−3(+ 5 % G. hains) −1 a.u. 2.81 nm 5.7 nm 0.24 × 10−3 nm−3DOPS LVs anisotropi 2.24 a.u. 0.89 nm 2.49 a.u. 3.2 nm 7.09 × 10−3 nm−3(+ 10 % G. hains) −1 a.u. 2.81 nm 5.7 nm 0.47 × 10−3 nm−3

∗ Normalized to ρtail = −1 .
# Idential to model �t 3 Gaussians (symmetri bilayer pro�le) in Table 4.1.
$ Idential to model �t Gaussian hains oronas in Table 4.2.the mean of the Gaussian omponent of the bimodal polydispersity distribution the �t reveals
µ = 160.7 nm, for the width σ = 45.2 nm, and for the number density of large partiles 1.54 %.Least-squares �ts of an anisotropi model, similar to the one above but with additionalGaussian hains attahed to both sides of the bilayer, to the DOPS data (full light green line),yield almost idential results as the isotropi model (reduced χ2 = 1.07). The size distributionof the liposomes is again assumed to be Gaussian. In addition to the parameter values given inTable 4.5, for the polydispersity distribution the �t yields the most frequent radius µ = 48.5 nm,and a width of σ = 10.2 nm. In addition, a small onstant bakground was �tted. Interestingly,the number of Gaussian hains in the anisotropi model is zero for the best �t to the DOPSdata (within the numerial preision). The qualitative e�ets of the attahed Gaussian hainsof the anisotropi model �t to the DOPS data is illustrated by adding 5 % (full brown line)and 10 % (full purple line) of the number of attahed Gaussian hains as ompared to theorresponding optimized SV model. The parameter values for Rin

g and Rout
g of the Gaussianhains are taken from the optimized SV model, while the parameter value for ρc is alulatedrelative to ρin = ρout to have the same value as for the optimized SV model.A least-squares �t of the anisotropi model to the SV data (full red line, same �t as in Fig. 4.3)is in exellent agreement with the data, while employing physiologially and biohemially
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Figure 4.6: SVs treated with protease to remove protein residues faing outwards, with anadditional entrifugation in puri�ation protool (blue squres, shifted by fator 0.1 for larity),and. SVs only with additional entrifugation in puri�ation protool (blak irles). Fit ofanisotropi model with Gaussian hains attahed to the SV data (full line red, and dashed linered, shifted by fator 0.1 for larity). Figure adapted from (17).meaningful parameter values (14, 15).4.6.3 Protease Treated Synapti VesilesFigure 4.6 shows the SAXS intensity funtion I(q) vs. q for a SV sample (blak irles)and SV treated with the protease Trypsin (blue squres) and orresponding least-squares �ts(reduced χ2 = 0.66, and reduced χ2 = 0.51, respetively) to the form fator model (solid redline, and dashed red line, respetively) for bilayer vesiles with Gaussian hains attahed to theinside and outside, as detailed in setion4.5. Again a bimodal size polydispersity distributionfuntion p(R) was used, with the left branh orresponding to the ryo-EM data of SVs enteredaround 21 nm, and the right branh orresponding to the larger membranous partiles, modeledby a Gaussian distribution entered around µ ≈ 210 nm (Mean radius larger partiles) with astandard deviation of σ ≈ 50 nm (Width distribution larger partiles). It should be empha-sized that due to the resolution of the SAXS tehnique, our data are relatively insensitive tothe exat size distribution of these larger partiles. The errors appear to slightly overestimatethe atual varianes, as the model �t does not over-�t the data, even though we obtain χ2 < 1



60 Chapter 4. Data Modeling of X-Ray Sattering CurvesTable 4.6: Parameter values as obtained from the optimized anisotropi SAXS model �ts shownin Fig. 4.6Model �t parameter Native SVs SVs protease Unit
ρin, ρout 1.58 1.50 a.u.
ρtail −1 −1 a.u.
tin

√
2π, tout

√
2π 1.9 1.7 nm

ttail

√
2π 2.1 2.4 nm

Rin
g 2.8 2.6 nm

Rout
g 5.7 5.9 nm

N in
c /(4π(R−D − Rin

g )2) 15.04 × 10−3 8.73 × 10−3 nm−2

Nout
c /(4π(R+Rout

g )2) 0.27 × 10−3 0.15 × 10−3 nm−2

ρc 1.84 1.73 a.u.Mean radius larger partiles 210.5 211.0 nmWidth distribution larger partiles 49.7 51.1 nmNumber larger partiles 0.86 0.68 %Constant bakground 3.67 × 10−4 15.5 × 10−4 mm−1for both �ts. The parameters of the �ts are given in Table 4.6. Most parameter values do nothange muh when omparing the results of the �t to the SVs (with additional entrifugationstep in the puri�ation protool) data and the protease treated SV sample, also with additionalentrifugation step. But, importantly, the number density of Gaussian hains faing the lumenand the outside are both redued by about a fator of two as an e�et of the protease treatmentof the sample.4.7 ConlusionsModel independent data analysis of SAXS data from SVs has been onsidered. However, due toinherent limitations of model independent approahes, they do not seem well suited to eluidatethe omplex and heterogeneous struture of SVs. Thus, in a diret modeling approah wederived and investigated di�erent spherially symmetri and anisotropi form fator models andtested them against high resolution SAXS data from SVs, isolated from rat brain. Anisotropyof the model form fators is found to be a key ingredient for the desription of the nativeSV struture. After protease digestion of the surfae of the SVs (unspei� protein removal),a signi�ant redution of the anisotropi terms has been observed. This ompares well withthe observation that the anisotropi terms in the form fator vanish in least-squares �ts ofSAXS data from small unilamellar vesiles omposed of DOPS. These vesiles are spheriallysymmetri on the experimentally resolved length sales. Besides the exellent agreement with



4.7. Conlusions 61the SAXS data, the suggested SV form fator model is onsistent with published eletronmirosopy, biohemial and physiologial data. Furthermore, we have presented SAXS data ofSVs reorded under di�erent pH onditions, and have desribed hanges in strutural parametersdue to protease digestion of SVs.
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Chapter 5Model Evaluation and Strutural ResultsIn this hapter the models being onsistent with SAXS data are interpreted and disussed.Quantitative biohemial data on the SV omposition, as well as strutural information onindividual proteins are employed in the model analysis (Setion 5.1). The size polydispersitydistribution of the SVs, and the SV bilayer struture are addressed. Further, possible modeldependenies and ambiguities of the results are disussed. Moreover, the SV model strutureestablished here suggests entropi impliations, whih are desribed and investigated by em-ploying a miroanonial model (Setion 5.2). Finally, onlusions from the analysis of thestrutural SV model are summarized (Setion 5.3).5.1 Model Interpretation and Disussion5.1.1 Size PolydispersityWe addressed the size distribution funtion (polydispersity) p(R) by measuring onsistent valueswith two independent tehniques (15). The SAXS results were obtained on large ensemblesand so were subjet to intrinsi averaging. In ontrast, with ryo-EM, mirographs of over500 individual vesiles were taken to inrease statistial relevane. Owing to the strong sizedependent variation of the sattering intensity, SAXS is sensitive to larger partiles, whih anbe minimized but whih are unavoidable during sample preparation.The resulting size distribution funtion p(R) an thus be onsidered as free of artifatsrelated to a spei� tehnique and presumably represents the SV struture averaged arossmany nerve terminals and with vesiles at all points of the yling pathway. Some of thestrutural heterogeneity seen at the ryo-EM level (Fig. 2.2 (B and C)) is likely to be dueto heterogeneous oupany of the vesile surfae by aessory proteins. However, suh anaverage is still likely to be highly informative as eah vesile ontains one isoform of eah of themajor SV proteins responsible for vesile funtion � inluding synaptobrevin, synaptotagmin63



64 Chapter 5. Model Evaluation and Strutural Resultsand synaptophysin (14).In light of the fat that proteins, and protein maromoleular omplexes, generally displayonsistent sizes, the size polydispersity of synapti vesiles (in agreement with previous eletronmirosopi studies of intat presynapti terminals (85)), is surprising to us. Neurotransmitterontent is lost during puri�ation (86), so this e�et is not aused by inreasing osmoti pressure,with elevated neurotransmitter onentration in�ating vesiles, onsistent with the observationthat membrane bilayers annot be strethed by more than 3 % (85). A more likely soureof size variation omes from the reformation of SVs following exoytosis via lathrin mediatedendoytosis. Vesile size is presumably in�uened by the size of the lathrin age initially formedon the plasma membrane. Clathrin age formation may be a simple stohasti proess (87), oralternatively, lathrin-oat formation may be an ative proess where the retrieval of su�ientargo is proof-read (88) and vesile size an be in�uened by the di�usion of synapti proteinsthrough the membrane following fusion (15) (see below).What remains unlear is the e�et on vesile funtion (if any) produed by this polydispersity;vesiles with R = 16 nm and R = 24 nm (Fig. 2.2 (A)) di�er by more than a fator of two insurfae area and a fator of three in volume. Amongst other things, suh di�erenes in surfaearea and volume may have important onsequenes for the spatial (and funtional) arrangementof trans-membrane domain proteins in the vesile and for neurotransmitter ontent. It remainsunlear whether the number of SV proteins sales with vesile size. However, it is unlikely thatvesiles retain a onstant number of proteins during their lifetime. Reent studies suggest anexhange of proteins with the plasma membrane during exoytosis (89). We favor a model inwhih SV omposition is e�etively variable, with slight in�delities in the reyling proess,whih are likely to our under onditions of intense ativity, being tolerated. In this respet,the large numbers of essential tra�king proteins on an average SV are understandable as itallows for a omfortable safety margin during yling. It needs to be remembered, however, thatthe onentration of neurotransmitter in the vesile appears to be determined, to some extentby the opy number of transporters. This might be one soure of variation in the post-synaptiresponse to single vesile release events. An other soure of variation may relate to vesiularvolume � although the situation is not entirely lear and may depend on neurotransmitter type.For instane, a lear dependene on vesile size was found for serotonin ontent, while no suhdependene was found for glutamate (90).After quanti�ation of polydispersity on an absolute sale, mass on an absolute sale, m(R),an be attributed to a vesile of a given size. This alulation is based on the alibrated SAXSintensities, as well as the proportionality between sattering length density and mass density(based on a �xed stoihiometry of protons on the sale of the resolution of the experiment).Aordingly, the dry mass of a SV of radius R = 21 nm is 32.5 × 10−18 g and its theoretialbuoyant density is 1.05 mg/ml � lower than the value of 1.10 g/ml determined experimentally



5.1. Model Interpretation and Disussion 65by equilibrium density-gradient entrifugation (14). At present, we are unable to reonile thesetwo values (15).Let us now onsider the relative ontributions to the measured SV SAXS urves of photonssattered from partiles belonging to the two branhes of the polydispersity funtion p(R),namely SVs and larger membranous partiles, whih an be onsidered as a ontamination.Importantly, the relative sattering ontributions of partiles, and parts of partiles, of di�erentsizes strongly depend on the onsidered value of q (17).The number density of the atual SVs is about 100 times higher than the number densityof the larger partiles. The fator of about 10 in size di�erene of the partiles gives afator of about 100 in favor of the larger strutures, onsidering the relative surfae areas ofthe partiles. This is beause the part of the reiproal spae studied here ontains mainlyinformation about length sales in the order of the thikness of the protein overed bilayer.This leads to approximately equal numbers of photons sattered into the measured q-range frompartiles belonging to either branh of p(R). Comparing this result to the relative number ofphotons sattered into the entire reiproal spae (q-integrated) from the two branhes of p(R),this means that about 99 % of the sattering intensity due to the larger partiles is expetedto be sattered into lower q-regions, as ompared to the q-interval measured here. The resultsof these onsiderations orrespond well with the ontributions from the two branhes of p(R)in the model �t alulation shown in Fig. 4.3, (red lines).5.1.2 Bilayer StrutureThe SAXS data presented here is, by itself, limited due to the low spatial resolution attainablewith this tehnique. The greatest strength of our study relates to the appliation of inde-pendently obtained biohemial data in order to develop a oarse-grained desription of thedi�erent SV onstituents in relation to one another (14). To this end, we address the eletrondensity pro�le ρe(r) from the SAXS analysis, establishing how to interpret the Gaussian hainlayers of the model (15). Sine SAXS is unable to reah atomi resolution, the Gaussian hainsmust be onsidered as e�etive sattering enters distributed on the lipid bilayer, whih an beonsidered to represent very large proteins or protein lusters of known mass (14). The modelparameters an be interpreted beyond the total protein mass, when viewed in terms of theknown protein inventory provided by biohemial analysis (14), while the (e�etive) length-sale indiated by the radii of gyration Rg of the Gaussian hains an also be postulated.Aording to Takamori et al., the major protein omponents of an average vesile isolated fromrat brain are (weight % of total SV proteins, opy-number per SV, number of trans-membranedomains per moleule) synaptophysin 1 (10.2, 31.5, 4), synaptobrevin 2 (8.6, 69.8, 1), VGLUT(averaged for VGLUT1 and VGLUT2 ontaining vesiles � 6.0, 10.0, 10), synapsin 1 (6.0, 8.3,
0), synaptotagmin 1 (7.0, 15.2, 1), Rab3A (2.5, 10.3, 0) and syntaxin 1 (2.0, 6.2, 1). These



66 Chapter 5. Model Evaluation and Strutural Resultsproteins, whih are essential for both exoytosis and neurotransmitter loading, aount forapproximately 50% of the total SV protein inventory, orresponding to 151 individual proteinmoleules with a total of 319 trans-membrane domains. However, as only the dominant isoformwas measured for most proteins inluding synaptophysin, synaptobrevin and synaptotagmin,the opy-number of eah protein is likely to be higher. When taking into aount other proteins,suh as the V-ATPase omplex and synaptogyrin, the integral membrane proteins are likely toontribute almost 600 trans-membrane domains (14). For an average R = 21 nm vesile, thiswould equate to approximately 20% of the surfae (14) in exellent agreement with the 21%surfae overage of the Gaussian hains (15).The V-ATPase is the largest protein on the vesile and faes outwards. Although it is onlypresent in one or two opies, its large size means it ontributes 1.2% of the total protein mass.In our model, the Gaussian hains faing outwards ontribute about 12.4% of the total mass of avesile (see Table 4.4) and thus about 21.1% of the total protein mass (14). At most 5.7% of themass represented by the outward faing Gaussian hains an be attributed to the V-ATPase.The remaining 94.3% of the protein mass in the Gaussian hains annot be attributed toindividual protein omponents. First, the individual opy-numbers would be too low. Seond,the lateral extension would be too large. While extended proteins suh as synaptobrevin ouldaount for an 2Rout
g = 11.4 nm extension in the radial diretion (91), the orresponding lateralsize indiates a lustering of proteins into domain strutures as there are too few (known) largeproteins on the vesile that math the size of the Gaussian hains in the 'in-plane' diretion (15).Interestingly, holesterol-dependent lustering of the synapti vesile proteins synaptobrevin,synaptotagmin and synaptophysin into domains has been reported in a rude synapti vesilepreparation (92), suggesting that the fusion apparatus might be onentrated in a speializedmembrane path. This lustering might have important onsequenes for vesile funtion. Forinstane, the vesiular SNARE protein synaptobrevin, whih interats with syntaxin 1 andSNAP-25 in the plasma membrane to initiate fusion, has a ytosoli length of approximately

10 nm, as do syntaxin and SNAP-25. Given that SNARE interations are initiated N-terminallyand proeed towards the C terminus in a zipper-like fashion, thus pulling the membranestogether, it is likely that SNARE initiation an proeed from a distane of up to 20 nm from theplasma membrane, a value onsistent with that proposed by single vesile traking experimentsin living neurons (91).5.1.3 Model Dependenies and AmbiguitiesIn ombination with omplimentary tehniques suh as ryo-EM and biohemial analysis, wehave shown that SAXS is apable of eluidating strutures of signi�ant omplexity suh assynapti vesiles.State of the art beamlines have been used to reord the SAXS data, whih were found to be



5.1. Model Interpretation and Disussion 67highly reproduible (15). As we show in Fig. 4.3, several di�erent isotropi models have beendisussed and have been falsi�ed. After assessment of numerous samples, we are onvinedthat the presented e�etive model representing proteins in a oarse-grained sense by Gaussianhains is well suited to desribe the synapti vesiles quantitatively at the given resolution.However, possible ambiguities and model dependenies of the results are important issueswhih need to be addressed expliitly. We have therefore ompared �ts with two independentanisotropi models that share the main features of anisotropi protein lusters but use di�erentdetailed implementations (15, 17). In partiular, the lustered proteins are represented by hardspheres in the �rst, and by Gaussian hains in the seond. Importantly, these two models showqualitatively similar results, and thus support the main onlusion that an anisotropi modelis needed to aurately desribe the SV data. Of ourse, to some extent the derived modelparameters of the observed lustering e�et are di�erent. These di�erenes mark the degreeto whih the results depend on the spei� formulation of the model, see Table 4.2. The mainonlusions and existene of protein lusters are, however, maintained in a model independentway.Models where the proteins are represented by spherially symmetri Gaussian eletron den-sities as depited in Fig. 4.5 illustrate the e�ets that the Gaussian hains parameters, or hardspheres parameters, have on the sattering urve. In an intermediate q-range, the di�erene insattering length of the SV data, when ompared to unilamellar DOPS vesiles, is found to bein exess of two orders of magnitude (17).Importantly, least squares model �ts to the DOPS data yield almost idential results fora spherially symmetri model with a symmetri density pro�le of three oupled Gaussians(Fig. 4.5, dashed yan line), and a model with Gaussian hains attahed to the pro�le (Fig. 4.5,solid light green line). Interestingly, the number of Gaussian hains in the later model is zerofor the best �t (within the numerial preision). Models with signi�ant amounts of attahedGaussian hains with parameter values similar to the ones from the orresponding optimizedSV model an be falsi�ed against the DOPS data (Fig. 4.5, solid brown line, and solid purpleline).The mathematial model utilized to �t the experimental data ontains 12 parameters toaount for the strutural omplexity of the SV sample. Given the high omplexity of thesystem, the high number of data points (up to 763) and the wide q-range of the data, a modelform fator �t with 12 parameters is perfetly justi�ed. We have veri�ed that the modelomponents are both neessary and su�ient to aurately desribe the data, see also theredued model �ts, as well as the alternative model �ts in Fig. 4.3 and Fig. 4.5. None of theontributions are marginal, neither within the model struture of one partile, nor onsideringthe two branhes of the polydispersity distribution p(R).In addition, the values for several parameters an be onstrained fairly well due to infor-



68 Chapter 5. Model Evaluation and Strutural Resultsmation from ryo-EM and additional biohemial knowledge. The fat that SVs are known tohave a unilamellar bilayer struture with inorporated and attahed proteins introdues sev-eral onstraints to the model parameters. Further, the size distribution of the larger partilesan be estimated, at this point only qualitatively, by ryo-EM. The investigated q-range is notvery sensitive to the preise size of partiles in the size range of the larger partiles. Due tothe heterogeneous nature and broad size distribution of these partiles, pronouned features atlower q regions annot be expeted. Partiular features outside the measurement interval donot appear in the model alulations, either at small or at high q, i.e. the measurement range(after stithing di�erent detetor distanes) was well adapted. In partiular, the heterogeneousnature and broad size distribution of the larger partiles suppressed any pronouned featuresat lower q-ranges.5.2 Model Entropy ConsiderationsProtein lusters on the SV membrane indiate a state of higher ordering and thus a smallervalue for the entropy when ompared to a SV with proteins being randomly distributed over
4π. Thus, energy would be gained by luster disintegration, a proess whih might take plaeupon fusion of the SV with the plasma membrane and might provide energy needed for drivingthe membrane fusion. Suh proesses might be related to membrane urvatures, too.To estimate the entropy gain due to disintegration of lusters on the SV, a miroanonialmodel of the protein deorated SV membrane is investigated.5.2.1 Cluster Formation and DisintegrationThe proteins on the average SV are organized in lusters, forming miro-domains on the SV,onsisting of protein trans-membrane domains (TMDs) (15, 17). Some proteins may remainlustered (93) after fusion of the SV with the plasma membrane of the presynapti ell, andorresponding miro-domains may persist at least partially on the plasma membrane.However, it seems likely that at least part of the protein miro-domains disintegrate at leastpartially upon fusion of the SV with the plasma membrane. Disintegration of protein lustersleads to an inrease of the number of possible distinguishable states of the di�erent lipids andproteins on the SV, and thus to an inrease of entropy and a gain of free energy.Here we speulate that the gain in free energy due to possible disintegration of protein lus-ters on the SV upon fusion of the SV with the plasma membrane might provide energy neessaryto drive the fusion reation of the SV membrane with the plasma membrane. Disintegrationmight also be energetially advantageous due to di�erent membrane urvatures of the SV mem-brane and the plasma membrane, onsidering possible di�erenes in the intrinsi urvatures oflustered proteins and freely di�using proteins in the SV, or in the plasma membrane.



5.2. Model Entropy Considerations 69Here, we estimate the expeted gain in free energy due to disintegration of protein lustersby employing a simple model alulation.5.2.2 ModelThe entropy of the SV is alulated in a miro-anonial approah by modeling the SV by asystem omposed of nLD independent and indistinguishable lipids in eah membrane lea�et,or lipid dimers faing eah other with their tails, nTMD independent and indistinguishable freeprotein TMDs (not lustered), nSC independent and indistinguishable small protein lusters,and nLC independent and indistinguishable large protein lusters, aording to the SV modelstruture given in Table 4.4 in setion 4.6. The number of TMDs per protein luster is al-ulated by assuming an area of 1.50 nm2 per TMD (as estimated from the tree-dimensionalstruture of the helial membrane proteins aquaporin-1 and ClC hloride hannel (14)), yieldingapproximately 21 TMDs per small luster and approximately 68 TMDs per large luster. Thenumber of lipid moleules in one lea�et is alulated to be approximately 5004 by assuming anarea of 0.65 nm2 per lipid (94), and onsidering that 79 % of the surfae area of a sphere witha radius of 18.1 nm (middle of bilayer for most frequently ourring SV radius) are overed bylipids. The total number of TMDs in the protein lusters is alulated to be 541, assuming13 small lusters and 4 large lusters omposed of TMDs, whih ompares well with the valueof approximately 600 TMDs per SV, as suggested on the basis of biohemial data (14). Notethat the number of lusters assumed here has been obtained by rounding the numbers given inTable 4.4 to natural numbers.The number of di�erent states Ω onsidering the number of distinguishable possibilities todistribute nLD lipids, nTMD free TMDs, nSC small lusters, and nLC large lusters to nBOXdistinguishable boxes, with nBOX =
∑

i ni and i = LD, TMD, SC, LC, is given by
Ω =

(
∑

i ni)!
∏

i (ni)!
, (5.1)with i = LD, TMD, SC, LC.The entropy S is de�ned by

S = kB ln Ω , (5.2)with the Boltzman onstant kB ≈ 1.314 × 10−23 J/K. Further, onsidering the Helmholtzpotential F ≡ U(T ) = U − TS, the di�erene of free Energy ∆U in units of kBT for a systemin two states i and f, with a di�erene of entropy ∆S = Sf − Si is given by
∆U =

∆S

kB
. (5.3)



70 Chapter 5. Model Evaluation and Strutural ResultsThe numerial alulations were performed in MATLAB. The Stirling approximation ln(M !) ≈
M ln(M) −M was employed for M > 20 for the alulation of ln(M !). Further details on theMATLAB ode are given in the appendix.5.2.3 ResultsComplete disintegration of one of the 4 large lusters yields a system with nLC = 3, nTMD = 68,
nSC = 13 (unhanged), nLD = 5004 (unhanged), and nBOX = 5088 (as ompared to nBOX =

5021 for the initial system). The system has gained free energy in the order of ∆U ≈ 354 kBT .Correspondingly, omplete disintegration of one of the 13 small lusters would give about
∆U ≈ 130 kBT to the system. Complete disintegration of all lusters yields a system with
nLC = nSC = 0, nTMD = 541, nLD = 5004 (unhanged), and nBOX = 5545, whih has gainedfree energy in the order of ∆U ≈ 1654 kBT .Disussion and ConlusionsFormation or breakage of a ovalent bond osts in the order of |∆U | ≈ 100 kBT . Thus, thealulated free energy gain of ∆U ≈ 354 kBT due to disintegration of one of the large proteinlusters on the SV orresponds to the energy needed to break up approximately 4 ovalentbonds, and the disintegration of one small luster orresponds to the energy needed to breakup approximately 1 ovalent bond. The alulated free energy due to total disintegration of alllusters orresponds to the energy needed to break up approximately 17 ovalent bonds.Thus this very simplisti model alulation supports the speulation, that free energy gaineddue to an inrease of entropy on the SV might in�uene the fusion reation signi�antly. Theentropy gain would follow from the disintegration, or partial disintegration, of protein lusterson the SV upon fusion of the SV with the plasma membrane.In onlusion, the hypothesis that the fusion reation of the SV with the plasma membraneis signi�antly in�uened by entropi e�ets related to ordering and disordering of proteins onthe SV annot be rejeted on the basis of the onsidered model.5.3 ConlusionsThe sattering model used here is in exellent agreement with the SAXS data, using parametersthat are onsistent with published eletron mirosopy, biohemial and physiologial data. Atthe same time the resulting model was obtained independently of other analytial tehniques.This study thus on�rms pre-existing ideas about the main strutural features of SVs and addsimportant re�nements, suh as the presene of protein miro-domains, indiating a state ofhigher ordering and thus a smaller value for the entropy when ompared to a SV with proteins



5.3. Conlusions 71being randomly distributed over 4π. Free energy gained due to an inrease of entropy on the SVrelated to disintegration, or partial disintegration, of protein lusters on the SV might in�uenethe fusion reation signi�antly. To the best of our knowledge, this is the �rst time SAXShas been suessfully applied to a funtional (heterogeneous) organelle and raises the distintpossibility that SAXS analysis (when applied in ombination with other analytial approahes)will provide a useful means to analyze other biologial membranes.
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Chapter 6Towards Cell Free Fusion SystemsThis hapter desribes ex vivo fusion systems whih employ native synapti vesile organellesisolated from rat brain, and small unilamellar proteo-liposomes with reonstituted t-SNAREmembrane proteins. Reent results from interation and fusion systems onsisting of native SVsor proteo-liposomes interating with a planar lipid Langmuir �lm at the water�air interfae, ora solid supported lipid bilayer are brie�y reported and disussed (Setion 6.1) and the samplepreparation of proteo-liposomes is addressed (Setion 6.2). We show that the size inrease dueto fusion of proteo-liposomes with native SVs an be quanti�ed by dynami light sattering(Setion 6.3). A Gedankenexperiment reveals that SAXS seems likely to resolve details of thestrutural hanges assoiated with fusion of native SVs with proteo-liposomes (Setion 6.4).6.1 Introdutory ConsiderationsCell free fusion systems provide the means to study the priniples of membrane interationand fusion at systems with redued omplexity when ompared to living ells (95). The fusionsystems onsist of reonstituted membranes, and/or may employ native membrane struturesisolated from living ells or animals (96). Further, physial and hemial onditions of ellfree fusion systems an be tightly ontrolled and manipulated allowing to study fusion underdi�erent physiologial and pathologial onditions. Thus, ell free fusion systems are importanttools to eluidate the physial and biohemial priniples of membrane tra�king in ells.In reent studies, we investigated ell free systems where the target membrane is representedor mimiked by a solid supported lipid bilayer, or a lipid Langmuir �lm at the air�water interfae(Sajal Kumar Ghosh1, et al. (18)). SVs isolated from rat brain are added and interat withthe solid supported bilayer in aqueous bu�er solution, or SVs are injeted into the aqueoussubphase and interat with the lipid monolayer.Figure 6.1 (A) shows a artoon illustrating a SV interating with a lipid Langmuir �lm. The1Institut für Röntgenphysik, Georg-August-Universität Göttingen73
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Figure 6.1: Model of the experimental system. (A) SVs injeted in the subphase of a lipidmonolayer formed at the air-water interfae. (B) SVs pipetted on top of a lipid bilayer formedon a solid support. The respetive eletron density pro�les (ρ(z)) of the lipid monolayer andthe bilayer are also shown in (A) and (B), the z-axis being parallel to the sample normal. τ isthe tilt angle of the lipid moleules in the gel phase. Figure adapted from (18).SVs are added into the subphase after the preparation of the lipid Langmuir �lm. (B) shows aartoon illustrating a SV interating with a solid supported lipid bilayer. The SVs are addedto the aqueous bu�er overing the lipid bilayer.Both the solid supported bilayer and the Langmuir �lm exhibit a planar geometry. Thus,their struture an be probed with high spatial resolution by x-ray re�etivity, and grazinginidene di�ration (GID). Using these systems, we investigated the e�ets of the lipid phos-phatidylinositol 4,5-bisphosphate (PIP2) on membrane interation and fusion when added tothe solid supported bilayer, or the lipid Langmuir �lm (18).Figure 6.2 shows eletron density pro�les parallel to the sample surfae normal obtained by�tting box-models to Fresnel normalized x-ray re�etivity data from solid supported bilayersystems and Langmuir �lms, in the absene or presene of SVs. (A) DOPC bilayer (solid redline) and DOPC bilayer with added SVs (dashed blak line), both eletron density pro�lesobtained by �tting a six box-model to the re�etivity data. (B) DOPC/PIP2 (4:1) bilayer(solid red line, six-box model) and DOPC/PIP2 (4:1) bilayer with added SVs (dashed blakline, eight box-model). (C) DPPC Langmuir �lm (solid red line) and DPPC Langmuir �lm withadded SVs (dashed blak line). (D) DPPC/PIP2 (5 mol %) Langmuir �lm (solid red line) andDPPC/PIP2 (5 mol %) Langmuir �lm with added SVs (dashed blak line). SVs were injetedinto the aqueous sub-phase of the Langmuir �lm, whih was at a surfae pressure of 30 mN/m.Two-box models were �tted to the monolayer re�etivity data sets; one box orresponding tothe head-group region, and one box orresponding to the tail region.We found that SVs interat with the planar lipid systems, and the interation is signi�antlyenhaned by the presene of PIP2. The interation an be further enhaned by addition of
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Figure 6.2: Eletron density pro�les obtained by �tting box-models to Fresnel normalized x-rayre�etivity data. (A) DOPC bilayer (solid red line) and DOPC bilayer with added SVs (dashedblak line). (B) DOPC/PIP2 (4:1) bilayer (solid red line) and DOPC/PIP2 (4:1) bilayer withadded SVs (dashed blak line). (C) DPPC Langmuir �lm (solid red line) and DPPC Langmuir�lm with added SVs (dashed blak line). SVs were injeted into the aqueous sub-phase of theLangmuir �lm. (D) DPPC/PIP2 (5 mol %) Langmuir �lm (solid red line) and DPPC/PIP2(5 mol %) Langmuir �lm with added SVs (dashed blak line). SVs were injeted into theaqueous sub-phase of the Langmuir �lm. Figure adapted from (18).
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Proteo-LiposomeSynaptic vesicleFigure 6.3: The model experimental system. Synapti vesiles (SVs) upon interating withsmall unilamellar model proteo-liposome (PL). Figure adapted from (18).physiologially meaningful amounts of [Ca2+℄ (18). A harateristi thikening of the lipid bi-layer, and an inrease of eletron density of the upper lipid lea�et were observed for the solidsupported bilayer system. Correspondingly, a harateristi thikening of the lipid Langmuir�lm, and an inrease of the eletron density of the head region were observed for the lipid mono-layer system. Thus, we showed that x-ray re�etivity and GID have great promises studyingthe interation of tra�king organelles with their target membranes in ell free systems (18).However, the used planar lipid systems mimiking the SV target membrane have short-omings, and questions remain to whih extent these systems mimi the atual physiologialproesses present in vivo. For example, the lipid Langmuir �lm an only mimi one lea�et ofa target membrane in vivo, and there are onerns that the behavior of the solid supportedbilayer may be biased by the solid support, whih may be dereased but not totally eliminatedby employing soft ushions underneath the bilayer (97).Other ell free fusion systems do not exhibit these shortomings as the target membraneis represented by the lipid bilayer of a small unilamellar vesile, dispersed in aqueous bu�er.Membrane proteins an be reonstituted into the lipid bilayer of the lipid vesiles (proteo-liposomes).



6.2. Samples 77Figure 6.3 shows a artoon illustrating a SV interating with a small unilamellar lipid vesile(proteo-liposome) with reonstituted membrane proteins, depited by spherial blobs (blue).Here we address a ell free fusion system where SVs isolated from rat brain (14) interat, andeventually fuse with small unilamellar lipid vesiles with reonstituted t-SNARE proteins Syn-taxin 1 and SNAP-25A (proteo-liposomes) (96), (Setion 6.2). We show that the size inreaseand the number of fusion events of proteo-liposomes fusing with SVs an be quanti�ed by DLSby determining the size distribution funtion of the individual partiles before fusion, and ofthe fusion produts (Setion 6.3). Further, we present alulated sattering urves revealingthe appliability of SAXS to study the fusion pathway of SVs and proteo-liposomes diretly ona strutural level (Setion 6.4). Further, onlusions resulting from the DLS experiments, andthe alulated SAXS urves are summarized (Setion 6.5).6.2 SamplesSmall unilamellar proteo-liposomes (PLs) were prepared by Matthew Holt1 by mixing lipids inhloroform giving molar ratios (given in brakets) resembling that of native biologial mem-branes aording to (14), i.e. phosphatidyline (5), phosphatidylethanolamine (2), phosphatidylser-ine (1), phosphatidylinositol (1). Unlabeled phosphatidyl-ethanolamine (PE) was partly sub-stituted by N-(7-nitro-2,1,3-benzoxadiazol-4-yl) PE (NBD-PE) and Rhodamine-PE (lipid de-quenhing), sine the same samples were used in �uoresene-based assays, too (96). Afterdyeing, lipids were resuspended in HB100 bu�er (100 mM KCl, 1 mM DTT, 25 mM HEPES[pH 7.4, KOH℄) with 5 % sodium holate at a total lipid onentration of 13.5 mM. SNAREproteins (Syntaxin 1 and SNAP-25A) were loned with rat (Rattus norvegius) sequenes astemplates and expressed in E. oli, and subsequently puri�ed (98). SNARE proteins were addedat a physiologially relevant SNARE to phospholipid molar ratio of 1:300 (14) to the holatemiellar solution. Detergent was removed by gel �ltration hromatography on a SMART systemwith a PC 3.2/10 Fast Desalting olumn (GE Healthare). For further details on the proteo-liposome preparation see (96) and orresponding on-line supplemental data. Synapti Vesileswere puri�ed by Matthew Holt1 from rat brain, following the proedure desribed before, seesetion 2.3.6.3 Dynami Light SatteringWe show that DLS is apable to detet and quantify the size inrease of small unilamellarproteo-liposomes (PLs) whih are fused in a SNARE dependent manner with SVs forming aprototypi ell free model fusion system (16).1Department of Neurobiology, Max Plank Institut für Biophysikalishe Chemie, Göttingen, Germany



78 Chapter 6. Towards Cell Free Fusion Systems6.3.1 ExperimentsSV and PL dispersions were diluted and �lled in glas uvettes as desribed above, see setion2.6. For the fusion experiments, a SV stok solution of 4.56 mg/ml protein onentration isdiluted with degassed aqueous bu�er (see above) to a total protein onentration of 0.83 µg/ml.For the fusion reations, Syntaxin 1/SNAP-25 proteol-iposomes (NBD-Rhodamine labeled) areadded to the SV solutions at similar total mass onentration as the SVs (96), leading topartile number ratio of about 1:1. Fusion ativity was heked in a similar manner like in(96) by �uoresene dequenhing assays, and the size inrease of the fused SV/liposomes asdetermined by ryo eletron mirosopy (data not shown). For the inhibited fusion reations,SVs are inubated for 60 min at 37 ◦C in HB100 with Tetanus toxin (TeNT), whih targetsSynaptobrevin, in a molar ratio of 1:50 with regard to the onentration of Synaptobrevin (96).TeNT was expressed by Matthew Holt2 in bateria and puri�ed with Ni2+-NTA hromatog-raphy (99, 100, 101). Conentrations were determined with UV absorption, and proteolytiativity was tested immediately before use in experiments (96). Control samples were inu-bated under similar onditions in HB100 (no addition of TeNT). Absene of fusion ativity forthe samples of the inhibited fusion reation, and the ontrol samples, was heked by �uores-ene dequenhing assays and ryo-EM (data not shown).The SV partile number was alulated based on the protein mass of the SVs in the sample,assuming monodisperse SVs with a radius R = 21 nm. Partile numbers for the PLs were alu-lated from the total lipid mass, assuming 100% e�ieny in PL formation, and a monodispersepopulation with radius R = 21 nm.6.3.2 ResultsFigure 6.4 shows the size distribution funtions p(R) from ensembles of PLs (blue squares, solidline), native SVs (red irles, solid line) as well as the produt of a fusion reation between PLsand SVs (yan triangles, dashed line) and a orresponding ontrol (magenta rossed, dashedline) with TeNT treated SVs added to PLs, as obtained by DLS. The data has been analyzedusing the ALV software, employing zero order regularization and desribing the partiles ashard spheres.The normalized size distribution funtions pn(R) of all four samples are similar in shape andwidth. The most frequent radii of both the PL and SV samples are about 21 nm. The sizedistribution of the fusion produts is shifted towards larger radii (maximum around 31 nm)when ompared to the size of the SV or PL ensembles. As expeted, TeNT treatment of theSVs dereases this shift signi�antly (maximum around 24 nm), e�etively inhibiting fusionbetween SVs and PLs.2Department of Neurobiology, Max Plank Institut für Biophysikalishe Chemie, Göttingen, Germany
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Figure 6.4: DLS data of native SV ensemble (red irles, solid line), PL preparation (bluesquares, solid line), mixture of SVs plus PLs (yan triangles, dashed line) and TeNT treatedSVs plus PLs (magenta rosses, dashed line).



80 Chapter 6. Towards Cell Free Fusion SystemsTable 6.1: Model parameters as obtained from the fusion experiments by inversion of DLS data.Most frequent radius R (nm) of partiles. From ∆ R a harateristi number of fusion events N(per PL) is alulated by assuming onservation of partile surfae areas, and size homogeneityof SVs, PLs and fusion produts, respetively.Sample R (nm) N (per PL)SVs 21 �PLs 21 �SVs + PLs 31 1.2SVs + PLs + toxin 24 0.3Table 6.1 gives the most frequent radii and a harateristi number N (per PL) of fusionevents of PLs and SVs, alulated from the shift of the most frequent radius when omparedto the PL sample.6.3.3 ConlusionsThe typial size inrease of small unilamellar proteo-liposomes with reonstituted SNARE pro-teins exhibited after SNARE mediated fusion with SVs, an be resolved and quanti�ed by DLS(Fig. 6.4). Sattering tehniques allow to obtain information averaged over a fairly large num-ber of partiles as ompared to single partile imaging tehniques like ryo-EM in reasonablyshort times (here in the order of 100 s). It seems feasible to signi�antly inrease time resolutionreahing values in the order of a few seonds. The needed sample volumes are relatively small(about 1 ml with an onentration of about 1 µg/ml) and the sample an be reused.6.4 Small-Angle X-Ray Sattering6.4.1 GedankenexperimentSAXS has opened up the possibility to study SV ensembles struturally under quasi-physio-logial onditions (15, 17), avoiding invasive sample preparation steps needed for other teh-niques suh as eletron mirosopy. It appears that SAXS is suited to study struturally thefusion proess of SVs with model membrane systems, mimiking the synapti membrane inneurons, suh as liposomes or proteo-liposomes (PLs). Thus, we onsider here alulated sat-tering urves and how they ompare to SAXS data from SVs to illustrate the expeted outomesof Gedankenexperiments, where SVs and PLs are mixed together and eventually fuse to formhybrid SV-PL vesiles (18). Conservation of SV and PL surfae area is assumed for the fusionproess. Further it is assumed that all partiles of the two initial polydisperse populationsfuse, and that fusion probabilities are independent of the sizes of the fused partiles, i.e. the
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Figure 6.5: (A) SAXS data from SVs (open irles, blak, ×100), model �t to the SAXS data(full line, red, ×100), and alulated sattering urves of proteo-liposomes (PLs) (dashed line,blue, ×100), of a mixture of non-interating SVs and PLs (full line, violet, number ratios 1:1,
×10−1), of SVs fused with PLs (full line, green, number ratios 1:1, ×10−2), and SVs fused withPLs (full line, blak, number ratios 1:2, ×10−3). (B) Size distributions employed in the modelalulations depited in (A). The right hand part of the size distributions plotted in blak ispart of all size distributions depited by solid lines (full line), i.e. all size distributions arebimodal, exept the ase of the pure PLs (dashed line, blue). Figure adapted from (18).



82 Chapter 6. Towards Cell Free Fusion Systemspopulation of the fused hybrid partiles (fusion produt) of the two polydisperse populationswill exhibit, in general, a larger polydispersity when ompared to the polydispersities of thetwo initial populations. The parameter values of the loal struture of the deorated bilayersare assumed to be onserved in all partiles, both before and after fusion.6.4.2 Resulting Calulated Sattering CurvesFigure 6.5 (A) shows data I(q) vs. q from SVs in aqueous bu�er (open irles, blak), anda least-squares �t of a form fator model to the data (full line, red), as published in (15).The anisotropi model onsists of a symmetri ore pro�le (three onentri Gaussians) withattahed Gaussian hains (solid red line, redued χ2 = 2.84) on both sides of the bilayerpro�le. A sketh of a real spae model orresponding to the least-squares �t of the formfator is shown in �gure 4.1 (B). Pure PLs (dashed line, blue), assuming similar deoratedbilayer struture, shape and size distribution as in the optimized SV model lead to a fairlysimilar sattering urve as ompared to the SAXS data from SVs. However, sine no largerontaminant partiles are present, the sattering urve levels o� faster towards small q values,and the shoulder at q ≈ 2 × 10−1 nm−1, due to the washed out �rst form fator minimum, ismore pronouned. A mixture of non-interating SVs and PLs (full line, violet) leads to a verysimilar alulated sattering urve when ompared to the SV SAXS data. However, the featureat q ≈ 2 × 10−1 nm−1 is somewhat more pronouned. Fusion assays, where equal numbers ofSVs and PLs are fused together (full line, green), as well as number ratios of 1:2 (SVs:PLs) leadto distint sattering urves when ompared to the SV SAXS data. The shoulder appearing at
q ≈ 2×10−1 nm−1 in the SV SAXS data moves signi�antly towards smaller q values, and getsinreasingly pronouned.Figure 6.5 (B) shows the size polydispersity distribution funtions p(R) employed in themodel alulations shown in (A). For all models involving SVs, a bimodal size polydispersitydistribution funtion p(R) was used, with one branh orresponding to ryo-EM data on the sizedistribution of the SVs, the PLs or the fusion produts, and a seond branh orresponding tolarger membranous partiles, modeled by a Gaussian distribution, as detailed in (15). Detailson the SV form fator and the optimized parameter values obtained from the �t to the SVSAXS data whih have been employed here, are given in (15, 17).6.4.3 ConlusionsCalulated SAXS urves from the fusion produt of SVs and PLs are found to be well distintwhen ompared to alulated SAXS patterns from a non-interating mixture of SVs and PLs,or experimental SAXS data from SVs only. Further, it an be expeted that doking (102),or aggregation, of the SVs and PLs would lead to distint sattering patterns as ompared to



6.5. Conlusions 83both the mixture of non-interating SVs and PLs, and fused SV-PL. Thus, SAXS should be anideal tool to disriminate between doking, hemi-fusion and fusion of SVs with PLs diretly ata strutural level. Other tehniques routinely used to detet lipid mixing of fused or hemi-fusedvesiles are typially based on �uoresene dequenhing assays. While being faster and heaperwhen ompared to SAXS, these tehniques do not provide diret strutural information, andtypially do not readily allow to distinguish between hemi-fusion and fusion of vesiles.6.5 ConlusionsDLS is found to be a fast and reliable method whih is apable to follow and quantify SNAREdependent fusion between small unilamellar proteo-liposomes and SVs under quasi-physiologialonditions in a ell free fusion system. A Gedankenexperiment reveals that synhrotron basedSAXS should be an ideal tool to eluidate the time resolved strutural details on the nm saleof the fusion proesses, inluding transient hemi-fusion strutures in suh ex vivo model fusionsystems.
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Chapter 7
Summary
The aim of this thesis was(i) to ontribute to the understanding of the synapti vesile (SV) struture, and to the un-derstanding of the proesses of neuronal exoytosis and endoytosis, prominent examples ofmembrane tra�king in ells, (ii) to prepare and to haraterize samples of SVs isolated fromrat brain suited for investigation by small-angle x-ray sattering (SAXS), and to reord solutionSAXS data from SV dispersions under quasi-physiologial onditions, (iii) to develop struturalmodels for SVs, to alulate the orresponding sattering form fators, and to optimize and tofalsify these form fators against experimentally determined sattering urves from SVs, (iv) toontribute to the understanding of fusion pathways by developing new approahes for struturalinvestigation of ell free fusion systems.In Chapter 2, an introdution to SVs, and to the isolation proedures of SVs from rat brain wasgiven. Proedures have been presented and disussed to haraterize and further enhane thepurity of the SV ensembles, inluding ryogeni eletron mirosopy (ryo-EM), dynami lightsattering (DLS) and asymmetri-�ow �eld-�ow (AFFF) frationation. Further, a preparationprotool of SV samples suited for solution SAXS experiments has been presented.In Chapter 3, synhrotron based SAXS experiments have been presented, inluding the pro-edures employed for applying the instrumental orretions to the sattering data. Satteringurves from several individual SV samples have been reorded at two synhrotrons revealinghigh reproduibility of the data. No aggregation and no pronouned interation potential wasobserved for the SVs of the investigated SV dispersions.In Chapter 4, an introdution to kinemati sattering theory was given, and model indepen-dent as well as model based data analysis approahes were eluidated. Di�erent isotropi andanisotropi strutural models of SVs were developed, and the orresponding form fators werealulated. Further, a generalization of the form fator models was presented. Subsequently,the model form fators were optimized and falsi�ed against SAXS data of SV dispersions underquasi-physiologial onditions. All isotropi models were rejeted, while anisotropi models85



86 Chapter 7. Summarywere found to be in exellent agreement with a variety of experimental data of SVs, inludingSAXS data, ryo-EM data, biohemial data on the stoihiometry of the SV, and struturaldata of individual proteins on the SV. SAXS data from model liposomes and protease treatedSVs were analyzed to investigate and assess how the model re�ets distint strutural hangesof the samples.In Chapter 5, an interpretation and disussion of the di�erent SV models were given, address-ing in partiular the size polydispersity distribution and the bilayer struture. Proteins werefound to be lustered, forming miro-domains on the SV. Possible model dependenies and am-biguities were disussed. Model entropy onsiderations were presented revealing that entropiontributions originating from protein luster formation and disintegration may play importantroles to provide free energy needed for driving fusion of the SV with the plasma membrane.In Chapter 6, a ell free fusion system was presented onsisting of SV isolated from rat brain,and proteo-liposomes with reonstituted t-SNARE proteins. Dynami light sattering was usedto determine the size distribution of these partiles, and to quantify the size inrease assoiatedwith fusion of SVs with proteo-liposomes. A Gedankenexperiment with alulated satteringurves reveals that small-angle x-ray sattering is likely to resolve the fusion pathway of SVsand proteo-liposomes diretly on a strutural level.In summary, we onlude that diret modeling of solution small-angle x-ray sattering data,onsidered in ombination with data obtained by other analytial tehniques suh as ryogenieletron mirosopy, dynami light sattering, biohemial analysis and protein rystallogra-phy, reveals the heterogeneous struture of synapti vesiles isolated from rat brain underquasi-physiologial onditions. The overall low resolution struture of the entire synapti vesi-le has been obtained, eluidating details on the density pro�le of the membrane, inludingontributions from the lipids and proteins, as well as addressing the average onformation andoverall lateral organization of proteins in miro-domains on the average synapti vesile underquasi-physiologial onditions.The organization of the proteins in miro-domains on the SV suggests that entropi ontribu-tions to the free energy due to protein luster formation and disintegration may signi�antlyin�uene the proesses of membrane merger and budding in neuronal exoytosis and endoy-tosis.The strutural information of the SV may ontribute to desribing and understanding theproesses of membrane fusion, retrieval and reyling, related to neuronal exoytosis, and tomembrane tra�king in eukaryoti ells in general.Further, a Gedankenexperiment reveals that it seems likely that SAXS is suited to study fusionpathways of ell free fusion systems onsisting of synapti vesiles isolated from rat brain andproteo-liposomes with reonstituted t-SNARE proteins diretly on a strutural level.A partiular advantage of SAXS is the more physiologial state of the sample when ompared



Chapter 7. Summary 87to other tehniques, e. g. eletron mirosopy, typially requiring invasive sample preparationsteps suh as �xation or staining whih are prone to introdue artifats into the analysis. Inontrast, SAXS is ompatible with a large spetrum of physial and hemial parameters ofthe sample suh as temperature, pressure, or ion onentrations. The hanges indued in thesample by the variation of parameters an be studied diretly on a strutural level in real timewith up to ms time resolution. A large number of samples an be olleted and ompared dueto the small sample quantities needed for high brilliane synhrotron SAXS (on the order of
10−4 to 10−3 µl). Other tehniques like in-house SAXS or transmission eletron mirosopywould onsume too muh time and material, e�etively inhibiting the investigation of similarsample series. Our present SAXS data on synapti vesiles employs sattering intensities up to
q = 2.7 nm−1. The q-range ould be further extended by inreasing the �nal vesile onentra-tion through modi�ations in the puri�ation protool. A theoretial onentration inrease of
100-fold should extend the exploitable q-range by a fator of three, and inrease the obtainableresolution to about 0.8 nm. However, at high vesile onentrations, e�ets of inter-partileinterations to the sattering data would need to be expliitly modeled, for example by em-ploying a orresponding struture fator in the data analysis. Suh studies should shed light onthe nature of the interation between synapti vesiles, inluding the role of the proteins on thesurfae of the vesiles. Further, results from studies of vesiles isolated from wild-type animalsould be augmented with studies of vesiles from so-alled knok-in and knok-out animals,to genetially manipulate essential omponents of the system (S. Ahmed, M. Holt, D. Riedeland R. Jahn, aepted). Furthermore, SAXS ould be employed to determine time-resolvedstrutural hanges resulting from membrane interation and membrane fusion, in ombinationwith miro�uidi devies and systems ombining top-down and bottom-up approahes.With the advent of x-ray lasers delivering ultra short and extremely intensive x-ray pulses,time resolved sattering experiments at individual organelles and fusion intermediates mighteventually beome possible. In onjuntion with omputer simulations of oarse-grained modelsand atomisti models of membrane pore formation and fusion in the presene of proteins, suhexperiments would undoubtedly shed light on the biophysial priniples of membrane merger.
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Appendix AMATLAB Soure CodeThis setion presents the essential proedures of the omputer programs developed within thesope of this thesis. The sript �les are written in the MATLAB programming language (Version7.5.0.342 (R2007b), The MathWorks In.). In MATLAB, omments are denoted by the per entsign, and three points in a row indiate that the respetive ommand ontinues on the nextline.A.1 Diret Modeling Dynami Light Sattering DataThe diret modeling approah of dynami light sattering (DLS) data presented in setion 2.6was implemented in MATLAB. The optimization was arried out by employing the lsqnonlinroutine of the Optimization Toolbox (Version 3.1 (R2006b), The MathWorks In.), dediatedto solve nonlinear least-squares problems. Sine the omplete ode is too long for this thesis,only the proedure ObjFunVe_DLS.m arrying out the alulation of the objet funtion (ostfuntion to be minimized), inluding the form fator and the size polydispersity alulation,are given here.A.1.1 ObjFunVe_DLS.m1 funtion F = ObjFunVe_DLS(x )2 % os t fun t i on to be minimized by ' l s qnon l in ' o f the3 % Opt imizat ion Toolbox , ( Version 3.1 (R2006b ) , The MathWorks In . )45 % Ves i  l e model : hard s h e l l s ( i s o t r o p i  )67 % en t r i e s in ve to r x8 % [ s h i f t EM data [nm℄ ,9 % sigma Gaussian l a r g e r p a r t i  l e s [nm℄ ,10 % pos i t i on en te r Gaussian l a r g e r p a r t i  l e s [nm℄ ,99



100 Appendix A. MATLAB Soure Code11 % s a l i n g f a  t o r Gaussian l a r g e r p a r t i  l e s ( r e l a t i v e to EM data ) ,12 % g1 ( tau ) at smal l tau ( oherene f a  t o r be ta )13 % g1 ( tau ) at l a r g e tau ( o f f s e t ) ℄1415 % get DLS data to f i t16 global DATA;17 y = DATA;1819 % parameters EM s i z e d i s t r i b u t i o n p lu s Gaussian l a r g e r p a r t i  l e s20 %21 % ryo−EM data , s h i f t e d by 3 nm to aount f o r p r o t e i n s on SV22 x0rEM = ( 1 4 : 1 . 5 : 5 0 )+x ( length ( x )−5) ;% ve tor o f r a d i i from ryo−EM data23 % s i z e p o l y d i s p e r s i t y determined by ryo−EM ( p a r t i  l e number weighted )24 x0rwEM = [ 0 14 55 107 130 129 64 38 22 9 4 3 0 2 1 0 0 0 1 1 0 0 0 0 0 ℄ . . .25 . /max( [ 0 14 55 107 130 129 64 38 22 9 4 3 0 2 1 0 0 0 1 1 0 0 0 0 0 ℄ ) ;26 % Gauss d i s t r i b u t i o n l a r g e r t rae p a r t i  l e s27 x0rGD = (1 4 : 1 . 5 : 4 0 0 ) ;28 x0rwGD = x( length ( x )−2) . . .29 ∗exp(−(x0rGD−x ( length ( x )−3)) .^2/(2∗x( length ( x )−4)^2) ) ;30 % put bimodel s i z e p o l y d i s p e r s i t y fun t i on t o g e t h e r31 x0rw = [x0rwEM,x0rwGD ℄ ;32 x0r = [ x0rEM, x0rGD ℄ ;3334 % approximated fo rmfa to r f o r s p h e r i  a l s h e l l s wi th outer r a d i i x0r and35 % th i  kne s s t , where q = 0.0137 nm^−136 % approximate s ine wi th 5 terms , and os ine wi th 6 terms37 t = 12 ;% th i  kne s s o f s h e l l [nm℄38 %39 % form f a  t o r40 pqa = ( ( . . .41 (4/3∗pi∗x0r .^3) . ∗ ( ( 3 . / ( x0r ∗0 .0137) .^3) . ∗ . . .42 ( ( 0 . 0137 .∗ x0r − (0 .0137∗ x0r ) .^3/ f a  t o r i a l ( 3 ) . . .43 + (0 .0137∗ x0r ) .^5/ f a  t o r i a l ( 5 ) − (0 .0137∗ x0r ) .^7/ f a  t o r i a l ( 7 ) ) . . .44 − 0 .0137 .∗ x0r .∗ ( 1 − (0 .0137∗ x0r ) .^2/ f a  t o r i a l ( 2 ) . . .45 + (0 .0137∗ x0r ) .^4/ f a  t o r i a l ( 4 ) − (0 .0137∗ x0r ) .^6/ f a  t o r i a l ( 6 ) ) . . .46 ) ) − . . .47 (4/3∗pi ∗( x0r−t ) .^3) . ∗ ( ( 3 . / ( ( x0r−t ) ∗0 .0137) .^3) . ∗ . . .48 ( ( 0 . 0 137 .∗ ( x0r−t ) − (0 . 0137∗ ( x0r−t ) ) .^3/ f a  t o r i a l ( 3 ) . . .49 + (0 .0137∗ ( x0r−t ) ) .^5/ f a  t o r i a l ( 5 ) . . .50 − (0 . 0137∗ ( x0r−t ) ) .^7/ f a  t o r i a l ( 7 ) ) . . .51 − 0 . 0 137 .∗ ( x0r−t ) .∗ ( 1 − (0 . 0137∗ ( x0r−t ) ) .^2/ f a  t o r i a l ( 2 ) . . .52 + (0 .0137∗ ( x0r−t ) ) .^4/ f a  t o r i a l ( 4 ) . . .53 − (0 . 0137∗ ( x0r−t ) ) .^6/ f a  t o r i a l ( 6 ) ) . . .54 ) ) . . .55 ) . / ( (4/3∗ pi∗x0r .^3)−(4/3∗pi ∗( x0r−t ) .^3) ) ) . ^2 ;



A.1. Diret Modeling Dynami Light Sattering Data 1015657 % ( form f a  t o r )^2 ∗ V^2 ∗ s i z e p o l y d i s p e r s i t y d i s t r i b u t i o n (number weight )58 x0a_unnorm = x0rw .∗ pqa .∗ ( (4/3∗ pi∗x0r .^3)−(4/3∗pi ∗( x0r−t ) .^3) ) . ^2 ;59 % norma l i za t i on ( h i g h e s t peak to 1)60 x0a = x0a_unnorm/max( x0a_unnorm) ;6162 % exper imenta l parameters and phy s i  a l ons tan t s63 k = 1.38 e−23;% kB [ J/K℄64 T = 295;% T [K℄65 eta = 0.89 e−3∗1e−3∗1e−3;% v i s  o s i t y [ Pa s ℄ ∗ 1e−6 (  f . ms , nm)66 no = 1 . 3 3 ;% n0 [ 1 ℄67 lamda0 = 632 .8 e−9;% wave l en g t h [nm℄68 theta = 90 ;% s a t t e r i n g ang le [ ◦ ℄6970 % a l  u l a t e au t o o r r e l a t i on fun t i on o f model71 %72 % a l  u l a t e GAMMA73 GAMMA = (( k∗T) .∗ ( 4∗pi∗no∗ sin ( theta /2)/lamda0 ) ^2) . / ( 6∗pi∗ eta ∗x0r ) ;74 % a l  u l a t e IR75 IR = (exp(−1∗DATA( : , 1 ) ∗(GAMMA) ) ) ;76 % a tua l  a l  u l a t i o n77 z1p = 1/(sum( x0a ( 1 : ( length ( x0a ) ) ) ) ) ∗sum( x ( length ( x )−1) .∗ IR . ^ 2 . . .78 ∗diag ( x0a ( 1 : ( length ( x0a ) ) ) ) , 2) + x( length ( x ) ) ;7980 % rename and onver t81 r1 = ( z1p ' ) ;8283 % de f i n e va lue s f o r exper imenta l e r ror f o f au t o o r r e l a t i on fun t i on84 % sigma es t imated from three ind ipendent measurements85 % with th ree i n d i v i d u a l runs a 30 se eah86 % t o t a l measurement time : 3x (3 x30 se ) = 270 se87 f = y ( : , 3 ) ;8889 % a l  u l a t e o s t fun t i on90 s = ( ( r1 ' ) − ( y ( : , 2 ) ) ) . / ( f ) ;9192 % normal i ze o s t fun t i on to ob ta in redued h i square93 % by ' l s qnon l in ' op t imi za t i on ( output as ' resnorm ' )94 % ad ju s t the number o f f r e e f i t parameters95 F = s/sqrt ( length ( y )−3−1) ;



102 Appendix A. MATLAB Soure CodeA.2 Diret Modeling Small-Angle X-Ray Sattering DataThe model optimization and falsi�ation against small-angle x-ray sattering data presentedin setion 4.6 was implemented in MATLAB. The main proedure alls a funtion whih loadsthe bakground orreted 1D SAXS data from dat �les into MATLAB, ombines SAXS datareorded at di�erent detetor distanes, and subtrats the sattering urves reorded from aapillary �lled with plain aqueous bu�er from the sattering urve of SVs. The �nal SAXSurve for �tting may be re-binned, and/or multiplied by q2 by unommenting the orrespond-ing ommand lines. The optimization was arried out by employing the lsqnonlin routine of theOptimization Toolbox (Version 3.1 (R2006b), The MathWorks In.), dediated to solve non-linear least-squares problems. The lsqnonlin routine alls the funtion ObjFunVe_SAXS.montaining the ode for the alulation of the objet funtion. Plotting is handled separatelyby a dediated routine. Subsequently, approximate marginal on�dene bounds (95 %) forthe parameter values estimated by the nonlinear regression of the models to the SAXS datawere alulated using the nlpari routine of MATLAB Statistis Toolbox (Version 7.5.0.342(R2007b), The MathWorks In.), and the optimized model parameters were alibrated to anabsolute sale.Sine the omplete ode is too long for this thesis, only the proedure ObjFunVe_SAXS.marrying out the alulation of the vetorized objet funtion (ost funtion to be minimized),inluding the alulation of the sattering signal of the bimodal size distributed model partilesemploying the anisotropi form fator with Gaussian hains given in setion 4.5, are given here.A.2.1 ObjFunVe_SAXS.m1 funtion F = ObjFunVe_SAXS(x)2 % os t fun t i on to be minimized by ' l s qnon l in ' o f the3 % Opt imizat ion Toolbox , ( Version 3.1 (R2006b ) , The MathWorks In . )45 % v e s i  l e t h ree Gaussian s h e l l s wi th gauss ian ha ins on ou t s i d e and in s i d e6 % ve  t o r i z e d bimodal s i z e p o l y d i s p e r s i t y d i s t r i b u t i o n7 % Cryo−EM SV d i s t r i b u t i o n , p lu s Gaussian d i s t r i b u t e d l a r g e r p a r t i  l e s89 % a l  u l a t e s  a t t e r i n g i n t e n s i t i e s f o r a l l ( p o l y d i s p e r s e ) popu la t ions ,10 % hand over to F1112 % order o f paramters in ve to r x13 %14 % [ roh s ( headgroups ) ,15 % roh  ( t a i l r e g i o n ) ,16 % 0.5∗ ( t h i  kn e s s s h e l l ) ,17 % mean rad iu s r0 ,



A.2. Diret Modeling Small-Angle X-Ray Sattering Data 10318 % Gaussian hain s h e l l r e l a t i v e to r0 (+ and −) ,19 % N  per un i t area (nm^2) on th in s h e l l outs ide ,20 % hains rad iu s o f gy ra t i on outs ide ,21 % rho N , N  per un i t area (nm^2) on th in s h e l l i n s i de ,22 % o v e r a l l s  a l i n g f a to r ,23 % onstant bakground ,24 % width s i z e p o l y d i s p e r s i t y d i s t . ,25 % on t r a s t l a r g e p a r t i  l e s ,26 % s i z e l a r g e p a r t i  l e s ,27 % hains rad iu s o f gy ra t i on ins i de ,28 % x ∗( t h i  kn e s s headgroups ) (1−x ) ∗( t h i  kn e s s t a i l g r o u p s ) ℄2930 % get SAXS data to f i t31 global DATA;%32 y = DATA;%3334 % modulus s  a t t e r i n g ve to r35 q = y ( : , 1 ) ;3637 % parameters w i th in v e s i  l e s h e l l38 % roh s ( headgroups ) :39 a1 = x (1 ) ;40 % roh  ( t a i l r e g i o n )41 a2 = x (2 ) ;42 % th i  kne s s s h e l l : 0 . 5∗ ( headgroup+t a i l+t a i l+headgroup )43 a3 = x (3 ) ;4445 % parameters o v e r a l l v e s i  l e46 % mean rad iu s r0 :47 b1 = x (4 ) ;48 % pos i t i on o f Gaussian hain s h e l l 1 and 2 r e l a t i v e to r049 b2_1 = x (3)+x (7 ) ;% at tah ha ins to s h e l l s u r f a  e s50 b2_2 = x (3)+x (15) ;% at tah ha ins to s h e l l s u r f a  e s5152 % N  per un i t area (nm^2) on th in s h e l l o u t s i d e53 b3_1 = x (6) ;54 % N  per un i t area (nm^2) on th in s h e l l o u t s i d e55 b3_2 = x (9) ;5657 % parameters ha ins58 % rad ius o f gy ra t i on ha ins ou t s i d e59 1_1 = x (7) ;60 % rad ius o f gy ra t i on ha ins i n s i d e61 1_2 = x (15) ;62 % rho  ( t o t a l e xe s s s  a t t e r i n g l en g t h per hain = onst . ;



104 Appendix A. MATLAB Soure Code63 % rho N ( exe s s s  a t t e r i n g l en g t h ha ins ; s  a t t e r i n g d en s i t y =onstant )64 2_1 = x (8) ∗ (4/3)∗pi ∗( 1_1) ^3;65 2_2 = x (8) ∗ (4/3)∗pi ∗( 1_2) ^3;66 % N  per un i t area on th in s h e l l6768 % add i t i o n a l parameters69 % o v e r a l l s  a l i n g f a  t o r70 d1 = 7.95240000000000e0∗1e−24∗x (10) ;%71 % where 7.9524 e−24 = (Thomson s  a t t e r i g n l en g t h o f e l e  t r on )^272 % onstant bakground73 d2 = x (11) ;74 % width s i z e p o l y d i s p e r s i t y d i s t r i b u t i o n75 d3 = x (12) ;7677 % poin t s to sample f o r s i z e p o l y d i s p e r s i t y d i s t r i b u t i o n78 % minimal r : r0 − x∗d3 ( wi th x∗d3 = onst . )79 % maximal r : r0 − x∗d3 ( wi th x∗d3 = onst . )80 b1dlarge = ( ( b1−3∗d3 ) : 1 : ( b1+3∗d3 ) ) ;81 b1dus = (10) : 0 . 5 : ( 3 6 ) ;% fo r EM ( f i x e d ) s i z e d i s t r i b u t i o n on ly8283 % Gaussian s i z e d i s t r i b u t i o n :84 % width : d385 b1dwlarge = x (13) ∗(1/ sqrt (2∗pi∗d3^2) ) ∗exp(−( b1dlarge−b1 ) .^2/(2∗d3^2) ) ;8687 % Cryp−EM data88 % ne g l e  t s 1.3% l a r g e r p a r t i  l e s ( not f u r t h e r s p e  i f i e d )89 b1dwus = [ 0 2 2 2 .5 2 . 5 3 . 5 3 . 5 7 . 8 7 . 8 7 . 7 7 . 7 13 13 . . .90 13 .4 13 .4 9 . 6 9 . 6 9 . 7 9 . 7 8 . 5 8 . 5 6 . 1 6 . 1 3 . 4 3 . 4 . . .91 3 .0 3 . 0 2 . 7 2 . 7 2 . 0 2 . 0 0 . 8 0 . 8 0 . 4 0 . 4 0 . 5 0 . 5 . . .92 0 .5 0 . 5 0 . 3 0 . 3 0 . 1 0 . 1 0 . 4 0 . 4 0 . 5 0 . 5 0 0 0 .1 0 . 1 0 0 ℄ ;93 % smooth EM s i z e d i s t r i b u t i o n94 % in t e r p o l a t e po in t s in order to  rea t e e q u a l l y spaed data po in t s95 % look at q−ranges s e pa r a t e l y96 n1 = length ( b1dus ) ;97 xx1 = linspae ( b1dus (1 ) , b1dus ( n1 ) ,100) . ' ;98 yy1_eqsp = f ixpt_inte rp1 ( b1dus , b1dwus , xx1 , ' double ' ,2^ −6 , . . .99 ' double ' ,2^−6 , ' Floor ' ) ;100 % fu r t h e r smoothing o f data101 yy1_eqspsm = smooth ( xx1 , yy1_eqsp , 10 , ' r l owes s ' ) ;102 % in t e r p o l a t e po in t s in order to  rea t e e q u a l l y spaed data po in t s103 n = length ( b1dus ) ;104 xx = linspae ( b1dus (1 ) , b1dus (n) ,50) . ' ;105 yy_eqspsmeq = f ixpt_inte rp1 ( xx1 , yy1_eqspsm , xx , ' double ' ,2^ −6 , . . .106 ' double ' ,2^−6 , ' Floor ' ) ;107 % de f i n e now f i n a l s i z e d i s t r i b u t i o n ( on ly f o r f i x e d (EM) s i z e d i s t . )



A.2. Diret Modeling Small-Angle X-Ray Sattering Data 105108 b1d = [ xx ' b1d large ℄ ;109 b1dw = 1.2307969 e9 ∗ [ 1∗ yy_eqspsmeq ' 1∗b1dwlarge ℄ ;110111 % de f i n e some u s e f u l e x p r e s s i on s f o r f o rmfa to r112 %113 % s p l i t parameters w i th in the s h e l l s :114 % th i  kne s s headgroups115 ds = x (16) ∗a3 ;116 % th i  kne s s t a i l117 d = (1−x (16) ) ∗a3 ;118119 % formfa to r ampl i tude sum o f th ree Gaussian s p h e r i  a l s h e l l s120 %121 % s a t t e r i n g volumes orresponding to f1_xy ,122 % a l  u l a t e e qu i v a l en t to hard s h e l l model :123 p43 = (4/3) ∗pi ;124 % ou t s i d e outer headgrounps :125 vf1_oh = ( p43∗( b1d+d+ds ) .^3) ;126 % ou t s i d e outer t a i l r e g i o n :127 vf1_ot = ( p43∗( b1d+d ) .^3) ;128 % ins i d e inner t a i l r e g i o n s :129 vf1_it = ( p43∗( b1d−d ) .^3) ;130 % ins i d e inner headgroups :131 vf1_ih = ( p43∗( b1d−d−ds ) .^3) ;132133 % normal i ze f 1 : norma l i za t i on fa to r , e qu i v a l en t hard s h e l l  a l  u l a t i o n134 normf_f1 = ( ( a1 ) ∗vf1_oh ) + ( ( ( a2−a1 ) ) ∗vf1_ot ) + . . .135 ( ( ( a1−a2 ) ) ∗ vf1_it ) − ( ( a1 ) ∗vf1_ih ) ;136137 % de f i n e f1 f o r sum o f Gaussian s h e l l s138 % (meant to mimi entrosymmetri b i l a y e r s t r u  t u r e )139 % pay ex t ra a t t en t i on to norma l i za t i on !140 %141 % pred e f i n e some matr ies :142 diagq = diag ( q ) ;143 diag1q = diag ( 1 . / q ) ;144 %145 % de f i n e t s and t  to r e l a t e sigma Gaussians to t h i  kn e s s o f hard s h e l l s146 t s = ds /( sqrt (2∗pi ) ) ;147 t = 2∗d /( sqrt (2∗pi ) ) ;148 % f1 i s a l r eady normal ized in suh a way t ha t hard s h e l l e q u i v a l en t149 % ( th i  kn e s s ds , d ) has to be taken f o r we i gh t ing !150 f1_unnorm = ( ( (4∗ sqrt (2 ) ∗(pi^(3/2) ) ) ∗a1∗ t s ∗ . . .151 ( diag1q ∗(diag (exp(−((q .^2) ∗ t s ^2/2) ) ) ∗ . . .152 ( sin ( q∗(b1d−d−ds /2) ) ∗diag ( ( b1d−d−ds /2) ) + . . .



106 Appendix A. MATLAB Soure Code153 t s ^2∗diagq∗os ( q∗(b1d−d−ds /2) ) ) ) ) ) + . . .154 ( (4∗ sqrt (2 ) ∗(pi^(3/2) ) ) ∗a2∗ t ∗ . . .155 ( diag1q ∗(diag (exp(−((q .^2) ∗ t ^2/2) ) ) ∗ . . .156 ( sin ( q∗b1d ) ∗diag ( b1d )+t ^2∗diagq∗os ( q∗b1d ) ) ) ) ) + . . .157 ( (4∗ sqrt (2 ) ∗(pi^(3/2) ) ) ∗a1∗ t s ∗ . . .158 ( diag1q ∗(diag (exp(−((q .^2) ∗ t s ^2/2) ) ) ∗ . . .159 ( sin ( q∗( b1d+d+ds /2) ) ∗diag ( ( b1d+d+ds /2) ) + . . .160 t s ^2∗diagq∗os ( q∗( b1d+d+ds /2) ) ) ) ) ) . . .161 ) ;162 f1 = f1_unnorm∗(diag ( 1 . / normf_f1 ) ) ;163164 % Gaussian ha ins p l aed on thinsphere_1 and th in sphere_2165 % use same rad iu s o f gy ra t i on f o r a l l ha ins in system166 % de f i n e u = q^2 ∗ Rg_1, Rg_2 (_1=OUT, _2=IN)167 u_1 = (1_1)^2∗q .^2 ; %u olumn ve to r !168 u_2 = (1_2)^2∗q .^2 ; %u olumn ve to r !169 % form f a  t o r f l e x i b l e polymers wi th Gaussian s t a t i s t i  s (Debye , 1947)170 p18_1 = (2∗ (exp(−u_1)+u_1−1) . / ( u_1.^2) ) ; %p18_1 olumn ve to r !171 p18_2 = (2∗ (exp(−u_2)+u_2−1) . / ( u_2.^2) ) ; %p18_2 olumn ve to r !172 % fun t i on p s i ( q∗Rg)173 psi_1 = (1−exp(−u_1) ) . /u_1 ; %ps i olumn ve to r !174 psi_2 = (1−exp(−u_2) ) . /u_2 ; %ps i olumn ve to r !175 % form f a  t o r ampl i tude t h i n s h e l l_1 wi th rad iu s r0 + d + x∗Rg ( here x=1)176 fs_1 = sin ( q∗( b1d+b2_1) ) . / ( q∗( b1d+b2_1) ) ;177 % form f a  t o r ampl i tude t h i n s h e l l_2 wi th rad iu s r0 − d − x∗Rg ( here x=1)178 fs_2 = sin ( q∗(b1d−b2_2) ) . / ( q∗( b1d−b2_2) ) ;179180 % a l  u l a t e t o t a l e xe s s s  a t t e r i n g l e n g t h s181 %182 % onen t r i  s p h e r i  a l hard s h e l l s e qu i v a l en t to onen t r i  Gaussians183 % ( without  on t r i b u t i on s from Gaussian ha ins ! )184 r s = normf_f1 ;185 % one Gaussian hain186 r_1 = 2_1 ;187 r_2 = 2_2 ;188 % t o t a l number o f ha ins on s p h e r i  a l she l l_1189 n_1 = (b3_1∗4∗pi ∗( b1d+b2_1) .^2) ;190 % t o t a l number o f ha ins on s p h e r i  a l she l l_2191 n_2 = (b3_2∗4∗pi ∗(b1d−b2_2) .^2) ;192193 % a tua l f o rmfa to r : pmi194 pmi =( ( ( f 1 ) .^2) ∗ diag ( r s ) .^2 + . . .195 (p18_1) ∗ ( ( n_1) ∗r_1^2) + (p18_2) ∗ ( ( n_2) ∗r_2^2) . . .196 % ( s h e l l −−s h e l l ) ; ( hain_1−−hain_1 ; hain_2−−hain_2 )197 + diag ( psi_1 .^2) ∗ ( ( fs_1 .^2) ) ∗ (diag ( ( n_1 . ∗ ( n_1−1)) ∗r_1 .^2) ) . . .



A.3. Model Entropy Calulations 107198 % hains_on_thinn_shel l_1−−hains_on_thinn_shel l_1199 + diag ( psi_2 .^2) ∗ ( ( fs_2 .^2) ) ∗ (diag ( ( n_2 . ∗ ( n_2−1)) ∗r_2 .^2) ) . . .200 % hains_on_thinn_shel l_2−−hains_on_thinn_shel l_2201 + diag ( psi_1 .∗ psi_2 ) ∗ ( ( fs_1 .∗ fs_2 ) ) ∗ . . .202 (diag ( ( n_1 . ∗ ( n_2−1) ) ∗r_1 .∗ r_2) ) . . .203 % hains_on_thinn_shel l_1−−hains_on_thinn_shel l_2204 + diag ( psi_1 ) ∗ ( ( f 1 ) . ∗ ( fs_1 ) ) ∗ (diag ( 2∗ ( ( n_1) .∗ r s ) ∗r_1) ) . . .205 % hains_on_thinn_shel l_1−−s h e l l206 + diag ( psi_2 ) ∗ ( ( f 1 ) . ∗ ( fs_2 ) ) ∗ (diag ( 2∗ ( ( n_2) .∗ r s ) ∗r_2) ) . . .207 % hains_on_thinn_shel l_2−−s h e l l208 ) ∗ diag ( ( 1 . / ( r s + n_1∗r_1 + n_2∗r_2 ) ) .^ ( 2 ) ) ;209 % norma l i za t i on (ATTENTION: r_1 uneq . r_2 ! ! )210211 % weigh fo rmfa to r by s  a t t e r i n g mass square (Mmi^2) to ob ta in s  a t t e r i n g212 % in t e n s i t y ( q ) in a b s o l u t e un i t s213 pmia = pmi ∗ diag ( ( ( r s + n_1∗r_1 + n_2∗r_2 ) ) .^ ( 2 ) ) ;214 % norma l i za t i on (ATTENTION: r_1 uneq . r_2 ! )215216 % a l  u l a t e sum o f s i z e d i s t r i b u t i o n weighted s  a t t e r i n g i n t e n s i t i e s217 z1p = sum( ( pmia∗diag (b1dw) ) , 2) ;% + s s l a r g e ;218219 % sum a l l d i s t r i b u t i o n s t o g e t h e r220 % add onstant bakground to  a l  u l a t e d data221 ztotp = q ' . ^ 2 . ∗ ( 1 ∗ d1 ∗ ( ( z1p ' ) )+ d2 ) ;% fo r f i t t i n g to Iq^2 vs . q data222 % z t o t p = ( d1 ∗ (( z1p ' ) )+ d2 ) ;% f o r f i t t i n g to I vs . q data223224 r1 = ztotp ;% rename225226 % a l  u l a t e o s t fun t i on227 %228 % de f i n e va lue s f o r e r ror f ( t ake exper imenta l ou t ing e r ror s )229 f = y ( : , 3 ) ;230231 % de f i n e ve to r va lued fun t i on f o r minimizat ion by l s q n on l i n ( . . . )232 s = ( r1 ' − y ( : , 2 ) ) . / f ;233 % a l  u l a t e redued h i square ( output as "resnorm" by l s q n on l i n )234 F = s/sqrt ( length ( y )−12−1) ;% ad ju s t t o t a l number o f f i t t i n g parameters !A.3 Model Entropy CalulationsThe model entropy alulation presented in setion 5.2 was implemented in MATLAB. Themain proedure is main_entropy.m. The funtion ln_fat.m alulates the logarithm of thefaulty for a natural number. For numbers larger than 20, the Stirling approximation is used.



108 Appendix A. MATLAB Soure CodeA.3.1 main_entropy.m1 % Entropie  a l  u l a t i o n2 %3 % de f i n e some parameters4 % areas , [nm^2℄5 area_sv = 4117 ;% area at middle o f b i l a y e r6 area_lipids_on_sv = area_sv ∗0 . 7 9 ;% r e l a t i v e sur f ae overage LDs7 area_l ip id = 0 . 6 5 ;% area one LD8 area_tmd = 1 . 5 0 ;% area one TMD9 area_l_small = 31 ;% area o f one SC10 area_l_large = 102 ;% area o f one LC1112 % numbers , [ 1 ℄13 % on f i g u r a t i on 1 ( i )14 num_lipid_1 = round ( area_lipids_on_sv/ area_l ip id ) ; % n_LD15 num_tmd_1 = round ( . . .16 0∗( area_l_large /area_tmd) . . .17 + 0∗( area_l_small /area_tmd) ) ;% n_TMD18 num_l_small_1 = 13 ;% n_SC19 num_l_large_1 = 4 ;% n_LC20 % on f i g u r a t i on 2 ( f )21 num_lipid_2 = round ( area_lipids_on_sv/ area_l ip id ) ;% % n_LD22 num_tmd_2 = round ( . . .23 4∗( area_l_large /area_tmd) . . .24 + 13∗( area_l_small /area_tmd) ) ;% n_TMD25 num_l_small_2 = 0 ;% n_SC26 num_l_large_2 = 0 ;% n_LC2728 % a l  u l a t e number o f boxes f o r  on f i g u r a t i on s 1 ( i ) and 2 ( f )29 num_box_1 = round ( . . .30 num_lipid_1 . . .31 + num_tmd_1 . . .32 + num_l_small_1 . . .33 + num_l_large_1 ) ;34 num_box_2 = round ( . . .35 num_lipid_2 . . .36 + num_tmd_2 . . .37 + num_l_small_2 . . .38 + num_l_large_2 ) ;3940 % number o f s t a t e s omega41 % a l  u l a t e d i r e  t l y ln (omega ) by employing the fun t i on ln_fat42 % on f i g u r a t i on 1 ( i )43 ln_omega_1 = ln_fat ( . . .



A.3. Model Entropy Calulations 10944 num_lipid_1 . . .45 + num_tmd_1 . . .46 + num_l_small_1 . . .47 + num_l_large_1 ) . . .48 − ln_fat ( num_lipid_1) . . .49 − ln_fat (num_tmd_1) . . .50 − ln_fat ( num_l_small_1 ) . . .51 − ln_fat ( num_l_large_1 ) ;52 % on f i g u r a t i on 2 ( f )53 ln_omega_2 = ln_fat ( . . .54 num_lipid_2 . . .55 + num_tmd_2 . . .56 + num_l_small_2 . . .57 + num_l_large_2 ) . . .58 − ln_fat ( num_lipid_2) . . .59 − ln_fat (num_tmd_2) . . .60 − ln_fat ( num_l_small_2 ) . . .61 − ln_fat ( num_l_large_2 ) ;6263 % a l  u l a t e en t rop i e s64 kB = 1.3806503 e−23;% [ J/K℄65 T = 300;% [K℄66 s_1 = kB∗ln_omega_1;% [ J/K℄67 s_2 = kB∗ln_omega_2;% [ J/K℄6869 % a l  u l a t e f r e e energy70 % Helmholtz p o t e n t i a l : F=U[ T ℄ , F = U − TS71 delta_U = ( s_2 − s_1) ∗T/(kB∗T) ;% [ kB∗T℄A.3.2 ln_fat.m1 % fun t i on ln_fat ( x )  a l  u l a t e s or approximates ln ( x ! )2 funtion y = ln_fat ( x )3 i f x < 204 y = log ( f a  t o r i a l ( x ) ) ;% use Fa t o r i a l f un t i on f o r na tura l numbers5 %y = lo g (gamma( x+1)) ;% use Gamma fun t i on f o r r a t i o n a l numbers6 else7 y = x∗ log ( x )−x ;8 end
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