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ABSTRACT

Artificial membranes composed of natural lipids are not stable when exposed to
air/vacuum, surfactant, organic solvent, etc. Polymerizable lipids provide an opportunity
to broaden the use of lipid membranes stody ligandreceptor pairs under harsh
experimentatonditions. This dissertation presents the utilization of polymerizable lipids
in matrix assisted laser desorption and ionizatitass spectromet§MALDI -TOF MS)

for analysis of ligands bound to membeareceptorsThis platformmay beapplied to

rapiddrugscreening for membrameceptorsncluding transmembrane proteins.

Bacterial toxinsandtheir membrane recept®mwere usedas model ligandeceptor pairs

to demonstrate the feasibility of using pwolgrizable lipids to detect and idegtifgands

by MALDI-TOF MS. Cholera toxin B GTB) was successfully detecteoound to
polymerizd lipid membrans with incorporation of its membrane recept@il, while

no CTB was detected in nepolymerizable lipid meforane. This affinity capture
platform based on poly(lipid) showed a high resistance to interfereqegplate
digestion of bound CTB was performed and 57% amino acid sequence coverage was

achieved.

Total internal reflection fluorescence microscopy (THRF was applied to compare
CTB-GM1 binding affinity in polymerizedand unpolymeriz2d membranesUnder a
static flow system, the binding between CTB and GM1 was found to be stronger in
polymerized membrees than other membranes. However, the ligand concentration under

a static flow system is not in excess and the apparent binding affinity is likely to be
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significantly different than the true value. The true binding affinity can be approached
under a contiuous flow system, however equilibration time was found to be too long to

address experimentally.

Membrane fluidity, which may be required to maintain the membrane receptor activity, is
suppressed in poly(lipid) membranes compared to unpolymerized mesbraoler to
maintain fluidity, a nonpolymerizable lipid was mixed intoa polymerizd lipid.
Fluorescence recovery after photobleaching (FRAP) data shdiagdfluidity of
membrane composed of timixed lipid was maintainedompared to pure poly(lipid)
Phase segregation of polymerizéigid and nonpolymerizable lipid wasletectedby
atomic force microscopy (AFM)CTB bound to GM1 inmixed lipid membranes was
detected by MALDIMS, indicating the mixed lipid membranes retain stability under

MALDI -MS anaysis conditions
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CHAPTER 1: INTRODUCTION

Abstract: Artificial lipid bilayers are essential to many biological studies, especially

transmembranerotein related research. This chapter will contain an overview of lipid
bilayers including the use gbolymerizable lipids. Blymerizable lipids can enhance the
stability of artificial lipid bilayers, allow harsh experimental conditions to fogleyed,
increase membrane ltfene, make lipid membrane use in biosensor platforms more
feasible, etc. Thencorpomtion of polymerizable lipids anthe polymerization process
however, may change proteirelated properties, such as binding affinity, activity,

functionality.
1.1 The structure and properties of lipid

1.1.1Lipid overview

Lipids area broad range of hydrophobic amphiphilic moleculesThey include fatty
acyls, glycerolipids, glycerophospholipi(tsr phospholipids)sphingolipids, sterol lipids,

prenol lipids, saccharolipids and polyketides.

There are thousands of different lipids in eukaryotic cafid they are crucial to the
cellular structure and functich Phospholipids and sphingolipids are two major
components in biomembran&&he main functions of lipidén a cell are: barries to
segregate constituents insithe cell from the external environment, energy storage and

messengers in signal transduction and molecular recognition protéEseschemical
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composition and physical properties of membranes can affect functions of carbohydrates

and proteins in membrasand thus cell functions.

1.1.2 Phospholpid structure

Phospholipids (Figure 1.1) have two hydrophobic fatiygl chains and a phosphate group
attached to the glycerol backbone. The tails (hydrophobic region) and headgroups
(hydrophilic region) of the phospholipid makes it amphiphilic. The number of carbon
atoms in the fatty acid chain is usually an emember letween 14 and 24.ndaturated

tails are also seen in phospholipids.

According to the functional group that is attached to the third hydroxyl in the phosphate,
phospholipids can be classifies phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylserine (PS), phosphatidylglycerol (PG), phosphatidylinositol (PI) and
phosphatidic acid (PAjsee Figure 1.1)In thisdissertationthe PC headgroup is thaost

commonlyused and will b discussed in the following sections.
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Figure 1.1 The representative structure of phospholipids with different functional
headgroups.

1.1.3 Lipid phases

Phospholipids are polymorphi®Vhen they are dispersed in watephospholipidscan
form many different types of organizednolecular structur® Due tothe hydrophobic
effect and the ieraction ofthe headgroupwith water, phospholipids can form bilayers,

vesicles, micelles, inverted micelles, cubic or rhombic pha&iker variables such as
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lipid concentration, temperature, pressure, ionic strength and pH can also determine the
predominant phaselnder physiological conditionsnost biomembranes exist in the
well-known lamellar phase or lipid bilayer phasénichwill be discussed in more detail

in Section 1.2.

With respect tdiomembranes, the lamellar phases fdelseor Ly and liquidcrystalline
phaseor Ly are of particular intest. The gl phase is relatively more orderdd.this
phase, the hydrocarbon chains are constrained toaal conformatiog) and arethus

rigid and extended. Inthe liquid-crystalline phase, gauche conformers exist in the
hydrocarbon chains and theder is decreased. Therefotieere is a large decrease in the
diffusion coefficient in gephase lipid compared to liquictystalline phase lipifl The
change in the lamellar phase can be associated with tempetagdration, pressure,
ionic strength and pR.Since temperature is the most extensively studied factor, the

following discussion will cacentrate omhethermotropic phase transition.

The phase transition temperatureg, i defined as the temperature at which membranes
undergothe Ly to Ly transition®® There are foumajor variables that affeche Tr: van
der Waals interactions, trangauche isomerism, headgroup interactions and lipid
hydration® Therefore,the molecular structures of the lipids can influence the phase
behavior.The length of the carbon chaamd saturation of the carbon chaetermines
van der Waals interactions and trayjaiche isomerism, and thidise T, Generally
speaking, the longer ¢éhhydrocarborhainlength, the highethe T, will be; the more cis

double bond that are in the chaithe lowerthe T, will be.** The electrostatic properties
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of the headgroup may also afféke T,,. Additionally, interactions with divalent cations

such as Cd and Md*, and pH can also modulatiee T,,.** *3
1.2 Artificial membrane structure

1.2.1 Liposomes

Liposomes are artificial microscopic vesicles made of lipid bilayers. In the vesicle, the
hydrophilic headgroups ahe lipids are facing toward the extravesicular solution and
inner cavity and hydrophobic chains of the lipids are embenidieetween headgroups

form the bilayer* Due to the amphiphilic properties bjposomes, they can be used to
carry both water soluble and waiasoluble agents. Thus, they have broad applications

in medical, therapeutic and analytical fietds®

Based on the structure, liposomes can be classiiedilamellar vesicles, oligolamellar
vesicles and multilamellar vesiclEsBased on size, unilamellar vesicles can be further
classified into small unilamellar vesicles (SUVs, size ranges B0 nm), medium
unilamellar vesicles (MUVs, size ranges frof®-100 nm), large unilamellar vesicles
(LUVs, size ranges from 168000 nm) and giant unilamellar vesicles (GUVs, size

ranges from 800>m).

SUVs are formed from multilamellar vesiclé&hen dried lipids are hydratethey can
form multilamellar vesiclesspontaneouslyWhen multilamellar vesicles are sonicated
either with a bath type sonicat®or a probe sonicator under an inert atmosghateove

Tm, SUVs with a size ranging from 12 to 50 nm (depends on sonication power,
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temperature, lipid structuretc.)can be formedThe ®nication method is easy awcdn
rapidy produce a relatively narrow distribution of liposome siz&sother commonly
used method is extrusion of multilamellar vesicles through polycarbonate filtersan
producea narrow distribution of vesicle sizes down to 50 nfhere ae other methods
reviewed in referenc3.”®> SUVs have attracted mudhterest becaustney can be used
for vesicle fusionwhich is an often employed andaghtforward wayto form planar

supported lipid bilayers (Section 1.2.3).
1.2.2 Black lipid membranes (BLMs)

Black lipid membranes (BLMs) are lipid bilayers that are suspended across an &ferture.
The physicechemical propertief BLMs, especially those of membrane proteins
incorporated ito BLMs, can be characterized by conductance, dielectric constant,
surface chargestc?® This broadrange ofcharacterization methods a major reason that

BLMs have been used asodel systemfor more than 50 years.

BLMs are usually formed across apertures made of hydrophobic materials such as Teflon
or silanized glas&® ?° There are two typesf BLMs based on their different formation
methods:solvent containing membrasiand solvent free membran@s?’ In the solvent
containing membran®rmation methogdthe lipid is prepared at a high concentration (eg.

10 mgiML) in an organic solvent (egedang. A small amount of pid solution is then
Apai nt egedwith @ dispasagble pipette tip or brush) across the apefuelipid
solutionwill thin with time as a result ohydrostatic pressurggravitational flow and

diffusion?® Eventually, the hydrophobic chains tfet wo | eaf |l et s of
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together 0 acr os s aBLN.eln thepsevent fniee membraf@grmatianr m
method the aperture made bfydrophobic material is placed between two aqueous cells.
Lipids are spread with a volatile organic solvent on the surface of an aqueous buffer cell.
After evaporation of volatile solvent, a monolayer of lipid is formed at the surface of the
aqueous bufferThen the buffer level is lowered to form the first monolayer across the
aperture and the buffer level is raised to form the second mondtalgeshould be
pointed out that even though ardamicssolvergst hod i

still used

Unlike liposomes (Section 1.2.1) or planar supported lipid bilayers (Section 1.2.3), BLMs
allow access to both sides of the membrane and both sides can be modified individually,
so it allows studies on membraredated moleclar orientationBLMs have been utilized

in investigatiols of ion channel structurinction relationshipsmodulation ofion

channel function bghanges irnembrane compositipandbiosensor applicatior’§32
1.2.3 Planar supported lipid bilayers (FSLBS)

Planar supported lipid bilayers (PSLBs) are another widely used atrtificial lipid bilayer
geometrythat is attractingnore and more interest due to the reldyiveasy peparation
procedures and¢ompatibility with surface analysigechniques>® PSLBs are planar,
extended bilayersadsorbed ao a solid sirface®® The common solid surfaseor
substrates used to form PSLBs are hydrophilic, such as glass, godrtaca. Due to

this solid support, PSLBs are more robust than other forms of bilayers. However, organic
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solvent dissolution surfactant detachment, exposure to air and other insults are still

limitations for PSLB stability.

One common way to form PSLBs$s LangmuirBlodgett depositioi® The lipid is
dissolved in a volatilesolvent and this solution is dispersatdthewater surface After
evaporation othe solvent, a monolayer of lipid is formed at the\aater interface with
hydrophobic chains in the air and hydrophilic headgroups in the waker. lipid
monolayer is thencompressed to a desired surface pressure and transferred to a
hydrophilic substrate by passing the substrate from water to air vertically. The bilayer can
be formed bydipping the substrate into water amadnsferring a monolayer horizontally
During this process, a precise pressure/area isotherm can be measured. It can provide
information on lipid packing and orientatioallowing precise control of the area per
molecule of the lipid. Moreover, asymmetric compositions of lipids in the inner and outer
leaflet can be assembled by LangmBipdgett deposition. However, this method is not

as simple asthe vesicle fusion method (next paragraphfome membranelated
molecules, especially membrane proteins, are difficult or even impossible to incorporate

into lipid bilayers bythe LangmuirBlodgett method.

A more convenient and frequeniiged method to form PSLBs is vesicle fusidhe
generdly accepted process of vesicle fusisnillustratedin Figure 1.2%" First, when
exposed to a hydrophilic substratag SUVsspontaneougl adsorb ontathe surface
Then, vesicles will fusevhen they come into contaafith other vesicleso form bigger

vesicles. When the size of the vesicle reaehesit, the vesicle will rupture and convert
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to a supported bilayer diggome vesicles largenough may rupture directly withotite
fusion process)Finally, the disks will merge with each other to foaxontinuous lipid
bilayer®*“° PSLBs formed byhe vesicle fusion methodrevery reproducible and there
arealmost no defestin the lipid surface. Also, the integration of proteins or coupling
sites is much easiefThere area lot of patteming techniquesthat can beused on

PSLBs*#

Figure 1.2 PSLBformationby thevesicle fusion methodReprinted by permission from
Elsevier, B7]. Copyright 2013.
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There are many parameters that can atfeefusion processThe vesicle size and lipid
concentration are two major determinants of vesicle fusiodiedby Reviakineand
coworkers®™ They studied fusion dipid vesicles pepared from different methods with
different sizes.If the eggPCvesicle sizeis not big enough(SUVs, prepared from
sonication with a radii 012 nm) it will remain adsorbednd will not fuse anduptureon
micain the absence of a However, when theoncentration of vesicles increases, at
some poin{~1 mg/mL) they can still fuse and rupturks a comparison, eggPC vesicles
with a radii of 15 or 25 nnprepared byhe extrusion methodlo not give rise to PSLBs
on mica up to a concentration of 3 mg/inLthe absence of €a It was also found that
calcium iors facilitate the vesicle fusion proces# the previous two examples, with the
introduction of 2 mM C#, the PSLBs were observed at lower vesicle concentrations
(~0.25 mg/mL for SUVs with a radii of 12 nm prepared from sonication and 0.1 mg/mL
for SUVs with a radii of 15 or 25 nm prepared from extrusitinyas alsofound that van
der Waalselectrostatichydration, and steric forcggay a crucial role in fusion process.
The pH of the buffer and ionic strength are important factors in fusion processes of
vesicles with net negative chargebut they do not affect fusion of neutral or positively
charged vesles. Formation of PSLBs is not favored under high pH conditanon
highly curved surface€. Additionally, lipid compositiontemperaturesurface chemistry
of the substrate and osmotic pressure inside the vesicles can also affect the fusion

processes’

Thereis significantevidence suggestintpe presence o& thin water layer (~2 nm)

between the substrate and the headgroups ointier leaflet of the PSLB&"° This
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water layer keepthe innereaflets of the bilayer fluid and may contribute to applications

of PSLBs in life science¥:>* >2
1.3 Polymerizable lipids

Even though PSLBs have applications in membrafeted molecule studies, they are
difficult to work with, because of their fragility. As a resulihey require careful
processing procedures, which lintiteir commercial applicatior> Lipid molecules in

PSLBs ae selfassociated via necovalent interactions and their interactiath the
underlying surface is weak. When PSLBs are exposed to surfactants, organic solvents, air,
changes in pH, changes in temperature, mechanical insults or evetiniengtorage
corditions, they may lose the lamellar structure and detach from the sulfstrate This
instability issue limits not only the applicability oSBBs in membraneelated molecule
(especially membrane protein) studibsit alsolimits the compatibility of PSLBs with

many surface techniques and instruments.

A frequently employed approach to address PSLB instaislity covalently attachlkyl
components to the substrate aus$orba lipid film onto the hydrophobic surface form

a hybrid surfaceMeuse et al. adsorbed alkatiols onto a gold surface to form self
assembled monolayers (SAMs) and then transferred a monolayer of phaspfiohp
the air-water interface onto the SAMsy the LangmuirBlodgett method® This hybrid
bilayer membrandased on alkanthiol SAMs is air-stable and can be coupled with a
wide range of surface analytical technigtesBesides alkanthiol attachment,

alkylsiloxane attachment is anothemy to createhybrid bilayer membrarg®® >° Both
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hybrid systems areclaimed to be more stable in air and for longer storage time compared
to normal PSLBs. However, since thas no covalent bonding between lipid molecules,
this hybrid bilayer membrane cannot prevent lipid loss and thus is insufficiently stable for

commercial usé®

An alternative solutiorno the stability issués to introduce covalent bonds between lipid
molecules by using lipids with reactive groups. The follmyvsections will provide an

overview of utilizing polymerizable lipids to enhance PSLB stability.
1.31 Functional groups

Polymerizable lipig contain a syntheticallyntroduecd polymerizable moietythat will
maintain the hydrophilic/hydrophobic balance of the mole®¥lla broad range of
polymerizable groups have been incorporatetd lipids since the 1980s°*®® The
polymerizable groups can liecorporated intdhe hydrophilic headgroups or anywhere
in the hydrophobic chains. To preserve lipiwiphiphilicbehavior, it is more common to
introduce reactive moities ithhe hydrophobic chain instead tfe hydrophilic headgroup
since most of the polymerizable groups are hydrophoBigure 1.3 shows some
examples of typically used polymerizable functional grdlipBor the utilization of
polymerizable lipids in PSLBs, only diacetylene, acryloyl, methacryloyl andoylie

moietieshave ben used.
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Figure 1.3 Commonly used reactive moities in polymerizable lipids.
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The diacetylene group shown in Figuie3 has been the most studied of all the
polymerizable groupsPlanar supported diacetyleneodified PC lipids were first
reported inthe 1980s>* Multilayers of the polymerizable lipids were depesi bythe
LangmuirBlodgett method and U\polymerization was performed to make stable lipid
films. The diacetylene films were reported to be robtUisie films can be eventually
removedaftersome extremeonditions likeextended immersion in hot detergent solution.
However,the diacetylene group requires orderly packing to be efficiently polymerized
and thus can only be polymerizedtire gel phas&” Additionally, the polymerization is
usually not successful when diacetylene groups are not oriented properly or when

monolayers of the lipids are e

Alkene-containing lipids (like acryldy methacryloyl, sorbylcanbe polymerized in both
Ly and L, phases with a much higher conversefficiency than diacetyleneontaining
lipids.®” The stability and characteristics glanar supported polymerized dienoate
containing lipid bilayers have been extensively studied in the Saavedra®gr&tip.
PSLBs  composed of 1,2-bis[10-( 2 Ghexadienoloxy)decanoy§nglycero3-
phosphocholine (biSorbPC) (Figure 1.4)areknown to providea platform that is more
stable for lipidrelated studigsdisplays high-resistage to nonspecific adsorption of
proteins and maintains functis of membrane proteinsThus, he polymerizable lipid,

bis-SorbPCjs used irthe entire dissertation
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Figure 1.4The structure of biSorbPC.

1.3.2Methods of polymerization

Polymerization ofthe dienoate functional group yieddL,4, 1,2 or 3,4producsk. The
polymerization of sorbyfunctionalized PC molecules follovtee 1,4-mechanism as is

shown in Figurel.5.2

o]
Polymerize
NN . > Z oR

Figure 1.5 The polymerization of sorbyl lipids yietd ,4-polymers.

UV-irradiationfrom a low pressure Htamp has been used extensively in polymerizing
lipids with unsaturated bond%.”® The molar absorptivities of dienoate groups at ~260
nm are around 25,000 #m™* and they are sufficient to use UNitiated polymerization

to convert lipid monomer to polymdioth above and below the,of the lipid" > A

representativéJV absobance spectrum of biSorbPCmonomerin methanois shown in
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Figure 1.6 Bis-SorbPCmonomer has an absorption maximum at ~258 nm and the molar
absorptivity U in methanol at 258 is 47100 Mmi*.”® The monomer absorption will
decrease upon Uyolymerization The 1,4polymer product absorbs at ~2@%0 nm’>

It has been reported that LPoOlymerized bisSorbPC vesicleand bilayersare stable to
surfactanf® " Due to the polymer chain degradation induced by short wavelength UV,
the size othefinal polymer product is usuall§-10 monomer unit&® UV-polymerization

is the only polymerization method used in the following studies.
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Figure 1.6 Theabsorbance spectrum of #8®&rbPC monomer in methanol.

Thermal polymerization is another way to polymerize lipids. Wiatssluble
azobis(isobutyronitrile (AIBN) and watersoluble azobisEamidinopropane) are two

commonly used initiators. When the temgtare increases, the initiators can decompose
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to form radicalsIn this polymerization method, the ratio of monomer to initiator and the

monomer concentration are two crucial parameters that control the polymer chain length.

The polymerization of lipidgan also be performed by utilizing redox initisoRedox
radical initatedpolymerization(redox polymerizationjloes not require high temperature
like thermal polymerization. Thusedox polymerizationowersthe possibilities of side
reactions.In redox polymerization, a redox couple is used. The reaction between the
oxidant and the reductant can produce radicals and the radicatbetanitiate chain
polymerization.The most common radical is the hydroxyl radiaghich is hydrophilic
and small in sie allowing it to diffuseinto lipid bilayers. Sometypical oxidants are
hydrogen peroxidepotassiumbromate, and potassiupersulfateand some comaonly
usedreducing agentsare L-cysteine, sodium bisulfite, and ascorbic adrbtassium
persulfate and sodium bisulfiseused as an example afedox couple to demonstrate
the generation othe hydroxyl radic& in Figure 1.7.In this case, both hydroxyl radisal
and sulfoxy radical may play a role in initiating polymerizatidfh. ’® & The rate of
polymerization is affected by the strength of the oxidizing alefithe size of

polymerized segments is dependemtlve [oxidant]/ [reductant] ratiG.
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S,0¢> » SO, + SO,
SO} + HSO; — = HSO; + S04~

SO4 + Hzo —>H804_ + *OH

Figure 1.7 Mechanism fothe generation of hydroxyl and sulfoxy radicals using the
K>S,0s¢/NaHSQ redox couple.

Dyesensiti zed p h-oradmtiom ardiwio ather reportedametthodsseal to

polymerize dienoateontaining lipidsbut they are not discussed in thissertatior > %
1.3.3 Properties of polymerized lipids

Based on the number of reactive moieties in the monomer, the polymer product can be
linear or crossinked. Lipids with a single polymerizable group are polymerized linearly.
Lipid monomes with more than one functional group yield crdissed polymer?™ 7" &
The number of croslinks and crosgink length varies with the crodmking method and
experimental condition®Bis-SorbPC is a homobifunctionatrosslinking lipid with two

of the same reactive moieties, one on each of the hydrophobic schEne phase
transition tempetare of bisSorbPC is 28.8 C, lower than the corresponding saturated
chain PC<?> UV-polymerization producesligomericpolymers in moneSorbPC studies
(3-10 monomer uni)s but the size for biSorbFC is unknown? The degree of
polymerizationof bisSorbPCby thermal polymerization can be 16800 depending on
the monomer to initiatoratio.”” The degree of polymerization wesported to be 43 and

51 for bis-SorbPCpolymerized withthe redox couple KS,Og/L-Cysteine above and
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below the T, respectively’ After polymerization, he phase transition temperature may
broaden or even dissapp&&t° It is explained by the inhibition of the formation of

gauche conformatiaand the cooperativitgetween lipid molecule¥

The polymerized bisSorbPC bilayers have been extensively charadd in the
Saavedra group. &Rloxpolymerized bisSorbPCPSLBs remain intact upon exposure to
air.®® UV-polymerized bisSorbPCPSLB showedsome lipid loss from theuter leaflet
when removed from watebut were overall still more stable than ngrolymerizable
lipid bilayers®® Moreover, the UVpolymerized bisSorbPChbilayerswere proved to be
stable(less intact than redox polymerized filmihder high vacuum condition in-day
photoelectron spectroscopy (XP&)d time of flightsecondary ion mass spectrometry
(TOR-SIMS) experiment$® 8  Polymerized bisSorbPC bilayers showed a high
resistance to nespecific protein adsorption and ths property allows their use in
biosensor<® Due to the crosinking in the system,gymerization of the lipid results in
a decrease in thmembranefluidity.*® This maybe a concernbecause itmight also
reduce the lateral diffusion of membraneorporated proteins and receptors. If the
functiors of the membraneelated molecuke are dependent onateral diffusion, the

polymerized lipd assemblies mayot maintain their activity
1.4 Applications ofpoly(bis-SorbPC) membranes

Since the advent of polymerizable lipids, they have been applied in many Relgéis
SorbPC) bilayers, as one of th@bilized lipid bilayers, are known to be highly protein

resistant and stable against solvents and®aff. They have beemsed ascapillary
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coatings for protein separatiindrug delivery vesies’?, and inbiosensincarrays®, etc

In this section, the applicatisf the polymerizable lipid, bisSorbPC, will be reviewed.
1.4.1Detectionof bacterial toxins

Bacterial toxins are produced by ariesty of bacterial pathogens and plants. Theyaare
subject of intense research due to their lethality, especialllgeisensr development

field. More details about the type and structure of bacterial toxins are mentioned in
Section 2.1.1 Cholera toxin(CT), secreted by the bacteriwibrio cholerag is the most
widely studied bacterial toxirt is an AB type bacterial toxin with a homopentamer as
the binding sitg(CTB) targetingthe ganglioside GM1 irthe intestinal cellmembrane

More information isprovided in Section 2.1.1 and 2.1.2. It is estimated that cholera
causes ~120,000 deaths annually all over the weslgecially in developing countries in
Southeast Asia, Africa and South Amerié&esearchers have been and wilhtinue to

developrapid and sensitive methods for the detection ofC¥.

Joubert et al. developed planar arrays of polyfmehPC) bilayes with incorporaed
GM1 by a continuoudlow microspotter® These arrays showed specific binding between
GM1 and CTBeven aftethe lipid arrays were atried Specific binding was maintained
when the bilayers were regenerated by exposoréow pH/high urea concentration
solution and proteimlenaturing solution. Theeasibility of mass spectrometry detection
of CTB bound to GM1 doped poly(bBorbPC)was alsaillustrated inthe paper With

the combination of planar poly(lipid) arrays and mass spectrometry detection, there is

potential appliation in highthroughput membranrleaseddetectionfor cholera toxin. By
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changing the membrane receptor (GM1), this platform may also be broadened for high
throughput screening of other bacterial toxins. T&ithe basis for the studie®scribed

in Chapte 2.
1.4.2 Incorporation of transmembrane protein

Transmembrane proteins usually have a hydrophobic core and two hydrophilic domains.
The hydrophobic core is embedded across the membrane and the hydrophilic domains are
facing the extracellular ad cytoplamic sides. There ameveral subunits that span the
membrane several times imost transmembrane proten A large family of
transmembrane proteins ispBotein coupled receptors (GPCR&PCRs are crucial in
cellular signal transduction and they hdeen the most successful protein target for drug

discovery. About 3%0% of approvegrescriptiondrugsare targeted t&PCRs> %2

Bovine rhodopsin (Rho), a model GPCR, is responsible for vision. It is- well
characterized and relatively easy to purify compared to other GPCRs. Rho is located in
therod outer segments on ires andthe corresponding G proteifor Rhois transducin.

A chromophore, 1ZTisretinal, is covalently attached to Rho. Upon light stimuli, the
chromophore changes to the-@dins conformationandinduces a conformational change

in Rho, which causes thedi ssoci ati on of U subunit [
downstream signal cascatfé The reconstitution ofhodopsin into a PSLB composed of
differentartificial PC lipidshas been carried otf**°” The activity of Rho wa found to

be affected by the lipidgtructure but this effect will not be discussedl detailsin this

dissertation.
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The incorporation oRho and studies onts bioactivity in poly(bisSorbPC) havealso
been carried out. It was found that the photoactivity of Rho is maintainédVin
polymerized bisSorbPC’ Further studies with XPS, TeFIMS and angleesolved XPS
techniques showed that the incorporated rhodopsin is rdtaméiin the UV
polymerized bisSorbPC bilayer rather than adsorbed on top of the bifdy€hese
findingssupportedhe retention of transmembrane protein functionatitshis poly(lipid)
platform andsuggested thahis platformshouldbe further investigatetbr the selective
binding of ligands,possibly leading tadevelopment of transmembrane protbased
biosensors and biochifmased on poly(lipid) platformHowever,in the case of Rho, the
photochemical activity is related to a conformational change tiext dot require lateral
diffusion of lipid monomersFor other proteinsthe lateral diffusion of lipid molecules
may be a necessity for many reactions or functions. In order to maintain the bioactivity of

the transmembranproteins, a lipid bilayer may ee tobe fluid > 1%

1.4.3 Other applications

The nonspecific adsorption of protein and peptide analytes has been a prédlem
guantitative and qualitativprotein separatia by capillary electrophoresis (CEDne
solution is to coathte capillary surface with molecules that are resistant tespenific
protein adsorption. Since PC groups have high protein resist&nt@lipids have been
one candidateHowever, the natural PC lipid bylars are unstable for CE separation
conditions and ths require frequent regeneration. Poly(lipids) can be a good alternative

for suppressing neapecific interactions and maintaining stabili®oly(bisSorbPC)was
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first usedas acapillary coating by Masfield et al’* It generated amallerreduction in
electroosmotic flowthan unpolymerizable lipids, thus allowing separation of both
cationic and anionic proteinRecently, the application of poly(b&orbPC) in capillary
coatings forCE separations has been further explored by investigating the pH range,
capillary inner diameter and storage time under which the polymerized lipid bilayers
coatings are still stabfe? It was found that the poly(biSorbPC) coatings are stable
under a broad pH range (from Q@) up to 45 days. This pred the capability of
poly(lipid) coatings in protein separation by CHhe size of capillaries was found to play

a role in separation performandgapillaries with an inner diameter less than >80
provided optima separation performance. This findingustrated one of the future

crucial optimization parameters.

Liposomes show excellent biocompatibility and capability as drug delivery veSitlas.

order to utilize liposomes for therapeutics, they must a) have a reasonable retention
lifetime in the blood systento successfullybe circulatad to the delivery sitesand b)
release the liposomal contents in a reldyivapid manneonce at the delivery site. To
achieve both requirements, liposonmesnposedf mixtures ofbis-SorbPGC PEGDSPE

and othemon-polymerizable lipidshave been characteriz&d: ***The liposomes were
found to be thermally stable at temperatures above .30Bon UV-irradiation, the
release rate of encapsulated wat@uble fluorescent probes increased 28,fa0@ from

that measured farnirradiated liposome3.he contraction or distortion of thes-SorbPC
domain upon polymerization is thought to lresponsible forthe increase in small

molecule permeabilityAs the fluidity, stability and permeability of the vesicle can be
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controled by different polymerization conditions, -8ierbPC and ethylene glycol
dimethacrylate (EGDMA) were epolymerized to form porous phosgipid nanoshells
(PPNs)? These PRs are chemically and environmentally stable and possess high
permeability to small molecules and low permeability to large molecular weight
compoundsThe nominal molecular weight cutoff limit (NMCL) of bSorbPC PPNs
was determined to be 1800 Da linelaxtran and it corresponded to a maximum pore

diameter of 2.6 nm**

The application of poly(bi€orbPC) in high throughput biosensing has also been
explored in the past dede. Microcontact printing has been used to immobilize proteins
onto poly(bisSorbPC) PLSBS™ In this case, it wa not required to covalently attaeh
functional group tdhe lipids for protein immobilizationBovine serum albumin (BSA),
antibodies and streptavidin were reported to successfully form firmly adsorbed protein
patterns on ded poly(bisSorbPC) PSLBswith high protein surface coverages. The
protein film showed stability upon buffer rinsing and in the presence of excess dissolved

protein. This is a simple method to immobilize proteins for biosensing applications.

Another wayto prepare chemically and biochemically functionalized patterns is by
utilizing functionalized lipidsto immobilize proteinsPolymerizable lipid, biSorbPC,

was first used to coat theside of the fused silica capillal® Upon U\-irradiation
through a variable feature size photomask, some regions are polymerized and stable
while other regions are not polymerized and can be removed by surfactant rinses and air

purges. After removal of unpolymerized lipids, chemicallydiionalized lipids can then
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be recoatedio fill the empty regions Proteins can then be immobilized on those
chemically functionalized lipids and fornurictional patterns These poly(bisSorbPC)
patterns(only the poly(bisSorbPC) regionwere found to be stabl® many chemical
and physical insults including drying/rehydration, solvent or surfactant sriaed
extended storage time. They were also found to be biocompatible and highly resistant to
nonspecific protein adsorption. All thergperties of the poly(bisSorbPC) patterns
validate the potential of using this method to form chemically and biochemically
functionalized patternsin high-throughput chemical sensing and screenifg.
Furthermore, the poly(biSorbPC) coatings showedbw cellular adhesion and
morphological changedhis is anotheadvantage foutilizing poly(lipids) in biosensor
coatings because they can overcomhe host responsenduced gradual loss of

functionality**®

1.50verview of experiments

The polymerizable lipids are popular in membraglated molecule studies mainly due
to the increase in stabilityelative to fluid membraned his stable platfon makes many
harsh experimental conditionsuch ashigh vacuum system, adirying, solvent etc.,
accessibleto membrane studies. There have beefew studies using polymerizable
lipids as hosts for studies afembranaelated molecuke In this work,the application of

polymerizable lipids is broadened.

The ultimate goal of this research essdevelop a high throughit identification platform

for ligands of transmembrane proteins. This will contribute to the fast screening
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requirementin the drug devedbpment industryas transmembrane proteins are a major
drug target.Moreover,the function of many GPCRs is unknown because their natural

ligands have not been identifiétf*

The development of the labike platform for
screening natural ligands in e.g. a cell homogenate can accelerate the deorphanization of

GPCRs.

1.5.1Utilizing poly(bis-SorbPC) in MALDI TOF -MS detection and identification of

bacterial toxins

This wok expands on that of Joubert ef’aAs is mentioned in Section 1.4.thatrix
assisted laser desorption/ionization time of flight mass spectromM&idl TOF-MS)
has been successfully used for the detectic@Td bound to GM1 in poly(biSorbPC)
membrans. There is also a potential to combine MALDI TOf with poly(lipid)
arrays for high throughput screening. Moreover, MALDI TMBE is able to provide
molecular weight information, and thus identify tio@ized species This suggests the
possibility toutilize MALDI-TOF MS for multitarget analysis.Chapter 2 demonstrates
MALDI -TOF MS simultaneousietection and identification afultiple bacterial toxins
that are captured by their membrameeeptorsin a poly(bis-SorbPC) membranelhe
performance of the platform emaffinity capture application is explored by investigating
the nonspecific adsorption of proteins, the resistance to interferences, the minimal
detectable concentratipaurface coveragetc. Roteomic studies of the captured ligand

are also carried out to explore the protein identification capability of the platform.
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1.5.2 Studies of CTB and GM1 binding affinity in nonpolymerizable vs.

polymerizable lipid membranes

The properties of distribuin, orientation and mobility of membranelated molecules
can be affected by the lipid environmén©ne important property concerning the
function of membaine molecules is the binding affinityhe utilization of polymerized
lipids alters the lipid environment of membraméated molecules and this effect may
changethe binding affinity of those membrane moleculéghe comparison of binding
affinities of menbrane molecules in different lipid environment is thus a crucial
determinanbf lipid composition.In order to study the effect of lipid polymerization on
the binding affinity ofmembrane associated recegigand pairsjn Chapter 3the CTB
and GM1 binding pairs used as a multivalent binding model. The bindetween CTB
and GM1in different lipid environmentis measuredusing total internal reflection
fluorescence microscopy (TIRW). The compositions of membranes used are: fipid

(POPQ, gel lipid (unpolymerized bisSorbP(, and polymerizetipid (poly(bis-SorPQ)).

1.5.3 Characterization of phase segregation and fluidity in lipid membranes

composed of mixtures of polymerizable and nopolymerizable lipids

Heitz et al. showd that gramicidin and alamethicin, two ion channel forming peptides,
lost function in UVpolymerized BLMs composed of bidenPC (a polymerizable lipid
with dienoyl groups close to the head of the hydrophobic cA&itffIn the same studly,
the two ion channel forming peptidesaintainedfunction in DPhPC (a fluid lipid),

unpolymerized bienPC, unpolymerized mixtures of DPHBiS-DenPC and
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polymerized mixtures of DPhPC/BBenPC.Both gramicidin and alamethicin need to
diffuse in the lipid bilayer to form a functional ion channel,tse loss of ion channel
functionwas attributed to the loss of fluidity in poly(H¥enPC) which wouldinhibit ion
channel formation anthusion transportThese studies demonstrateneed to maintain
fluidity in poly(lipid) films for some applicationsAs fluidity may be a necessity in
membraneelated molecule studies, Chapter 4 illustratesag W maintain fluidity of
polymerized membraney incorporation ofa certainfraction of fluid lipid (DPhPC).
The diffusion coefficients of the mixed lipid membramath different molar ratios of the
two lipids are measured. The morphology of the mixed lipid membraraharacterized

by atomic force microscopy (AFM).
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CHAPTER 2: MALDI -TOF MS DETECTION AND
IDENTIFICATION OF BACTERIAL TOXINS CAPTURED BY

MEMBRANE RECEP TORS IN POLYMERIZED LIPID BILAYERS

Abstract: This chapter demonstrates the feasibility of utilizing polymerizable lipid

membranes in matrix assisted laser desorption/ionizattone of flight mass
spectrometry NIALDI-TOF MS detectionon a labelfree affinty capture platform.
Bacterial toxins are a major global threat to public health and they have a high potential
to be used as bibazardous weapons. Development of assays for bacterial toxin detection
has been an active area of research for many yeangliGades are known as membrane
receptors for bacterial toxins and they can be easily incorporated into polymerizable lipid
membranes due to their structural similarity to lipids. MALDDF MS has the ability to
perform simultaneous detection and iden&fion of multple analytes, which can be
applied to microarrays and shorten analysis time. Howeverpalymerizable lipids
cannot be utilized in MALDITOF MS detection due to their instability under harsh
matrix conditions andhe high vacuum environmémeeded for MS In this study,
monosialotetrahexosylgangliosig&M1), the receptor for cholera toxin B (CTB) and
heatlabile toxin B (LTB), and/or ganglioside GD1a, the receptor for pertussis toxin B
(PTB), were incorporated into polymerizegdidl membraes composed of pdlyis-Sorbyl
phosphatidylcholin¢bis-SorbPQ) to construct an affinity capture platform for detection of
bacterial toxins using MALDTTOF MS. The feasibility of this platform was tested using

individual toxins bound to their corresponding receptors and successful MAOBIMS
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detection was achievedimultaneous detection and identification of mixtures of the
three bacterial toxins based on their different molecular weights by MAIIH MS
were achieved by mixing both GM1 and GD1la into the same polg@nsPC)
membrane. More detailed protein analysased on oiplate digestion was successful for
CTB bound to 1 mol% GML1 in poly(biSorbPC). MSingerprints of CTBwere obtained
with a peptide sequence coverageto57% and tandem MS was performed to confirm
three peptide sequences. This affinity mati showed high resistance to rgpecific
adsorption of proteins. Also, no interference peaks were observed when a complex
protein solution (fetal bovine serum or shrimp extract) was spiked witB. his
affinity capture platform was explored for two rissmembrane protein systeniiman
melanocortin 4eceptorHMC4) and rhodopsirfRho). For the ligand of HMC4, the nen
specific adsorption on lipid membrane was too high and the signal frorspeaific
adsorption was comparable to specific binding to HMEdr. the ligand of Rho, the

ionization by MALDI was not successful
2.1 Introduction

2.1.1 Bacterial toxin structures and intoxication pathways

There are two types of bacterial toxinendotoxin and exotoxin Endotoxins are
associated with bacteria cells am@ acompment ofbacterial structurelThe major type
of endotoxin is lypopolysaccharid@PS) The cell walls of gamnegative bacteria
contain LPS The molecular weight of endotoximangesfrom 200,000to 1,000,000

Da'® The characteristic structure of endotoxin consists of lipid A, a carbohydrate core,
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and the polysaccharide O antigen (Fdl)*** Toxicity is mediagd through the lipid A
region LPS can trigger activation of many endogenous pathways or cascade mechanisms

to cause biological effectincludingfever, leukocytosis, hypoferremt&’

---1.6n-m—-

Figure 2.1 Schematic view of LPS molecule. The dimensions of the individual regions
were derived fronX-ray diffraction data. HR,ydrophilic region (phosphorylated
glucosamine disaccharide); KDOd@oxyD-manne2-octulosonate; LR, lipophilic

region (fatty acid chas) of lipid A; PS, polysaccharide chain of LAR&printed by
permission fromAmerican Society for Microbiologyl24]. Copyright 1985.

Exotoxins are released by pathowgepacteria into the extralbelar environment and are

usuallyproteins.They can be classifieidto three types according to their cellular target:
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(1) membranelamaging toxins, (2) recepttargeting toxins and (3) internalized toxins.
In membranedamagng toxins, bacterial toxins attack phospholipids of eukaryotic
membrans, insert themselves into the host membrasreproduce a peptide to interact
with themembrane. The result of any theseprocessswill cause increasefluidity and
permeability of thecell membrane and eventually céfkis. Receptoitargeting toxins
bind to a receptor on the cell membrane and affect intracellular reaction patfivays.
internalized toxins havan A-B structure wheréhe A subunit is tle enzymatically active
domain andhe B subunit is the binding domain. The intoxication process follows three
main steps: 1L binding ofthe B subunit to its cell membrane receptor). 2nternalization

of toxin through endocytosjgnd 3. intracellular efects caused bthe A subunit'?®

Bacterial toxins remain lif¢hreatening agents in developing countries and have a high
potential for being used as biological weapoHhse following discussion will focus on
three bacterial toxinscholera toxin, pertussiexin and heat labile toxirthat are used in

this research. They aiiaternalized exotoxins sharirthe A-B structure.Cholera bxin is
composed of a dimeric Aubunit (CTA, Mr~27, 400) and five identical &ibunits
(Mr~58,000). Each Bubunit Mr~11,600)specifically binds to its membrameceptor

Heat labile toxin and cholera toxin are vesiynilar to each other in structure, function
and immunology. The amino acid sequence homology between GIBTB is 79%

LTB (Mr~11,780) is slightly larger than CTB® Pertussis toxin has amzymatic
component A protomer (S1, Mr~28,000) noncovalently bound to the binding component

B oligomer. Four dissimilar subunits forRTB: S2 (Mr~22,000), S3 (Mr~22,000), S4
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(Mr~12,000) and S5 (Mr41,70Q in molar ratios of 1:1:2;lrespectiely.*?” PTB is

responsible fobinding b the target cell.
2.1.2 Traditional assays forcholera toxin, pertussis toxin and/or heat labile toxin

Gangliosides, a type of glycolipid, atke primarymembrane receptors for bacterial
toxins such as cholera toxff, heat labile toxitf’ and pertussis toxiri". Cholera toxin
and heat labile toxishareGM1 asthe cell surface receptofhough the identity othe
ganglioside of PTB is controversigl some evidence has indicated that ganglioside
GD1la is areceptor®® 132 13pye to the specific and relatively strong affinity of
gangliosides to their corresponding toxins,ytheve a broad range of applications in

immunoassays, biosensors, and#ifinity capture platforms.

Due to the poor watesolubility of gangliosides and change in activity when attached to a
substraté>* researchers have developed methods utilizing gangliosides incorpotated in
lipid membranegor toxin detection. Biosensors based on resonaneegy transfer and
selfquenching of fluorescence caused by the multivalent binding of cholera toxin to
GM1 have shown high sensitivity and selectivity**” Sensitive fluoroimmunoassays
using gangliosiddearing liposomes &re successfullyusel to detect tetanus, botulinum
and cholera toxit Cholera and botulinum toxins can be detectedn to10"’ M by an
immunoassaywhich utilizes DNA encapsulated within a liposome with incorporated
ganglioside receptors, where the DNA acts pslgmerase chain reaction (PCieporter

and the ganglioside¢orporated liposome acts as the detection redgBytusng GM1-
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incorporated stabilized lipid films, an electrochemical biosensor was developed for the

rapid detection of cholera toxif®

For all the toxin detection methods mentioned abbwsyever,either a labeling process

is involved or extra stepdike PCR bt amplify sigral) are neededo obtainthe desired
signal. Labelfree detection methods allow receptand ligands to functiom their

native stateswith no modification thus maintaining biological activity. Recently,
researchers haviocused theirefforts on developing labefree detection methods for
bacterial toxins. So far, only a few groups have achieved this goal. Surface plasmon
resonance (SPR) is the most commonly used -fabel detection method for cholera
toxin using GMzincorporated lipid$>***! Labelfree attomolar detection of CTB has
also been achieved by usirgnanowire fieldeffect transistor modified with GM**?

Other electrochemical methods likeotentiatstep capacitance measurem&ntand
electrochemical impedance spectrosc¢éplgave been applied for labftke detection of
cholera toxin using corresponding antibodies. Tark et al. used microcantileverstattegra
with GM1-incorporated nanodiscs as a sensitive and fabel detectionsystemfor
cholera toxim** Backscattering interferometry has also been used to quantify the
binding affinity between CTB and GM1l-incorporated ito lipid vesicles withouta
labeling step® However,all of the labelfree detection methasdmentioned abovéack
specificity, i.e, the signals from the true analytes and background interferences cannot be
distinguished. Aditionally, if two bacterial toxins share the same membiaoeptoy as

in the case otholera toxin and heat labile toxithe previously describelhbelfree

detection methods canndiscern which toxin is present
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2.1.3Using MALDI -TOF MS on lipid platform

Mass spectrometry is a labiete detection approach with high specificity. Withet
ability to provide chemical and structural information on the analytes, individual species
can be differentiated. As a result, multiple targets in a mixture can be detected and
identified simultaneously with mass spectrometry because of their uniquecuiaol
weights. Recently, Zhang et 'df reported successful identification dfpecific
interactions between gangliosides (GM1 and Gb3) and their corresponding toxins (CTB
and shiga toxin 2, respectively) using catotdrelease electrospray ionization mass
spectrometry (CalESFMS). Their assay proved the feasibility of utilizing M8

identification and characterization of protgangliosidanteractions.

MALDI and ESI are the most commonly used ionization methods and have widespread
biological application in MS. Unlike ESVS, MALDI-TOF MS is a soligphase
technique that can beombined with high throughput microarrays on silicon chffs.
Because MALDI generates singtharged ions while & generates multiptgharged

ions, MALDI mass spectra are easier to interpret, especially when the sample is a
complex mixture"*’ MALDI-TOF MS in conbination with modified surfaces has been
used indetection of proteins that are immobilized by the functional groups on the
surface**® *°In many cases, covalent bonding is required to immobilize receptors and

complicated chemical reactions become neces8ary.

We aim to use a simple gangliosimheorporated lipid bilayer platform to achieve

MALDI-TOF MS detection. The conditions required in MALDOF MS, like harsh
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matrix deposition and exposure to vacuum, limit the use of ganglosideporated
lipids in thesystem. Weak, nenovalent interactions within lipid bilayers and between
lipid bilayers and their planar substrate supports causdetaehmendf lipid bilayers
from substrateupon exposure to air, high vacuum, organic solvents and acidic

conditions®® **% **This instability prevents use of lipid bilayers in MALDOF MS.

To overcome the instability problem and make lipid bilayers compatible with the
MALDI-TOF MS technique, polymerization of reactive planar supported lipid bilayers
(PSLBs) has been uséd.’®*> PSLBs created using b8orbPC have shown excellent
stability and low norspecific protein adsorptiott: " Furthermore, these bilayers can
survive under high vaccum conditions and retain the functionality of embedded
transmembrane proteids.*** All of these attributes make poly(b&orbPC) bilayers a
good candtlate for simultaneous detection of different toxins using MALDDF MS,

while maintaining the binding affinity of corresponding incorporated gangliosides.
2.1.4 Application to transmembrane protein related drug screening

Transmembrane proteinand their interactionsare of paramount interest fodrug
discovery and development, accounting for almost 70% of existing drug tdfjets
Because of the hydrophobic nature of the transmembrane proteins, they have to be
embedded inmembranes orsolubilized in detergent above the critical micellar
concentration (CMC)Otherwise, the functional and structural properties will be changed

and the transmembrane proteins will aggreg#te.
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MS has been applied to perform functional as$aybgandsof transmembrane proteins

by Marin, V. L. et a**®In their work nanodiscs containinBho (Bovine rhodopsin, a

light activated GPCRat a mol ratio of 700: 10: 1-palmitoyt2-oleoytsnglycerc3-
phosphocholindPOPQ/membrane scaffold proteifMSP)/Rho wereincubated together
with transducin Tr, the corresponding G protein of Rh) >M) for 30 min at room
temperature and in the field of ambient light anselfassembledmonolayer. The
monolayer is composed of immobilized thtefminated triazacyclononaerived

ligand (Actacn) on anonolaye presenting maleimide and tri(ethylene glycol) groups
The MALDI spectrum of the substrate revealed bound transducin peaks, together with
Rho and MSP peak¥"® This is the firstcaseand sofar the only cas¢hat directly uss

MS in transmembrane protein and correspondognd ligandstudies. This strategy
allows labelfree detection and can broaden the range of techniques used for soluble
proteins to transmembrane studil@wever, therere still many chemical reactions to

Af unalized o h h eassemigldd fmonolayer and the use of nanodiscs limits its

application to inexperienced labs.

The utilization of he polymerized lipid platform to MALDTOF MS detection of
transmembrane proteii®as the potential to solve those problefirs test the feasibility,

two transmembrane protein$diMC4 receptor andRho, were reconstituted ito the
polymerized lipid platform and their corresponding bound ligands were analyzed by
MALDI-TOF MS. The HMC4 recetor is related to pigmentation and early onset of
obesity'*® b-arrestin can bind to HMC4 receptors and deactivate ti&Melanotan II

(MTII) is a synthetic peptide that can bind to HMC4 receptdtRho is a wellstudied G
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protein coupled receptor (GPCR) and it is related to phototransduitsi@orresponding

G protein is Tr**®
2.2 Experimental

2.2.1Materials

MonosialotetrahexosylgangliosideGiM1) was purchased from Avanti Poldipids
(Alabaster, AL). Ganglioside GDla was purchased from Sigidech (St. Louis, MO).
1,2-Bis[10-( 2 Ghexadienoloxy)decanoyfnglycera3-phosphocholine  (biSorbPC)

was synthesized as previously describ@dFor safety considerations, commercially
available binding domains of toxins were usedich do nothave toxicity. CTB and

LTB were obtained from Sigmaldrich. PTB was purchased from List Biological
Laboratories, Inc (Campbell, CA). Water from a Barnstead Nanopure system with a
minimum resistivity of 18 MYLcm was used.
dissolving each toxin in nanopure water to 0.5 mg/mL. Phosphate buffered séling,

(PBS was made containing the following components: 140 mM sodium chloride, 3 mM
potassium chloride, 10 mM dibasic sodium phosphate, 2 mM monobasic potassium
phosphate0.2 mM sodium azide. Silicon wafers from Wacker Chemie AG were used.
Fetal bovine serum (FBS) was purchased from Invitrogen (Grand Island, NY).rfénapi
acid was purchased from Fluka Analytical (St. Louis, MO) and aiyhac4-
hydroxycinnamic acid (ptioned) was supplied by Bruker Daltonics Inc (Auburn, CA).
Peptide calibration standard Il, containing Angiotensin Il, Angiotensin |, Substance P,

Bombesin, ACTH clip 117, ACTH clip 1839, Somatostatin 28, Bradykinin Fragment 1



60

7, and Renin Substrate Tatiecapeptide porcine, was supplied by Bruker Daltonics Inc.
Cytochrome cand myoglobin were purchased from SigAldrich. Trypsin Gold, mass

spectrometry grade, was purchased from Promega (Madison, WI).

HMC4 receptor was provided by Dr. Minying Cai fronthe Department of Chemistry,
University of Arizona. It was solubilized in 50 mM HEPES buffer at pH 7.4 with 1%
(w/w) n-dodecytbetaD-maltoside (DDM). The concentration of the protein was ~0.7

mg/mL.

Frozen bovine retinas wereugghased from W. L. Lawson oC (Lincoln, NE).
Homogenizing solution is made of 42% sucro84, M NaCl, 0.1 M MgCJ, 0.1 M
EDTA and 1.0 M TrisacetateSucrose solutions with densitie61.10 g/mL, 1.11 g/mL,
1.13 g/mL and 1.15 g/mL were diluted from 42% (w/w) sucrose stock salufioa
sucrose gradient was made fresh by adding 8 mL of 1.15 g/mL sucrose solution first into
a swing bucket centrifuge tube, followed tne careful addion of 10 mL of 1.13 g/mL
and then 10 mL of 1.11 g/mL sucrose solutions onlgmgonic bufferis 10 mM Tris, pH
7.5, 100 mM NaCl, 5 mM MgG] 1 mM DTT, 0.1 mM EDTA Hypotonic bufferis 10
mM Tris, pH 7.4, 1 mM DTT, 0.1 mM EDTAGuanosineé-triphosphatg GTP) buffer
was freshly prepared by spiking GTito hypotonic buffer with a final GTP
concentratiorof 40 >M. Diethylaminoethyl cellulos®&2 (DE52) was purchased from
Whatman (Piscataway, NBquilibration bufferis 20 mM TrisHCI, pH 7.5, 0.1 M NacCl,
1 mM DTT, 0.1 mM EDTA Elution bufferis 20 mM TrisHCI, pH 7.5, 0.5 M NacCl, 1

mM DTT, 0.1 mM EDTA
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2.2.2Preparation of GM1 and GD1aincorporated small unilamellar vesicles

The stock solution of bisSorbPC was prepared in pure chloroform. GM1 was dissolved
in methanol and GD1a in 2:1 chloroform/methanol (v/v). Dopant gangliosides GM1 and
GD1a were mixedvith bisSorbPC at the molar rasqexpressed below as mole %
(mol/mol)) of 1 mol% and 20 mol%, respectively. Organic solvent was evaporated from
the mixed lipids under a stream of argon, followed by vacuum drying for at least four
hours. The lipid wadhen rehydrated witPBS to a concentration of 0.5 mg/mL, vortexed

to suspend the lipid, and then sonicated in a Branson Sonicator with a cup horn at 35C

until no longer cloudy (usually 30 min).
2.2.3 Preparation of polymerized PSLBs

Silicon wafers (cut t®.8 cm>0.8 cm squaresVacker Chemie AGMTnchen, Germar)y

were cleaned in piranha solution (7:3 concentratgfiyt 30% HO,) for 30 minutes and
rinsed thoroughly in nanopure water. The silicon wafers were dried with a stream of
nitrogen and incubated i 0 0 small uniBmellar vesiclegSUV) solutions at 35C on a

hot plate for at least 15 minutes to form PSLBs. Unfused SUVs were rinsed away with
copious PBS buffer (at least 10 mL). A lgwessure mercury pen lamp with a rated
intensity of 4500>W/cn? at 254 nm was directed through a bandpass filter (325 nm, 140
nm FWHM; U330, Edmund Optics) at a distance of 3 inches for 60 minutes to

polymerize bisSorbPC?°
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2.2.4 Mass spectrometric detection of three toxins

Toxin solutonQ0 . 5 mL O0.24 &M CTB, 0 PTB)4vassanklUbdted B a n d
on GM1Z- and/or GDlaincorporated PSLBs on 0.8 cm>0.8 cm silicon wafers for 1 hour,

rinsed with water, and dried under a nitrogen stream-dpecific binding was ssessed

by allowing toxins to interact with PSLBs that lacked gangliasiddS calibration
standard was prepared by mixing 0.5 €L of
mg/ 500 eL cytochrome C and 8.5 ¢L of satu
70:30:1 HO/acetonitrile/trifluoroacetic acid. The dried silicon waferseweounted onto

a MALDI plate (a Microtiter plate (MTP) adapter for Prespotted AnchorChip Targets
(Bruker)) using doublesided tape. One L o f the calibration st a
each wafer for external cal i br aSAisdution Thr e
were added to the remaining surface of each wafer. These spots were crystallized under
ambient conditions. The plate was inserted into a Bruker Ultraflex Il MALDI TOF/TOF

mass spectrometer (Bruker Daltonics) equipped with a Smartbeam lasefAS laser,

355 nm). After the ionization upon laser impamsitive chargedbns are accelerated by

a 20kV electric field down the fligg tube and are detected in tiveear detection mode.

Each spot was subjected to 1000 laser shots, allowing falsgmming and averaging.

Spectra were exported as ASCII files and were processed using Origin 8 (OriginLab

Corporation).
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2.2.5 Preparation of shrimp extract

Shrimp extract was prepared using a modification of two methotf8 About 25 g of
shrimp was weighed and an equal amount of PBS buffer was added to the sample. The
mixture was homogenized in a blender for 2 ndifier homogenization, the solution was

centrifuged at 3000 rpm for 1 h and the supernatant was collected for use.
2.2.6 Onplate digestion of captured CTB

GM1-captured CTB was prepared as described alfovB. was enzymatically digested

by spot toifn @ . 100rypsibgsolcEin25 mM ammonium bicarbonate solution

at a pH of 7.8 onto thprepared GMicaptured CTB substrateithin the area in which

the earlier incubation was performed. The digestion was then carried out for 12 hours at
37€ in a humidified chamber to prevent solvent evaporatittl. Different digestion

times were testedTwelve hours wasdetermired to be optimal for maximizng the
intensities of the CTB digested peaks for MS/MS w(s&e @ction 2.2.7) After 12

hours, the silicon afers were removed from the chamber and allowed tdrgiat room
temperatureTrypsin autolysis was performed by using the same condition on a cleaned

silicon wafer.
2.2.7 MS and MS/MS analysis of digested CTB

A volume of2 5 0 savent composed of 50% acetonitrile, 2.5% trifluoroacetic acid and
47.5% nanopure water was adde@@o>g alphacyane4-hydroxycinnamic acid (HCCA,

portioned) and vortexed until all matrix crystals were completely disso®@ede L o f
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this prepared HCCAnatrix solution was spotted onto the dried spot, where the enzymatic
digestion had taken plac@®nee L o f peptide calibration st
solution wasspotted on the Si wafer angsed to externally calibrate the desired
mass/charge rang&he wafers werghen mounted onto the MTP MALDI plate by
doublesided tape and the plate was inserted Brigker Ultraflex [l MALDI TOF/TOF

mass spectrometeThe digested peptides were ionized, accelerated and detected in the
reflectron mode for better selution in the lower mag®-charge range. After the full
mass spectrum of the digested peptides was obtained, high energy collision induced
dissociation was used to fragment the peptides to obtain sequence inforriReatiem
Prospector (University of &@ifornia, San Francisco) was used to determine the
theoretical m/z of the digested protein based on the amino acid sequence.5f Th@&
resulting peaks were compared to the theoretical peak list and the corresponding CTB
peptide peaks were assigned. For MS/MS spleictierpretation, b ions and y ions were
compared and assigned according to the theoretical m/z values generatedeby Prot

Prospector.

2.2.8 Preparation of planar supported poly (bisSorbPC) membrane with

reconstituted HMC4 receptors

Unpolymerizedplanar supportedis-SoroPC membranwas preparedising the same
procedure described ire&tion 2.2.2DDM-solubilized HMC4 reeptors weréntroduced
in 10 >L aliquots to a cstombuilt Teflon cell containing 1300-L HEPES bufferat 30

min intervalsfor a total time of 6 hrsThe amount was determined from Dr. Han Zh@&ns
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dissertation®® and upon dilution the concentration of DDM dropped below the CMC
(0.009%, w/w) A copious amount of buffer was used to rinse away nonspecifically
bound receptors and remaining DDM before each injecAfter insertion and rinsing,

UV-polymerization of the film was performed as descrilmeSection 2.2.3

2.2.9 Mass spectrometric detection of MTlI peptide adsorbed to HMC receptor

incorporated PSLBs

The sequence of Melanotan Il (M)I'peptide is AeNle-cyclo [Asp-His-D-PheArg-Trp-

Lys]-NH, with a molecular weight of 1024.18Da. MTIl peptide(200 nM)in HEPES

buffer, HEPES buffer+400 mM NaCl, HEPES buffer+38v) DDM or HEPES

buffer+4% (v/v) Triton-X 100 was incubated oRSLBswith/without prior reconstitutio

of HMC4 receptorson 0.8 cm>0.8 cm silicon wafers for 1 hour, rinsed with water, and

dried under a nitrogen stream. MS calibration standard was prepared by ingxibg 10 f

>M MT Il peptide andlOe L HCLA. The dried silicon wafers were mounted onto a

MALDI plate using doublsidedtape. One L of t he <cali bration st
each wafer for external cal i brHCCAsolaton Thr ee
were added to the remaining swdaof each wafer. These spots were crystallized under
ambient conditions. ThB®IALDI -TOF detection procedures were the samdessribed

in Section 2.2.4
2.2.10 Purification of transducin

Transducin (Tr) was purified from bovine retinas according to tbeqoiure described

elsewheré® °° Al the following procedures were done under red lightiefly, 50
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retinas were homogenized in a loose homogenizer and then a tight homomedzerL
homogenizing solution. The ntixe was then centrifuged at 4000 rpmd supernatants
were combined and collectedwo volumes of 10 mM Trisacetatewere added
Supernatantsvere centrifugedt 7000 rpm to precipitated outer segmenR0OS. The
pellets were then suspended in 1.10 g/mL sucrose solution and placed dnthep o
freshly prepared sucrose gradient. After centrifugatiomband located between the 1.11
and 1.13 g/mL sucrose layers was collecd@d exposed to room light. ROS extracts
were washed 4 tingewith 25 mL isotonic buffer followed b$ washeswith 25 mL
hypotonic buffer. Each centrifugation was at 30,000 rpm for 15 Tiia.ellet was then
suspended in 25 mL GTP buffer and incubated for 15 min. Tr was extracted from ROS in
the supernatant after centrifuging at 30,000 rpm for 30 Trirs supernatant cdaining

Tr wasconcentrated to less than 1 mL using/dlipore filter (Mr ~10,000Da cutoff)
and loadedonto a packedDE 52 column Equilibration buffer was used to wash the
column until no GTP elutedlt was eluted from the column using elution buféerd
eluents were collected in 1 mL fractsim Eppendorf tubes. Tr usually is elutedthe ~

7" fraction.

2.3 Results and Discussion

2.3.1MALDI -TOF detection of CTB, LTB and PTB

Each ndividual toxintype was captured by a pdlyis-SorbPQ bilayer doped withthe
corresponding membrane recept@®@ne mol% GMZkincorporated polyfis-SorbPQ

bilayers were used to capture CTB and LTB. For PTB) mol% GD2lancorporated
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poly(bis-SorbP@ bilayers wereused.Janshoff et at*? observed PTB binding onhlyhen

a large fraction of GDlaised (40 mol%). We have detected PTB with 10 mol%, 20
mol% and 40 mol% GD1a in poly(b8orbPC) membraness is shown in Figure 2.2¢a)
(c). At 10 mol% GD1a, PTB peaks have such a weak intenilsay they cannot be
resolved At 20 mol% GD1lathis problemwas solved so 20 mol%as used in all PTB

related experiments

The MALDI-TOF MS spectra of individual toxenafter capture on receptdioped
PSLBsare shown in Figur.3(a)-(c). The toxin concentrations used in each case @akere
saturagd concentration (the concentration high enough to saturate the receptors on the
surfacg.!” 2 In Figure 2.3 each gangliosidincorporated polgbis-SorbPG bilayer
showed successful capture of toxithe MALDI ionization method usually results in
singly or doubly charged ions. The peak at 11.6 kDa in Fig(e) corresponds to CTB
monomet®® and the doubly charged monomer pepakearst 5.8 kDa. The presence of a
CTB monomer instad of a CTB pentamer imost likelycaused by matrix denaturation
Alternatively, the high laser power applied in thNES instrumenbreaks the nogovalent
interaction within the pentamer complexesulting in monomersin Figure 2.3(b),
captured LTB ghibited a similar pattern as CTB. Thangly charged LTB peak was
detected at 12.0 kDa attide doubly charged LTB pea&ppearedt 6.0 kDa. For PTB in
Figure 2.3(c), there are6 peaks corresponding to dissociated oligomer subunits. The
peaks of subunit 2 (S2) and subunit 3 (S3) are not resolvable under the experimental
conditiors and they show up together as one broad peak at ~21.g&P&3+HT). The

doubly charged peaks f&2 and S3 are indistinguishable as well, appearing as one peak
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at ~11.0 kDa 2, S3+2HF*. Subunit 4 (S4) has a singly charged peak at 12.07 kDa
([S4+H]) and a doubly charged peak at 6.04 kDa, while subunit 5 (S5) has a singly
charged peak at 11.78 kDand a doubly charged peak at 5.89 kOhese data
demonstrate thatfter incorporation ito polypis-SorbPG membranesgangliosides still
retain their interactiamwith the correspondingoxins. The toxincapture platform can

utilize this stong and spefit interaction.

To validate thamembranes composed dn-polymerizable lipids are not stald@ough
to perform MALDIFTOF MS detection, 1;Hiphytanoyisnglycero3-phosphocholine
(DPhPC, purchased from Avanti Polar Lipids), a +patymerizable lipid, vas used.
Samples with bound CTB were prepared and detected by MAKIH MS following the
same proceduras in ®ctiors 2.2.2 and 2.2.4The result is shown in Rige 24. NoCTB
peals are visible which proves that noipolymerizable lipidmembraes donot provide
the stabilityneededto be combined with MALDITOF MS. With the introduction ofa
poly(lipid) platform combined with MALDITOF MS, studies of chemical and structural
information of membranassociated molecules usiraylabelfree technique bene

feasible.
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Figure 22 MALDI -TOF MS spectra o MePTB on (@) 10% GD1a/polyis-SorbPQ;
(b) 20 mol% GOa/polypis-SorbPJ; and €) 40 mol% GD1#oly(bis-SorbPd.
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Figure 2.3 MALDI -TOF MS spectra ofa)0 . 2MICTB capturedon 1% GM1/polybis-
SorbPQ; (b)0 . 2MILTB capturecon 1 mol% GMIpoly(bis-SorbP(; (c) 1 MePTB
capturedbn 20 mol% GD14ooly(bis-SorbPQ and(d) CTB, LTB and PTB captured by

1% GM1 and 20% GD1a in poly(biSorbPC).The insein (d) is an expanded view of
the1100013000 m/zrange. Masses are reported as mean values and standard deviation
valuesweredetermined based on at least three independent samples of captured toxins.
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Figure 24 MALDI-T OF MS det ect i oaaptuwetl oriOmol2edsMEiM CT B
DPhPC.

MALDI -TOF MS can provide molecular weight information, so toxins with different
molecular weighg can be simultaneously detected and identified by simply comparing
the m/zof the peaks. In traditional tori assays, a signal changeg(efluorescence,
electrochemical signal, reflectan@c.)is recorded to indicate the presencegértain
toxin and it is difficult or even impossibleto perform simultaneous detection and
identification of multiple toxins. To demonstrate the capability of this platféom
simultaneous detectioand identificationof three toxinsa 1 mol% GM1 and 20 mol%
GD1aincorporated polbis-SorbPQ bilayer wasexposed to a solution containing 0.24
eM CTB, O0.24 &M L (FaBratomabncehtragois ofPtaxigs 32 1.

Thespectrum is shown in Figure 2d3. All the peaks match wittheindividual capturd
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toxin peaks shown in Fige 2.3a), (b) and €). The doubly charged monomer peaks
showed up inthe 50066000m/z range TheS2 and S3 singly charg@dlB peak showed

up at ~21.9 kDa witlthe doubly charged peakppearingat ~11.0 kDa. In order to show
the resolved iagly charged monomer peakthe 1100613000 m/z range $ shown in
Figure 2.8d) in the inset. The peak at ~11.6 kDa correspondkesingly chargedCTB
monomer ([CTB+H]) and the peak at11.7 kDa corresponds the singly charged PTB

S5 monomer ([S5+H]. They areresolved fronother toxin peaks. The resolution at 12.0
kDa ([LTB+H]") is 1285 as calculated by FlexAnalysis (Bruker Daltonics), meaning that
peaksseparated by2000/1285=9 Da can be fully resolvektcording to Figure 2(®)

and €), the peak at 12.0 kDa corresparid the singly charged LTB monomer and the

peak at 12.1 kDa correspatn thesingly charged PTB S4.

By having the capability taletect and ideify different toxins at the same time, the
application of thepoly(lipid) platform has the potential tbe boadened to high
throughput arrays for toxin screeniagd the time required fonulti-analyteanalysis can

be shortened.
2.3.2Background from toxin non-specific adsorption and lipid membrane

In any bicaffinity capture system, nespecific adsorptionis the majorsource of
backgroundsignal Previous studies have shown that folkSorbPQ bilayers prevent
nonspecific adsorption of bovine serum alburfiinTo determine if norspecific
adsorption of toxins can also be prevented, (piySorbPG bilayers without

gangliosides were incubated with 0.214
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respectively. Thenassspectraareshown in Figure2.5 (a)-(c). For CTB (Figure2.5a))
and PTB Figure2.5c)), the norspecific toxinadsorptionsignal is not deteable under
the experimental conditions. For LTBigure 2.8b)), a smallpeak at ~12.0 kDas
present indicating thatsomeLTB doesnonspecificallyadsorbto the poly(bis-SorbPQ
bilayer. However, this peak diabt repeatedly show ufor everyLTB sample. Aso, for
the sample with the nonspecifially adsorbed LTBpeals, the S/N was less than 3.
Therefore, polgbis-SorbPG bilayers have a high resistante nonspecific adsorptioif

thesetoxins.
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The use of gangliosidéncorporated lipid bilayers may result in the appearance of
background peaks corresponding to the membrane comporientgivestigate the
membrane background signahassspectra of 1 mol% GMland 20 mol% GDla,
respectively, in polyis-SorbPQ lipid bilayers were obtained andre shown in Figure
2.6(d) and (c). To characterizehe lipid backgroundHCCA and SA were used as
matricesfor low andhigh m/z rangs, respectivelyln Figure 26(a), matrix background

appeared belo000m/z as expectedTo compare the matrix background with that on
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the standard MALDI plate, matrix HCCA was spotted directlystamdardVMALDI plate

and the comparison is shown in Figure 2.6(b). The major matrix cluster peaks are
overlapped with each other withifferent intensities. The differences in intensities can be
explained by differences in laser focusing length on cuddoith plate and standard
MALDI plate.  Surprisingly,in Figure 2.6(a),no lipid peak (bisSordPC monomer:
M.W.=786 Da) or gangliosidpe&k (GM1: M.W.=1564 Da; GDla: M.W.=1836 Da)
appeared, which indicatetthat either the interactions between polymerized lipids and
gangliosides are too strong to be disrupted under experimental cosdiéan the
crystalline polar, acid matrix does notlisrupt alkyl chairchain interactionsor thatthe
amount of ionized lipidsand gangliosides is too small to be detectéd. in all, the
ganglosideincorporated polyfis-SorbPG platform has very low b&ground overthe
entire m/z rangemeaning thathere wil be little, if any, interference from lipid and/or

gangliosidedor protein studies.
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Figure 2.6 MALDI -TOF MS spectraf a) 1% GM1 and 20% GD1a in a poly(bis
SorbPCilayerat low m/z range using HCCA matril) a) (top) and HCCA matrix
spotted on standard MALDI plate (bottom) in m/z range-5000, ¢)1% GM1 and 20%
GD1a in a poly(bisSorbPCilayerat high m/z range using SA matrand d) SA matrix
spotted on standard MALDI plate

2.3.3 Application of the affinity capture platform in complex samples

Typically, biological samples contain an analyte in a complex matrix of biomolecules,
such as blood serum or food extract. To study more realistic samples, MS analysis of
CTB in the presence of either fetal bovine serum (FBS) or shrimmoexas the

interference was conducted. 0.24 €M CTB wa
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(v/v) shrimp extract and the mixtures were incubated on 1 mol% GM1 in pely(bis
SorbPC). The resulting ma spectra are shown irgbre 2.7a) and(b). It is apparent that

only singly and doubly chargeBTB monomer peaks were present in the spectra. The
presence of a large excess of interferent protein does not interfere with the specific
binding of CTB to GML1. Furthermore, poly(b&orbPC) prevents nspecific adsorption

of interferent proteins, as no other peaks appear in the mass spectrum. Negative control
experiments were performed by incubating 10% FBS and shrimp extract on 1 mol%
GML1 in poly(bisSorbPC). No peaks were detected (fFeg2.8(a) and (b)). When 1%

FBS or shrimp extract was spotted onto the standard MALDI plate and detected (Figure
2.9 (a) and (b)), major peaks show up at m/z < 5000. FBS also shows many m/z peaks in
the range 500Q0000. Shrimp extract has two main m/z peaks in the r&6ge9000.

All of those interferences peaks do not appear in FigurelBgse results further confirm

that liganddoped poly(bisSorbPC) bilayers work well as a sensing platform for mass

spectrometric analysis, even in the presence of a very compleeiatere.
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Figure 2.7 MALDI-T OF MS spectra of 0.24 €M CTB capt
SorbPC) in the presence of a) 10% (v/v) FBS and b) 10% (v/v) shrimp extract.
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Figure 28 MALDI -TOF MS spectra of a@)0% (v/v) FBS and b) 10% (v/v) shrimp
extractadsorbed onto 1% GM1 in poly(b&orbPC).















































































































































































































































































































































































































