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Abstract

This work describe the application ofthe catchandreleaseelectrospray ionization mass
spectrometry CaRESFMS) assay,implemented usingpicodiscs ¢omplexescomprised of
saposin Aand Ipids, PDs) to screenmixtures of glycolipids (A.s) againstwatersoluble
proteinsto detectspecific interactionsTo demonstrate the reliability of thmethod seven
gangliosides(GM1, GM2, GM3, GD1a, GD1b, GD2nd GT1h were incorporated, either
individually or as a mixture, into PDs argtremed againsttwo lectins: the B subunit
homopentameof cholera toxin(CTBs) anda subfragment of toxin Afrom Clostridium difficile
(TcdA-A2). The CaRESEMS resultsreveaed that CTBs binds tosix of the gangliosidegGM1,
GM2,GM3, GD1a, GD1b an®T1b), while TcdA-A2 binds tofive of than (GM1, GM2, GM3,
GD1a and GT1p Thesefindings areconsistent with theneasuredinding speciftitiesof these
proteins forgangliosideoligosaccharidesScreeningmixtures of lipids extracted frorporcine
brain and éhuman epithelial celine against CTBrevealedinding to multipleGM1 isoforms
as well as tducosytFGM1, which is a knowrigand Finally, a comparison dhe present results
with data obtained with the CaRSIFMS assay implemented using nanodifd®s) revealed
that the PDs exhibied similar or superior performance to NDs for prot@h binding

measurements.



Introduction
The interactions between proteins angcglipids (GLs), which consist of a monp oligo- or
polysaccharide covalently attached ta lipid moiety represent an important clasé aellular
recognition processed. Despite the# importancein normal and athological cellular processes,
the identification and characterization of prot&h interactions remainshallengingand new
experimental techniques are need@dhe key challenges to the detection and characterization
of proteinGLs complexesare the relative insolubility of the GLs in water, which imposes
limitations onhow thebinding measurementse performed the low affinities characteristic of
monovalent proteitarbohydrate interactionshich require sensitivdetection methods and the
expected dependence dhe propertiesof the interactions on the nature of the lipid
environment:® Commonly used methods for detecting prot®in binding, such ashin layer
chromatography (TLC) overlay, enzyrieked immunosorbent assays (ELISA) and surface
plasmon resonance (SPR) spectroscopy, employ ib®obilized on a solid surfacé While
conveniat, such apresentatiorof GLs differs significantlyfrom thenative lipid environmeniof
cell membranesThe incorporation of GLs intonodel membranese.g micelles bicelles,
liposomes and nanodis¢blDs)) allows for amore physiologicalpresentation of GLs anthe
possibility of probing the influence of the lipid environment on bindingncreasingly
conventional binding assayscludingelectrospray ionizatiomass spectrometry (EMS), are
being adapted for use withodel membranet® allow for proteinGL interaction studieso be
carried ouin a membrandike environment®*?

Recently protein interactions with gangliosides (sialic acid containing
glycosphingolipids) were detected using the catclandrelease (CaRESFMS assay
implemented with NDs.'*** Briefly, the assay invohe transferring the proteiGL-ND

complexes which arepresent insolution to the gas phase using ESI. Intact pro8in
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complexesarereleased from the NDs #e ion source, isolated atitensubjected to collision
induced dissociation (CID) to release the (Bjandsfor identification purposesBoth neutral
and acidicGLs are readily incorporated into ND#/hich are~150 kDawatersoluble discoidal
phospholipid bilayersurrounded by two copies of an amphipatimembranescaffold protein
(MSP), therebyallowing their interactions with watesoluble proteins to bimvestgated'®**
Becauseof their size,eachND can accommodate a significant numbefGafs (NDs containing
up tothirty gangliosids have been reportednd allow for binding studies to be carried out using
a wide range of lipid composition§'* Moreover NDs can serve asGL arrays andcan be
combined withthe CaRESFMS assayto rapidly screen known and unknown mixtures of GLs
againstarget proteins' However the use of NDéasseveral drawbacks, suchthgir tendency
to disassemblan aqueous solution at room temperatanelthe inherent challengeis accurately
characterizingheir lipid composition More recently,the implementation of th&€aRESIMS
assaywith lipid-transporting macromolecular complexealed picodiscs (PDdp detectboth
high and low affinityproteiri GL interactionswas described® Picodiscsare reportedto be
composed otwo copies of thehuman sphingolipid activator protein saposin 2aA and a
small number(8-12) of phospholipids® Picodiscscontaining GLshave been shown to have
advantages over NDi®r the detection of somproteiri GL interactions andor studyingthe
kinetics of Gl-processingenzymes:> Furthermore PDs are stableat room temperaturéor
periods ofveeks® and, thereforeare attractive aL arrays forin vitro screening

The goal of the present study wasinvestigatehe feasillity of implementing theCaR
ESEMS assay withPDs to screefibrariesof GLs against watesoluble proteinsThe B subunit
homopentamerf cholera toxin(CTBs) and a subfragment of toxin A(TcdA-A2) from

Clostridium difficile (TcdA), served as model Ghinding proteis for thiswork. The CTB



subunits, each possessing a single, dominaarhohydrate binding site, are responsible for
cellular recognitiort® The interactions between CEBiith its native receptor GM1las well as
other gangliosidesind their corresponding oligosaccharidesve been extensively studitd?
The apparent association constahtg for thestepwise binding athe GM1 pentasaccharid®-
D-Gak( 1 Y-B-p-GaINAc-( 1 Y-B I-NeuSAc( 2 Y dpJGak( 1 Y-B-Blc, Figure g,
Supporting Information) to CTHrange from 2x10to 2x10 M™.*° Binding of CTB; to other
ganglioside oligosaccharidessaggestedo bemuch weaker, although quantitative bindofata
have not been reportéd The exotoxinTcdA, whichis one of the main virulence factors ©f
difficile, consists of four regions: a-términal domain which isesponsible for the glucosylating
activity of the toxin a cysteine protease domain, a delivery/pore forming domain, and a C
terminal domaircontainingcombinedrepetitive oligopeptidesvhich isresponsible foreceptor
binding on target celurface$®? Although thefunctionalhuman receptors of TcdAave not
been conclusively identified, it is known that TcdA binds to a variety of cadvate/structures,
including thet r i s a c eDhGak( i1 ¥-B-D-Gak( 1 Y-B-BIcNAc,? several Lewis X, Y
and | glycan sequencé®’ the glycosphingolipidb-D-GalNAG-(1f 3)-b-D-Gak(1f 4)-b-D-
GIcNAc-(1f 3)-b-D-Gak(1f 4)-b-D-Glc-ce>?® and severabanglioside oligosaccharidée.g
GM1lays GM2,s GM3,s, GT1lhs GD3,s, GDlas GT3s GTlas GT1lhe.? In the present study,
the CaRESFMS assaywas used to screensanall library ofgangliosides GM1, GM2, GM3,
GDla, GD1b, GD&AndGT1h) againstCTBs and TcdA-A2; the screening results were validated
usingbinding data measured for the correspondgagnglioside oligosaccharideBhe assay was
alsoused to screemixtures ofGLs extracted from porcine braias well as a human epithelial
cell line, againstCTBs to demonstrate the applicability tfie assay foanalysis of naturaGL

libraries



Experimental Section

Proteins

Cholera toxin B subunit homopentamer frfitorio cholerae(CTBs, homopentamer molecular
weight (MW) 58020 Da) was purchasdtbm SigmaAldrich Canada (Oakville, Canadalhe
A2 subfragment oClostridium difficiletoxin (TcdA-A2, MW 29575 Da)and te single chain
variable fragmen{(scFv, MW 26539 Da) of themonoclonal antibody (mAb) Sel&bwere
expressed irEscherichia coliand purified as described previoudly?® Saposin A (SapAtwo
major isoforms with MWs8,918 Da andMW 9,049 Da) andrecombinanMSP (MSP1E1,MW
27494 Da)were expressed and purified as previously describ®dShiga toxin type 1 B
subunithomopentamer (StxEBMW 38455 Da) was a gift from Prof. G. Armstrong (University
of Calgary).

Lipids and Glycolipids

The ganglioside$-D-Gak( 1 Y-B-p-GalNAc-( 1 Y-B ¥B-Neu5Ac( 2 Y dpGak( 1 Y-B-)
Glc-ceramide(GM1, majorisoformsd18:1-18:0 andd20:1-18:0 have MWs 1545.8 Da, 1573.9
Da), b-D-GaINAc-( 1 Y-§ -NeuS5Ac( 2 Y HpJGak( 1 Y-B-Blc-ceramide GM2, major
isoformsd18:1-18:0 andd20:1-18:0 have MWs 1383.7 Da, 1411.7 Da) &ho-Neu5Ac( 2 Y-3)
b-D-Gak( 1 Y-B-Flc-ceramide GM3, major isoformsd18:1-18:0 andd20:1-18:0 have MWs
1180.5 Da, 1208.5 Da) were purchased from Cedarlane Labs (Burlington, Cadada);
Neu5Ac( 2 Y-B-p-Gak( 1 Y-B-D-GalNAc( 1 Y-B J-NeuSAc( 2 Y dPpIGak( 1 Y-8-)
Glc-ceramide(GD1a, major isoformsl18:1-18:0 andd20:1-18:0 have MWs 1836.1 Da, 1864.1
Da), ®-D-Gak( 1 Y-B-p-GalNAc-( 1 Y-B IB-NeuSAc( 2 Y-BD-NeuSAc( 2 Y HpJGat

( 1 Y-B-Blc-ceramide GD1b, major isoforms18:1-18:0 andd20:1-18:0 haveMWs 1836.1

Da, 1864.1 Da), UNeu5Ac(2-3)-b-D-Galp-(1-3)-b-D-GaINAc-(1-4)-[ Bleu5Ac(2-8)-U-



Neu5Ac(2-3)]-b-D-Galp-(1-4)-D-Glc-ceramide GT1b, major isoforms18:1-18:0 andd20:1-
18:0 have MWs 2126.4 Da, 2154.4 Da) were purchased from SMpmniah Canada (Oakville,
Canada), and-D-GalNAc-( 1 Y- JD-NeuSAc( 2 Y-8-D-NeuSAc( 2 Y HIDIGak( 1 Y-4)
D-Glc-ceramide GD2, major isoformsl18:1-18:0 andd20:1-18:0 have MW4.674.0 Da, 1702.0
Da) were purchased from MyBioSource Inc. (San Diego, OAge phospholipidl-palmitoy}2-
oleoytsn-glycero3-phosphocholine (POPC) angbrcine brain extract were purchased from
Avanti Polar Lipids Inc. (Alabaster, AL)The structures othe gangliosidesand POPCare
shown inFigure &, Supporting InformationThe procedure for extracting GLs from tiA&49
cell line culture wasdescribedpreviously™®

Oligosaccharides

The ganglioside oligosaccharidb-Gak( 1 Y-B-D-GalNAc( 1 Y-B B-NewbAc-( 2 Y ) ]
D-Gak( 1 Y-B-Blc (GM1l,s MW 9 9 8 .-I3@aINAcd )1 ;Y-B B-NeuSAc( 2 Y D]
Gal( 1 Y-8-Blc (GM2%s MW 8 3 6 -D2N@u5Acé P Y-B-§Gak( 1 Y-B-Blc (GM3ys,
MW  633. 21 -D-NeabAg( 2 YB-p-Gak( 1 Y-B-p-GalNAc-( 1 Y-B B-Neu5Ac

( 2 Y DdPGak( 1 Y-B-Blc (GDlas MW 12 8 9. 4p4GaHD 4 )V-B-D-BalNAc( 1 Y-4)
[ O-NeuSAc( 2 Y-B-p-NeuSAc( 2 Y HPJGak( 1 Y-B-Elc (GD1hs MW 1289.44 Da);
b-D-GalNAc( 1 Y-B IB-NeuSAc( 2 Y-B-)-NeuSAc( 2 Y dPpJGak( 1 Y-B-Blc (GD2y
MW 1127.39 Da); UNeu5Ac(2-3)-b-D-Galp-(1-3)-b-D-GaINAc-(1-4)-[ Bleu5Ac(2-8)-U-
Neu5Ac(2-3)]-b-D-Galp-(1-4)-D-Glc (GT1lh,s MW 1581.39 Da)were purchased from i€ltyl
SA (Crolles, France)lhe structures ahe oligosaccharides are shownkigure S (Supporting
Information). Stock solutions(1 mM in Milli-Q water (Millipore, MA) of each of the
oligosaccharides were stored-2® °Cuntil needed

PicodiscPreparation



Picodiscs containinGLs were prepared using a protogeportedpreviously® and only a brief
overviewis given hereThe phospholipid POPC, dissolved in chlorofomas mixed witheither

an individualganglioside, a mixture of gangliosideGNI1, GM2, GM3, GD1a, GD1b, GD2,
GT1b or a GL extractdissolvedin 2:1 chloroformmethanol, in a 4:1 molar ratio. The lipids
were dried using nitrogeand keptin a vacuum desiccator overnight room temperatureo
form a lipid film. The film was redisolved in a buffer 060 mM sodium acetate and 150 mM
NaCl (pH 4.8) followed by sonication aratound 10freeze/thaw cycleso form liposomes.
Picodisc formation was initiated by addiggpA proteinat 1:10 macér ratio of SapAo-total
lipid, and incubatig at 37 °C for60 min. A Superdex 75 10/300 skexclusion column (GE
HealthcareBio-Science, Uppsala, Swederjjuilibrated in 50 mM sodium acetate and 150 mM
NaCl (pH 4.8) was used for purification of the PDhe PDfractions were pooled, concentrated
and buffer exchanged into 200 mM ammonium acetate (pH 6.8). The concentration of SapA
monomer wasletermined by measuringe UV absorbance at 280 nand using an extinction
coefficient of 8855 M cm™. The PDs were concentrated to approximately 100 pM and stored at
room temperature until used

Nanodisc Preparation

Nanodiscs were prepareaccording to a protocoteported previously*®* Briefly, DMPC
(dissolved in chloroformmwas mixed withsevengangliosides GM1, GM2, GM3, GD1a, GD1b,
GT1b, GD2(dissolved in2:1chloroform:methanol) in the desiredtio (2% for each ganglioside
and 86% for DMPC). The lipids weredried under nitrogemnd keptin a vacuum desiccator
overnightat room temperaturto form a lipid film. Lipids were theme-suspendedn 20 mM
TrisHCI, 0.5 mM EDTA, 100 mM NacCl, 25 mM sodium cholgp 7.4 andsonicaed for 15

min. MSP1Elwasaddedat 1:100molar ratio ofMSP1Etto-total lipid followed by incubation



at room temperatureof 15 min. An equal volume dBio-Beads (BieRad Laboratories Ltd.,
MississaugaCanada)was added to initiate ND formatioand the solutiorwas incubatedat
room temperaturér 3 h toremowe all detergent. Finally, a Superdex 200 10/300 size exclusion
codumn (GE Healthcare Bi&ciences, Uppsala, Swedemhich wasequilibrated in 200 mM
ammonium acetatgd 6.9, was used for purification of the NDNanodiscs were concentrated
to approximately 60 uM and stored-80 °C until needed.

MassSpectrometry

The ESIMS andCaRESFMS measurementaere carried outisinga Synapt G2$juadrupole
ion mobility separatiostime-of-flight (Q-IMS-TOF) mass spectrometé¥aters, Manchester,
UK) equipped with a nanoESI sourdéhe CaRESFMS assaywasimplementedn negativeion
mode whereas the direct ESAIS assay wagerformedin positive ion mode. Borosilicate
capillaries (1.0 mm o.d., 0.68 mm i.d.) were pulled usingl®®0 micropipette puller (Sutter
Instruments, Novato, CA). A platinum wire was inserted into the nanoESI tip and a capillary
voltageof -0.9 kV (negative ion modeor 1.0 kV (positive ion modeyasappliedto carry out
ESI The ®urce temperatureras 60 °C for both two modesA cone voltageof 30 V was used
andthe Trap and Transfer collision energie®reset to 5 and 2 V, respectivelior ESFMS
analysis All data were processed usimdassLynx software (version 4.1) amtiftscopev.2.5
(Waters, Manchester, UK).

CaRESIMS assay

To implement the CalESIMS assay, the quadrugoiass filter was seto(HM 15 andLM 4)

to pass ions with a range ofassto-charge ratie (m/2 (actual window which was determined
based on changes in background sigraiges froml00 to 200m/2 thatencompasses the ions

corresponding to the free a@l-bound proteinof interestat a given charge stat€ollision



induced dissociationQID) was performedn the Trap region usingollision energieof 50 to
100 V. The releasedanglioside anionsvere identified based on themeasuredWs. Where
MW alone was insufficient for positiv&L identification, CID of thecorresponding ions,
produced directly from solutionyascarried out in théransfer regiorusinga collision energy
of 75V. In casesvhere thefree andGL-bound proteinons and those corresponding to #ies
overlappedn the mass spectrungn mobility separatior{IMS) was used to separatee protein
(and proteinGL complexes)from the PD ions; release of the GL ions was achieved@ip
performed in thélransfer regiorusing collision energie®f between50 V and 75 V. For IMS
measurements, a wave height of 40 V and a walecity of between 656n s* and 850 m 3
wereappliedandheliumand nitroge (IMS gas) gas flowatesof 50 mL min™* and60 mL min?,
respectivelywere used

Direct ESIMS assay

The direct ESMS assaywas used tguantifythe binding ofsevenganglioside oligosaccharides
(GM1os, GM2s, GM3,s GDlaos, GD1bos, GR2 GT1lhy) to CTBs.*® Binding measurements
were carried out in triplicate using &xed protein concentrationand five different
oligosaccharideoncentrationsThe reference protei(P.;) method was used tmwrrectthe mass
spectra for the occurrence mbn-specific carbohydrateroteinbinding during ESI** The scFv,
which does not bind tdhe oligosaccharides testederved asP:. Although CTBs has five
carbohydrate binding sitegnly a singlesite was found to be occupied under the solution
conditions used. Consequently, a 1:1 proteinli¢fAnd (L) binding model (eq 1) was used to

analyze the ESMS data. Thapparentassociation constark {) wascalculatedusing eqR:

P+ Lz PL 1)
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Ka= R (2)

Lo~ 7+ 4PLo

where[P]o and [L], are the initial concentrations &andL, respectively The abundance ratio
(R) of the ligandbound protein(PL) to free protein (Pjons measured by ESVS (after
correction for norspecific binding}* is taken to be equal to the equilibrium concentration ratio

in solution, eq 3:

_ a Ab(PL) [PL] @)
a AoP) [H

Resultsand discussion

The main objective of this study was éstablishthe feasiblity of using PDs to solubilize
mixtures of G&.s and screen them againsatersolubletarget proteis using the CaHESIFMS
assay.With this goal inmind, four librariesof GL-containing PDs were preparebwo of the
libraries Cibrary 1 and Library 2) contained seven gangliosideSM1, GM2, GM3, GDl1a,
GD1b, GD2and GT1b) - Library 1 consisted of an equimolar mixture of seven different PDs,
each prepared with a single ganglioside, whilerary 2 consisted of PDs prepared from an
equimolar mixture of the seven gangliosidd® confirm that all seven gangliosidesvere
incorporated intaghe PDs the two libraries were analyzed by H88 and the PD ions subjected
to CID. Shown inFigure S3 (Supporting Informatiorgre theESI mass spectra faqueous
ammonium acetate solutions (200 mM, pH @8kach library (total ganglioside concentration
140 uM). In both cases, a broad unresolved peak centered at approximmeze®B00 was
observed. This feature is attributed to the intact PD e quadrupole was set to pass ions
with m/z> 4000, whit were then subjected to CID in the Trap region. At collision energies of

30V to 100 V,signal corresponding to all seven deprotonated ganglioside ions was detected. At
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energiesth0 V, secondary fragmentation of the ganglioside ions resulted iapihearance of
deprotonatedNeu5Ac (m/z 290) and deprotonated}D-Neu5Ac( 2 Y-BHp-Neu5Ac (m/z 581)
(Figure S4, Supporting InformationThese resultsonfirm that all seven gangliosides were
successfully incorporateidto the PDsLibrary 3 andLibrary 4 consisted of a mixture of GLs
extracted fromporcine brainand amixture of GLs extracted from culturétuman epithelial
A549 cell line respectivelyAll four libraries werescreened against CEBonly Library 2 was
screene@gainst TcdAA2.

Previously, the GLs found ihibrary 2, Library 3 andLibrary 4 were screened against
CTBs usingthe CaRESIFMS assay implemented with NB$.In order to have a complete set of
comparative data, the CaESFMS assayimplemented with NDswas also used ithe present
study toscreena mixture of seven gangliosidegainst TcdAA2. The NDs used for these
measurements consisted exgfuimolar amount§2% of each gangliosideof GM1, GM2, GM3,
GD1a, GD1b, GD2, GT1lbThese NDsare referred to as the 7G NOShown in Figure S5a
(Supporting Information) is a representative ESI mass spectrum acquired for an aqueous
ammonium acetat€Q0 mM, pH 6.8 solution of 7G ND (6 uM). The brogueak centered an/z
~11000is attributed tantact ND. CID was carried oubn all ionswith m/z>5600in the Trap
regionwith a collision energy of 150 ¥ndresulted in the appearancgall seven deprotonated
ganglioside ions confirming their incorporation into the ND§Figure S5b Supporting
Information).
a. ScreeningGanglioside-Containing PDs against CTB
The CaRESEMS assay was used to screkibrary 1 and Library 2 against CTB. Shown in
Figure la isa representative ESI mass spectrum acquirgtegative ion modé&r an agueous

ammonium acetate solution (200 migH 6.8) of CTB (3 uM) and Library 1 (6 uM, each
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ganglioside).Signal corresponding to thd2 to-15 charge states dhfe deprotonated ions of
CTBs and CTBs bound to one or two gangliosidaolecules (i.e.,GTBs + L)" and CTBs +
2L)™), as well as POons, isevident Peak assignments were made udimg measured and
theoretical m/z values and assuming that L corresponds predominantly to BeHuse of
spectraloverlapof ions corresponding to the free a@d-bound CTRB and those of the PDs,
IMS was used to separate the GTiBns from PD ions(Figures 1b and X). To identify the
gangliosides bound to CEBCID (in the Transfer regionyas performed simultaneously on the
(CTBs + L)" and (CTB + 2L)" ions, at charge st-12 to-15, postIMS. Using a collision
energyof 75V, CID resulted predominantly in the release of singly deprotonated GM1 ions,
with singly deprotonated GM2, GM3, GD1a and/or GD1b ions and doubly deprotonated GT1b
detected but at lower abundance (Figurel)l Because GDl1a an@D1b are structural isomers,
they cannobe distinguished based amass Moreover, because CID was performed pgds$, it
was not possible to confirm the identity of the two gangliosides based on diffierentdS
arrival times. Therefore, th€EaRESFMS measurements were repeated using PDs containing
only GD1a or GD1b. These results confirmed that both GD1a and GD1b b@@Bgpunder
these solutionconditions (Figure S6, Supportingformation). Based onthe results of this
analysis, it is concluded that GM1, GM2, GM3, GT1b, GDla@bdb bind to CTBs, with no
evidence of GD2 bindingMoreover, the relative abundances of the released ligansls
consistent with GM1 having a higher affinity than the othangliosids. These findings are
consistent with binding data measured fofBs and the oligosaccharides of these seven
gangliosidesyide infra

Measurements were also carried ontanaqueous ammonium acetate solutid@Q mm,

pH 6.8) of CTB (3 uM) and Library 2 (42 uM, 6 uM of each gaglioside). The ESI mass
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spectrumacquired postMS, Figure 2a, is qualitatively similar to that measured for solutions
containingLibrary 1. At these concentrations, signals corresponding to-XBeto -15 charge
states of free CTBand CTR, bound to one or two ganglioside molecules (i.e., (€¥B)™ and
(CTBs + 2L)™ were detected. CID dll the (CTB; + L)™ and (CTB + 2L)" ionsin the Transfer
region using acollision energy of 75 V, led primarily in the appearance of singly deprotonated
GML1 ions, with signatorresponding to GM2, GM3, GTlbns alscevident(Figure 2b). Signal
correspondingo deprotonated ions of GDlandbr GD1b was also detectedBased onthe
results described above, it is reasonable to assume that the signal corresponds to the presence of
both isomers. Th€aRESFMS measurements were algerformedusinga higher concentration

of Library 2. Shown in Figure 2c is a representative ESI nsagstrum acquired for an aqueous
ammonium acetate solution (200 mM, pH 6.8) of g(BuM) andLibrary 2 (63 uM, 9 uM of

each ganglioside). Notably, at the highbrary concentration, CTBwas found tdind between

one and five gangliosides. PdbtS CID of the (CTB + iL)" ions, where = 1 to 5, at charge
states-12 to -15 resulted primarily in the appearance sigly deprotonated GM1 ionsyith
GM2, GM3, GT1b, GDla/GDllmnsalso detected (Figure 2d). Thessults areonsistent with
those obtainedt thelower Library 2 concentration (Figure&.

To exclude the possibility of false positives resulting from fibienation non-specific
proteinganglioside interactions during the ESI process, the-EARMS assay waalsoused to
screenLibrary 2 againstStx1-Bs, which served as a negative cont®txl, like CT, belongs to
the family of ABs bacterial toxins. However, to the best of our knowled&j®1-Bs (and Stx1)
hasno affinity for gangliosidesShownin Figure S7(Supporting Informationis a representative
ESI mass spectrum acquired for @queous ammonium acetate solution (200 mM, pH 6.8) of

Stx1-Bs (5 pM) and Library 2 (56 uM, 8 puM of each ganglioside)Notably, no signal
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corresponding tdStx1-Bs bound toany of the gangliosideswas detected;nstead, the only
proteinion signal corresponded to free StB3. The absence of ganglioside binding was further
shown byCID, performedin the Trap regioron theStx1-Bs ions, which failed to produce any
signal corresponding tgangliosideions Theseresults suggest that nonspecific binding of
proteins to GLs contained within the PDs during the ESI process is negligible.

Based on the resultdescribed above, it is comcled thatCTBs binds to GM1, GM2,
GM3, GT1b, GDla andsD1b but not GD2. Interestingly, screening this same mixture of
gangliosides again§&1TBs using the CaHESFMS assay implemented with NDs revealed binding
to GM1, GM2, GM3, GD1a an&D1b, but notto GT1b or GD2'" The relative affinities of six
of these gangliosides f&@TBs were previously investigated usigPRspectroscopywnd found
to be in the ordelGM1 >GM2 > GD1a > GM3 > GT1b > GD1¥ no binding toGD2 has been
reported®* Consequently, it would seem that the GBR-MS results obtained using the PDs
are in better agreement with the repor@iBs binding datathan those measured using NDs.
further support this conclusipaffinity measurements were carried out usingdinect ESIMS
assay on CTBand the oligosaccharides of theevengangliosides found irLibrary 1 and
Library 2. To the best of our knowledge, quantitative affinity data for €DBding to
ganglioside oligosaccharides are only availdbtehe GM1 pentasaccharide (GM1'° Because
the affinitiesof the other ganglioside oligosaccharides fGTBs are low,the ESFMS binding
measurements were carried out usirtgration format, whereirthe concentration of CTBwas
fixed at 6 uM and the concentration of oligosaccdarivas varied from 0 to 100rM. A
reference proteinRf) wasadded in all experiments correctnonspecific proteitarbohydrate
interactions during the ESI proceéRepresentative ESI mass specteguired for an aqueous

ammoniumacetate Z00 mM, pH 6.8 solution of CTB (6 uM), Pes (2 uM), andeach of the
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oligosaccharide (60 uM) are shown in Figre S8 (Supporting Information); the corresponding
titration plots are shown in Figure S9 (Supportinfprmation). From the ESWS dataapparent

Ka values werecalculated for each oligosaccharide (Table 1). Inspectidrabfe 1reveals that
GM2,5, GM3,s, GD1as, GD1h,s and GT1hs exhibit low, but measurableaffinities, in the 500

M™ range, whileGD2 does not bindNotably, these results are iragreenentwith the results
obtained from the CalRESFMS assay implemented with the PDs. At present it is not known why
the GT1b interaction withCTBswas not detected when usihds, however,it should be noted
that the CaRESFMS assay implemented with NDs has produced fatggatives for other low
affinity proteinGL interactions:

b. Screening PDsand NDscontaining known GL s against TcdA-A2

Taken together, the results obtained for @&Bd the PEbasedgangliosidelibraries showthat

the CaRESIMS assay combined with PDs can be used to screen mixtures of GLs against
proteins andsimultaneouslydetect both low and high affinity proted®&L interactions.To
demonstratéhe general utilityof the assa)it was alsaappliedto screerLibrary 2 against TcdA

A2. Shown in Figure 3a is a representative ESI mass spectrum acquir@sh fagqueous
ammonium acetate2Q0 mM, pH 6.8 solution of TcdA-A2 (6 uM) andLibrary 2 (120 uM, 17

MM each gangliagle). Signals corresponding to th® to -12 charge states of freand
gangliosidebound TcdA-A2 (i.e. (TcdA-A2 + L)™) ions were detectedqalong with a broad
feature attributed to the PD iondde suprd. CID, carried outin Trap of the (TcdA-A2 + L)'®

ions resulted in the appearance of singly deprotonated GM3, GM2, GM1, GD1a and/or GD1b
ions and doubly deprotonated GT1b, GD1a and/or GDd§ as well as TcdAA2 ions Figure

3c). Theseresults suggest that TcdA2 exhibits boad specificity for ganglgides and binds

GM1, GM2, GM3, GT1b, GD1a and/or GD1halthough, presumably, with low affinitCaR

16



ESFMS measuremenigerformed using®Ds containing only GD1a or GDXbvealedhat only
GD1la bind toTcdA-A2 under these solution conditions (Figure S10pfguting Information).
Like CTBs, TcdA-A2 was found not to bind GDZ'hese resultsare in qualitative agreement
with affinity measurements, which revehhtthe oligosaccharides &M1, GM2, GM3, GT1b
and GD1abut not GD2bind toTcdA-A2, with associatiortonstants in the 1000 Mrange®’

To further compare the performance of PDs to NDs for GL screemeaRESIFMS
assaywas implemented using ND# screen thesameseven gangliosideagainstTcdA-A2.
Shown inFigure 3 is arepresentative ESI mass spectrum acquired in negative ion mode for an
aqueous ammonium aceta?®Q mM, pH 6.8 solution of TcdAA2 (6 uM) and7G NDs(20 pM,
which contain2% of each of the seven ganglioside& broad peak centered at/z~10000,
which is attributed to intact ND ions, as well as signals corresponding to-A2UAnd (TcdA
A2 + L)" ions, at charge state8 to-11, can be identified in themassspectrumAlso present are
ion signals corresponding TtcdA-A2 boundto DMPC, which was used to prepare tN®s. To
ascertain the identity of the GL ligandke quadrupole mass filter wast topass H possible
(TcdA-A2 + L)'? ions these were thesubjected to CID in the Trapwnalysis of the CID results
revealed TcdAA2 binding to GM1, GM2, GM3 (Figuref® However the assay failed to detect
binding to GT1b or GDlarheseresults, taken together with tifiese negativeseportedabove
and elsewher® suggest that PDs ate be preferred over NDs for deteoti of low affinity
proteinGL interactions by ESMS.

c. Screening PDgrepared from glycolipid extracts against CTB;
The results described abosstablish the reliability ahe CaRESFMS assayimplemented with
PDs ofknowncompositionto screen libraries of GLagainsttargetproteirs in vitro. To further

illustrate the utility of the assay,easurements weldso carried outusingPDs preparedising
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GLs extraced from porcine brainl({ibrary 3). This extract is known to consigtrimariy of ten
different gangliosides and seventemriphatides’ ESI mass spectracquired postMS for an
agueous ammonium aceta0Q mM, pH 6.3 solutionof CTBs (5 pM) and Library 3 (at an
estimatedbased orthe mass concentration of extract and an estimated avegeular weight
for the lipids)concentration o78 uM) revealedsignal corresponding to free CiBand (CTB;
+ L) ions (Figure 4a). CID performesimultaneouslyn (CTBs + L) ions at charge statesl 2
to -15 in the Transfer region resulted in thppearancef deprotonated GM1 ions (isoform
d18:1-18:0, m/z1545.09 andsoformd20:1-18:0, m/z1573.12), as well as singbghargedons at
mM/z1690.83 (Laz) andm/z1718.86 (l1), along withCTB monomer (Figure 4b). The identities of
the La; and Ly; were established by subjecting sbeons (produced directly from methanol
solution ofthe extracted lipidsto CID. Based on théragment iongroduced, (B-H>)", Yo, Y1,
Y-NewbAc™ and Y, (Figure S11Supporting Informationjt was concluded thdt,; and Ly, are
two isoforms(d18:1-18:0 andd20:1-18:0) of fucosyFGM1 (U-L-Fuc(1Y 2)-b-D-Gak( 1 Y-B-)
D-GalNAc-( 1 Y-f ¥-NeuSAc( 2 Y HpJGak( 1 Y-B-FBlc-ceramid®. It has  been
previouslyreportedthat CTBs bindswith fucosytGM1 oligosaccharidevith high affinity.*®
Measurements were also carried out on PDs prepamedGLs extractd from the A549
carcinomic human alveolar basal epithetiell line Library 4). CaRESFMS performed oran
agueous ammonium acetaQ mM, pH 6.8 solutionof CTBs (5 uM) and Library 4 yielded
signal corresponding to fr&&TBsand CTBsbound to one GL (Figure 4dXID performed in the
Transfer regioron (CTBs; + L)" ions, at charge statesl2 to-15, resulted in the appearance of
CTB monomerand singly deprotonated iongith m/z 1517.02(La), m/z 1545.07 (Lp2), M/z
1573.09(Lcz) andm/z1629.15(Lgz). CID of the Ly, Lv2, Lez and Lgz ions producedby ESI

performed ora methanol solution of A54&ell line extractproduced (B-H2)', Yo, Y1, and Yo-
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NewAc fragment iong(Figure S12 Supporting Information) Based on the CID results, the
four ions were identified as isoforms of GMd16:1-18:0 (or d18:1-16:0), d18:1-18:0, d20:1-
18:0, d20:1-22:0 (or d18:1-24.0), Figure 4b).Notably, theseresults are consistent with those
obtainedpreviously using th€aRESFMS assay implemented with NDS.

Conclusions

The results of the present study demonstratautitiey of the CaRESFMS assay, implemented
with PDs, for screemg libraries of G.s against watesoluble proteinsn vitro to identify
specific interactions. Application of the asgayscreen a small library of gangliosides against
CTBs and TcdA-A2 demonstratedhat both high and low affiny interactionscan be detected
simultaneously Notably, comparison of the screening results with affinity data for the
corresponding ganglioside oligosaccharides indicates that the assay produced no false positives
or false negaties. Moreover, mplementation of the assay using PDs prepared from GLs
extraced from tissue or cell cultursuccessfully identified high affinity ganglioside ligands
presenin both GL mixtures Finally, a comparison dhe present results with data obid with

the CaRESIMS assyy implemented using NDevealed that the PDs exhibit similar or superior
performance to NDs forrpteinGL binding measurememindthat PDs are to be preferred over

NDs for detection of low affinity protet®L interactions.
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Figure captions

Figure 1.

Figure 2.

Figure 3.

ESI mass spectra acquirad negative ion modegor a 200 mM aqueous
ammonium acetate solution (pH 6.8, 22 °C) containing $XBBuM) andLibrary

1 (6 uM) (a) beforeand (b) after separatiomf the CTB ions from the PD ions
using IMS. (c) CorrespondindMS heatmap (plot of ion m/z, ion intensity and
IMS arrival time3. (d) CID mass spectruracquired in the Transfer region (post
IMS) for the CTBs ions, produced from the solution described in (a) and (b),

performed in the Transfeegion using collision energy of 75 V.

ESI mass spectra acquirad negative ion modegor a 200 mM aqueous
ammonium acetate solution (pH 6.8, 22 tBhtaining CTB (3 uM) andLibrary

2 at (a) 42 uM or (c) 63 uM; PD ions were excluded from the mass spectrum
using IMS.(b) and (d) CID mass specteecquired in the Transfer region (post
IMS separation) for th€TBsions, produced from the solutiatescribed in (a)
and €), respectivelyperformed in the Transfeegion usinga collision energy of

75V.

(@) and (b) ESI mass spectrum acquired in negative ion mode for a 200 mM
agueous ammonium acetate solution (pH 6.8, 22 °C) contaicitg-A2 (6 M)

and Library 2 (120 uM, 17 pM each ganglioside () CID mass spectrum
acquiredin the Trap regiorior the (TcdA-A2 + L)'® ions usinga collision energy

of 50 V. (d) and (e)ESI mass spectrum acquired in negative ion mode for a 200
mM aqueous ammonium acetate solution (pH 6.8, 22 °C) contalicity-A2 (6

pM) and 7G ND @0 pM, 2% for each ganglioside)(f) CID mass spectrum
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Figure 4.

acquiredin the Trap regiotfior the (TcdA-A2 + L)'® ionsusinga collision energy

of 50 V.

ESI mass spectra acquirad negative ion modegor a 200 mM aqueous
ammonium acetate solution (pH 6.8, 22 °C) containing £EBUM) and (a)
Library 3 (78 uM) or (c) Library 4, after separatioof the CTBsions from the PD
ions using IMS (b) and (d) CID mass spectexquired in the Transfer region
(post IMS separation) for th@TBsions, produced from the solution described in
(a) and (c), respectivelperformed in the Transfeegion usinga collision eergy

of 75 V.

26



5500]
Picodisc
5 5000
SapA N ] ;
& %Intensity of
4500 R total mass spectrum
i 30% 50%
Sap O CTB,
4000 4500 5000 5500 6000 4000 @ (CTB.+L)
SapA* = ; @ (CTB,+2L)
200 2000 4000 6000 8000 7 1 15 19
m/z Arrival Time (ms)
o
b 5 d
CTB* CTB*
L 5
=y | N
‘ + +
.o o
s e = ==
SJa b 2 L GD1a/b
+ &' .
Em A CcTB
C o GT1b GM1
e GM3 GM2
4000 4250 4500 4750 5000 1000 1500 2000 2500 2900
m/z m/z
Figure 1

27



o
'_
3)

da
=
& ™
ag +
5 S
A E
Y o o e
g @ g
o Qe 2
A\-._k
3750 4000 4250 4500 4750
m/z
it
N
n +U_|3‘t": b4
= oo+ e I
- m =
+.z>|._mm’_—lv
EINS) + &
e~ O 4 &
c e @0 P ey
ESETIIEl o fF ®
A0+ [
. BT/ lee
B+ ) o = e
3945 \/»”—”‘
+ | = (ST
—ll—/ 13
QL
o
l_
S

5000

3750

4000

4250

m/z

4500

4750

5000

28

CTB® p—
b
GD1a/b’
CTB"
.
G'f'1b GM1:
.
GM3 GM2 “ J 1J CTB
ol n L L. Lu N J
1000 1500 2000 2500 2900
m/z
CTB*
d CTB*
GM1 GD1a/

1000 1500 2000 2500 2900
m/z

Figure 2



A211

A2*
A2
A2
12- 10x 50x
A2 A2"
l LL [
ll LJ - r—/\ "’ T T T
2000 4000 6000 8000 2500 4500 6500 8500 10500 12500
m/z m/z
b A21 e A25-
A2
A21U ‘
¢ e :6‘%
o %) a 9,
e 2. |2 S5
z g = =198 %
E o - . o ? + :\l N oy
=y + oA 5 AN PN R
| g * \S) ST [ £/A2 (a2 + DMPCY
gl || < & | =A% )
NN T N
o A —
2000 2400 2800 3200 3600 2500 3000 3500 4000 4500
m/z m/z
f
5 GM2
SapA . GM3
® A2 e A2
o (h2+l) o (A2rzDMPC)
GM1 e
[ ]
800 1200 1600 2000 1000 1400 1800
® [ ]
— PLYY . .
500 1500 2500 3500 4500 500 1500 2500 3500 4500
m/z m/z
Figure 3

29



CTB,*

GM1 CTB*
a b
Lm, Lm-
CTBV/
N 1500 1650 1800
—_ m =
_| —
w07 CTB*
.- o GMT - cree
0 = 7-
20 |5 LCTB | [
[&]
p— 7Y .m.._ wl 0
4000 4500 5000 5500 500 1000 1500 2000 2500 3000
m/z m/z
c o d
5 CTB*
o
'_
(@)
‘ . CTB"
w7 i 7 1500 1570 1640
5 o * o 8
e = S cTB”
| < © | cTB*
i ”, 1 i T |
3500 4000 4500 5000 500 1000 1500 2000 2500 3000
m/z m/z
Figure 4

30



TOC graphic

ﬁe\rget Protein

%??? mat

Glycoipid Library Picodiscs Binders

31



SUPPORTING INFORMATION FOR:

Screening Glycolipids Against Proteinsin vitro using Picodiscsand
Catch-and-ReleaseElectrospray lonization Mass Spectrometry

Jun Lit?Xuxin Fan}?Elena N. Kitova-? Chunxia Zou' Christopher W. Caird? Luiz

Eugenio™* Kenneth K. S. Nd;* Zi Jian Xiong? Gilbert G. Privé"®John S. Klassérf’

'Alberta Glycomics Centre

?Department of Chemistry, University of Alberta, Edmonton, Alb&aaada T6G 2G2

3Department of Biological Sciences, University of Calgary, Calgary, Alberta, Canada T2N 1N4

“Department of Biochemistry, University of Toronto, Toronto, Ontario, CaM&& 1A8

®Princess Margaret Cancer Centre, University Health Network, Toronto, Ontario, Canada

M5G 1L7

*Email: john.klassen@ualberta.ca

Table of Contents

Table S1 Lipid compositionof Library 1, Library 2, Library 3andLibrary 4....................... S4
Figure S1 Structures of the gangliosiddigosaccharid®.............ccccccoeeiiiiiiiieiiiic e, S5
Figure S2 Structures of th@lyCOlIPIAS .......cooviiiiii e S6
Figure S3 ESFMS analysiof PICOAISCS........oiiiiiiiiiiii e eeeee e S8
(6= )1 o) =V PP PP PPPPPUPPPPPP S8
(o) 1] =T V22U S8
(0 T o] = U2 PSPPSR S8



(o) 1T =Y PSPPSR S8

Figure S4 CID mass spectra afbrary LandLibrary 2...........oooviiiiiiiccneeevn S9
(a) Library 1 at collision energies (in Trap) of 30.M......cccooeeeiiiiiiiiiiieeee e, S9
(b) Library 1 at collision energies (in Trap) of 50.V........uciiiiiiiiiiie e, S9
(c) Library 1 at collision energies (in Trap) of 100.V.........ooovvuiiiiimmiiireeeeeeiieiiiiens S9
(d) Library 2 at collision energies (in Trap) of 30.V.......uuceiiiiiiiiiieiiceecccceee e, S9
(e) Library 2 at collision energies (in Trap) of 50. M., S9
(f) Library 2 at collision energies (in Trap) of L00.M.......coovvviiiiiiiimmiiieeeeeeeeeeeiiines S9

Figure S5.ESFMS analysis of Nan0OdiSCS...........ccccuuuuiiiiiiieeeii e S10
() ESHMS spectrum 0R% 7G NANOAISCS....uuuuuiiieiiieeeeeeeeeceeeiiie e e enne e S10
(b) CID mass spectrum tfie 2% 7G NANOAISCS..........uvvruuunriiiiiieceeeeriiiiisaae e e e e e eeaeesanas S10

Figure S6 CID mass spectraf CTBs with GD1a/bpicOdiSCS.....ccceeviiieeeeeiiiiiiiiieeee e S11
(a) CID mass spectrum of CERB/ith GD1apiCodiSCS........ccovviiiiiiiiiiiiireee e S11
(b) CID mass spectrum of CEBvith GD1bpIiCOdISCS.........vvvviiiieiiiieeececeeeicciee e S11

Figure S7. ESFMS analysis o5tx1-Bs with Library 2. S12
(2) ESFMS spectrum oBtx1-Bs with Library 2...........ooovvvviiiiiiiiiieieee e S12
(b) CID mass spectrum of the (SEBE+ L) i0N.......ccoovieiirieieeeeeeee s S12

Figure S8 ESFMS analysis ofCTBs with gangliosidenligosaccharid®..................ccccuee.. S13
(2) ESFMS spectrum oCTBs With GM2gs .....ooeeeeiiiiieieeeiiiiiemme et eeeeees S13
(b) ESEMS spectrum OCTBs With GM3as «...ooeeeeiiiiiiieeeeeiiemme e e S13
(c) ESEMS spectrum 0CTBs With GD1&s. .. ..ceeeeeeeeeeeieiiiiinicmmeeeeeeeeeeieeannnee e e emeeeees S13
(d) ESEMS spectrum oCTBs With GD1hys ..vvveiiiiiieeieiiiiieeeeeeeee e S-14
(e) ESFMS spectrum oCTBs With GD2Zys ......ccvvvvvviiiiiiiieee e eeeen e S14
() ESEMS spectrum oCTBs With GTLhys .ooooeeeeeiieiieeeeee e S-14

Figure S9 Titration curves ofCTBs with gangliosideoligosaccharidg.............................. S-15
(a) Titration curve OfCTBs With GMZog....uuuuuuiiiiiiiee e eeeee e eeeeeeene e e e S-15
(b) Titration curve ofCTBs With GIM3us ....oeviiiiiieiee it eene e e aeees S-15
(c) Titration curve OfCTBs With GDLays «..eeeeeveeeeiiieeeeiiiiiiiimmmeeeeeeeeeeeaennnn e e e e eeeennennnnns S15
(d) Titration curve OfCTBs With GD1hys ....cooeeieieiieeeeiei e e S16
(e) Titration curve ofCTBs With GTLhys.....ccvvviiiiiieiiiei e e S-16

Figure S1Q CID mass spectra of TcdA2 with GD1a/bpicodiSCS..........coovveiviiiiiiiieiieeeen. S17

33



(a) CID mass spectrum of TcdA2 with GD1apiCOdIiSCS.......cccvvviiieiiiiiiiiiicceeiie e, S17

(b) CID mass spectrum of TcdA2 with GD1bpicodiSCS........cccoeeeeeeiiiiiiiiiiieeee e, S-17
Figure S11. CID mass spectraf the Lag andLps 10NS......cooiiiiiiiiiiiiiiiircmeeeeeee s S-18
(2) CID masspectrum 0the Loz 10N ... S18
(b) CID mass SPectrum tie Lz 10N ...ooooiiiiiieiiiiiiiii e S-18
(c) Fragmentation scheme shown fQf L...........coooviiiiiiiiiiiiee e S-18
Figure S12. CID mass spectra of thed, Lpy, LczandLgzioNS......ocoooeevivvvieeeiiiiiieeeeeeee, S19
(2) CID mass SPectrum te Laz 10N .....vviiiiiiiiiii e rree e S-19
(b) CID mass spectrummf the Lys 10N ......oooiiiiiiiiii e S-19
(c) CID mass spectrum tfie Lez 10N ..ooovveiieiiiiiei e eeeeeeerree e S-19
(d) CID mass Spectrum €ie Lyz 10N ...ttt S-19
(e) Fragmentation scheme shown fQBL...........coooiviiiiiiiiiiie e S-19

34



Table S1 Compositionof lipids (phospholipid and glycosphingolipid) irbrary 1, Library 2,

Library 3 andLibrary 4, which wereused to produce thgcodiscs

Library Phospholipid Glycolipids

Library 1 POPC GM1, GM2, GM3, GD2, GD1a, GD1b and GT1k
Library 2 POPC GM1, GM2, GM3, GD2, GD1a, GD1b and GT1k
Library 3 POPC Glycolipidsextract from porcine brain
Library 4 POPC Glycolipids extract from cultureduman epithelial

A549 cell line

35



FiguleStSructures ofolilges gaoc@h3r e dxD2 GH1 a

GD1L ke n@BT L b

36



