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Abstract

This studyreports orthe use of thecatchandrelease electrospray ionization mass spectrometry
(CaRESKFMS) assay combined with glycomicellesas a method for detectingpecific
interactionsbetween watesoluble proteinsand glycolipid (GLs) in aqueous solutianThe B
subunit homopentameiof cholera toxin(CTBs) and Shiga toxin type 1 BStx1Bs) and the
gangliosidesGM1, GM2, GM3, GD1a, GD1b, GT1b and GB&rved as modalystemdor this
study. The CTBs exhibits broad specificity for gangliosidesid binds toGM1, GM2, GM3,
GD1a, GD1b, GT1pStx1B; doesnot recognizegangliosidesThe CaRESFMS assay was used

to analyze solutions of CEBr Stx1Bsand individualgangliosides (GM, GM2, GM3, GDl1a,
GD1b, GT1b and GD2) or mixtures theredhe high affinity interactiomf CTBswith GM1 was
successfully detected. However, the apparent affinity,edsrmined from the mass spectis
significantly lower than that of the corresponding pentassacharide or when GM1 is presented in
model membranes such as nanodisdsteractions betweerCTBs and the low affinity
gangliosidesGD1a,GD1b and GT1b, as well as GD2, which served as a wegedntrol, were
detectedno bindingof CTBs to GM2 or GM3 wasobservedThe CaRESFMS results obtained

for Stx1Bs revealthat nonspecific proteirganglioside bindingan occuduring the ESI process
although the extent of binding varies betwegmmgliosides Consequently, interacins detected

for CTBs with GD1a,GD1b and GT1larelikely nonspecificin origin. Taken togetherthese
resultsreveal that th&€aRESIMS/glycomicelle approach for detetg proteinrGL interactions

is prone to false pgitives and false negativasdmust be used with caution



Introduction
Cell-surfaceglycolipids (GLs) areinvolved in a number ofritical cellularprocessescluding
recognition and adhesion, pathogen infection, signal transduction, traffickingimandne
responsgl-3]. Glycolipids are amphipathieoleculesconsisting of énydrophobic lipid moiety
which inserts into the cell membranand a hydrophilic monac, oligo- or polysaccharidéead
group that is exposed tthe aqueous environmenBlycolipids are readily immobilized on
hydrophobic surfaceand thus their interactionswith watersoluble proteirs can bestudied
using enzymdinked immunosorbentassay (ELISA) surface plasmon resonance SPR
spectroscopyand thin layer chromatographyfLC) [4-6]. In addition, microarraysprepared
using naturallyoccurring GLs or synthetic GLs (nedGLs), which enableGL-based glycan
screening,have been successfullyused for thediscovey of proteinGL interactions[7-9].
However a shortcoming of thesenethods isthe nonnative environment of the GLs, which
could influence the nature of proteBL interactions An alternative approach is to incorporate
the GLs in a lipid monolayer or bilayer, such that pheteinGL interactions can bstudiedin a
more mative-like environment[10]. For such studiesa variety of different model membrarse
have been used to solubilize the Girscluding supported lipid bilaysr liposome, micelles,
bicelles, nanodiss, and picodisc$11-14], and theproteinGL interactionsprobedusing diverse
analytical techniques (e.g., fluorescencenuclear magnetic resonance (NMR) andSPR
spectroscopy{15-18].

Recently,electrospray ionization mass spectrometry (Sl) has emerged as a promising
methodfor the studyng of proteinrGL interactionsin aqueous solutioninteractions between
watersolublelectinsand GLs, solubilized using nanodiscs (NDs$jave been detecteding the

catchandrelease (CaRESFMS assay[19,20]. Nanodiscsare discoidal phospholipibdilayers



surrounded by twaopies of an amphipathic membrane scaffold profgih)13] It was also
shown that NDganserve assL arrays and be combined withe CaRESFMS assayo rapidly
screen mixtures of GL&efined or natural librariegjgainst target protes [21]. The successful
detection of both high and low affinity prote@®L interactions using this approach has been
reported21]. TheCaRESFMS assay has also been combined witogiscs(PDs)[14], which
are smaller lipietransporting macromolecular complexasmposed of the human sphingolipid
activator protein, saposin AS&pA and phospholipids, for the detection of protésiL
complexes [22,23]. More recently Zamfir and coworkes reported on thedetection of
interactions betweeproteirs andgargliosides (which areglycosphingolipids that contaisialic
acid) in aqueous solutionsingdirect ESFMS analysis[24]. Using thisapproachin which the
gangliosides presumably form GL micelles (glycomicelles) in solutt@authors identified the
interactions betweeB subunits of cholera toxin (CTB) ar@M1, GD1, GT1, GQ1, GP1, as
well as the fucosylated GD1, GT1 and G[Q4]. However,it is notable that theseeasurements
were carried out at acidic p(3.8), conditions under which the native hopenameric structure
of CTB (i.e., CTB) disassembles into individual subuni@Given that theganglioside binding
pocket asidentified from theX-ray crystal structurf5], is comprisef residues from adjacent
B subunits, the nature of the interacti@amsolving a single subunis unclear.

Giventhe versatility and ease of implementation, the-ESl approach, performed directly
on aqueous sotions of protein and GL, for detecting proté€ih interactions is very attractive.
The goal of the present study wasrore thoroughlynvestigatethe reliability of usingESEMS
(and CaRESEMS) and glycomicellesto detect proteiri GL interactions The B subunit
homopentamearof cholera toxin(CTBs) andShiga toxin type 1Stx1Bs) and seven gangliosides

(GM1, GM2, GM3, GD1a, GD1b, GT1b and GDrved as modaslystemdor this studyCTBs



exhibits broad specificity for gangliosides (sialic acid containing G&8)1Bsis known tobind
globosides (neutralglycosphingolipids) such as Gb3 and Gb4, hldes not recognize
gangliosideg26,27]. The CaRESFMS assaywhich is outlined in Figure lyas used to analyze
agqueoussolutions of CTB or Stx1B and individualgangliosides (GM1, GM2, GM3, GDl1a,
GD1b, GT1b and GD2) or mixtures thereof. With the exception of GM3, which does not form
micelles[28,29], the concentrations of gangliosides werevabibie critical micelle concentration
[29,30]. The ganglioside interactions identified for CsT&nd Stx1B;by CaRESFMS, together
with binding data acquired fo€TBs and gangliosides solubilized in NDs or PDs, as well as
affinity data measured for CEBand the ganglioside oligosaccharides, was used to assess the
reliability of using ESIMS (and CaRESFMS) and glycomicelles for detecting proteBi
interactions in agueous solutions.

Experimental

Materials and Methods

Proteins

Cholera toxin B subunithomgentamer (CTBs, MW 58,00 Da) was purchased from
SigmaAldrich CanadgOakville, Canady Shiga toxin type 1 B suburtfibomopentamer (Stx:B
MW 38 455 Da) was a gift from Prof. Grmstrong (University of Calgary)A single chain
variablefragment §cFv, MW 26,539 Da) of the monoclonal antibody Se45%hich served as a
reference proteinRes) [31,32] for direct ESIMS binding measurementsyas produced using
recombinant technology as described elsewl@8g To prepare stock solutions &TBs and
Stx1B;, eachprotein wasdialyzed against200 mM ammonium aceta{@H 6.8) using 0.5 mL
Amicon microconcentratsr(EMD Millipore, Billerica, MA) with a 30 kDa MW cutoff A

similar procedure, using microconcentrataith a 10 kDa MW cutoff,was applied tescFv The



concentrationof CTBs stock solutionwas determined using a Pierce BCA assay kit (Thermo
Scientific, Ottawa, Canada) ftlekoncemrationg ofite h e
Stx1Bs and scFvsolutions were estimated by W absorption (280 nm)AIl protein stock
solutiors werekept at4 °C until used

Gangliosides

The gangliosideb-D-Gak(1,3)-b-D-GaINAc-(1,4)[ {D-Neu5Ac(2,3)]-b-D-Gak(1,4)-b-D-Glc-
ceramide GM1, major isoform£l18:1-18:0 andd20:1-18:0 have MW4545.8 Da, 1573.9 Da),
b-D-GaINAc-(1,4)-[ D-Neu5Ac(2,3)]-b-D-Gak(1,4)-b-D-Glc-ceramide(GM2, major isoforms
d18:1-:18:0 and d20:1-:18.0 have MWs 13882 Da, 141186 Da) and
UD-Neu5Ac(2,3)-b-D-Gak(1,4)-b-D-Glc-ceramide GM3, major isoformsd18:1-18:0 and
d20:1-18:0 have MWs 118@4 Da, 120878 Da) were purchased from Cedarlane Labs
(Burlington, Canada);}D-Neu5Ac(2,3)-b-D-Gak(1,3)-b-D-GalNAc-(1,4)-[ {D-Neu5Ac
(2,3)]-b-D-Gal(1,4)-b-D-Glc-ceramide(GD1a, major isoformsl18:1-18:0 andd20:1-18:0 have
MWs 183697 Da, 18%.00Da), (b-D-Gak(1,3)-b-D-GalNAc-(1,4)-[ {D-Neu5Ac(2,8)-UD-
Neu5Ac(2,3)]-b-D-Gal(1,4)-b-D-Glc-ceramide GD1b, major isoforms d18:1-18:0 and
d20:1-18:0 have MWs 183087 Da, 18%.00Da), Neu5Ac(2-3)-b-D-Galk(1-3)-b-D-GalNAc-
(1-4)-[ WMeu5Ac-(2-8)-U-Neu5Ac(2-3)]-b-D-Gak(1-4)-b-D-Glc-ceramide  GT1b,  major
isoformsd18:1-18:0 andd20:1-18:0 have MWs 21207 Da, 21%.10Da) were purchased from
SigmaAldrich Canada (Oakville, Canada), adD-GalNAc-(1,4)-[ {D-Neu5Ac(2,8)-U-D-
Neu5Ac(2,3)]-b-D-Gal(1,4)-b-D-Glc-ceramide (GD2, major isoforms d18:1-18:0 and
d20:1-18:0 have MWs 16792 Da, 170295 Da) were purchased from MyBioSource Inc. (San

Diego, CA).The structures of the gangliosides are giveRigure S1(Supportinginformation).
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Stock solutions (2 mM) of eachaggliosidein HPLC grade methanol/chloroform (1:1, vlv,
Thermo Fisher, Ottawa, Canadegre preparednds t or e d @ntil need2d A C
Oligosaccharides

The ganglioside oligosaccharided-Gak(1,3)-b-D-GaINAc-(1,4)-[ {D-Neu5Ac(2,3)]-b-D-
Gak(1,4)-D-Glc (GML,s MW 9 9 8 -DBGAINA:L4):[ IbrNeu5Ac(2,3)]-b-D-Gatk
(1,4)-D-Glc (GM2s, MW 8 3 6 . -R-BeusB&?,3)-b-DiBGat(1,4)-D-Glc (GM3,s, MW
6 3 3. 2 1-D-BaudAE(2,3)b-D-Gak(1,3)-b-D-GalNAc-(1,4)-[ D-Neu5Ac(2,3)]-b-D-Gat
(14)-D-Glc (GD1as MW 1 2 8 9-D-Ga(1,B)-b-D-GalNAc-(1,4)-[ {D-Neu5Ac(2,8)-
UD-Neu5Ac(2,3)]-b-D-Gak(1,4)-D-Glc (GD1hs MW 1 2 8 9-D-GANAB(3,9)-[ Db
Neu5Ac(2,8)-U-D-Neu5Ac(2,3)]-b-D-Gak(1,4)-D-Glc (GD2,s, MW 1127.39 Da){}Neu5AG
(2-3)-b-D-Gak(1-3)-b-D-GaINAc-(1-4)-[ Meu5Ac-(2-8)-U-Neu5Ac(2-3)]-b-D-Gak(1-4)-D-
Glc (GTlhs MW 158.53 Da) were purchased from Elicityl SA (Crolles, Franc&he
structures of the oligosacadides are shown in Figure S2 (Supporting Informatidsfpck
solutions (1 mM in MilltQ water (Millipore, MA)) of each of the oligosaccharides were stored
at-20 °C until needed.

Preparation of glycolipid micelles

To prepare micellar solutionghe gangloside (or gangliosidemixture) was diluted in 1:1
methanol/chloroformand driedunder gentle stream of nitrogém form a lipid film. The dried
lipid film was stored at room temperature overnightSubsequently the lipid film was
re-suspended in 200 mM aguearamonium acetate solution (pH 6.8, Z5 byvortexng for 5
min, followed by 30 min of sonication[18]. The resulting solution was stored at room
temperatureintil used

Mass spectrometry



ESFMS measurmentswere carried out using WatersSynapt G2S quadrupelen mobility
separatioftime of flight (QIMS-TOF) mass spectrometeMénchester, UK) equipped with a
nanoflow ESI (nanoESI) source. Sample solutions were prepared in 200 mMaqueous
ammonium acetate buffer (pH 6.8,°29 and @ch solution was loaded into anoESI tip which
wasproduced by pulling thborosilicate capillaries (1.0 mm o.d., 0.68 mm itd.}5 pum using a
P-1000 micropipette puller (Sutter Instruments, Novato, .G&)performnanoE$, a voltage of
-0.8 kV (negative ion mode) or 1.0 kV (positive ion modeds appliedto a platinum wire
inserted into the nanoESI tipor theESFMS measurementghe source temperature w8 °C,
the cone voltagevas ® V (negative ion mode) or 35 V (positive ion mo@ed the Trap and
Transfer voltages were 5 and 2 V, respectivefor the CaRESFMS measuremenisthe
guadrupole mass filter was set passa window of ims corresponding to the complexefs
interest(usingquadrupolgparameteref LM = 8, HM = 15, window width ~50 m/z unitsLM =
4, HM = 15, window width ~100 m/z units; or LM 5 BIM = 15, window width ~200 m/z uniks
Collision-induced dissociation (CIDyas performedn the Trap usingargon @.15<10% mbai)
and100 V collisionenergyAll data were procesdeausingMassLynx software (version 4.1).
The abundances of free and Bbund protein ions were calculated from the ESI mass
spectra using peak heiglfistensites), with no background subtractigerformed.Details of the
procedureusedto calculate thenormalizeddistributions of free andsL-bound proteinshave
been reported prewsly [20]. The quantitative binding measurements performe&txtBs and
the ganglioside oligosaccharidavere carried outusing the direcESFMS assay A detailed
description of the method can be found elsewh@ig3l]. For these measurements,Ra; was

added to thesolutionsin orderto quantitativelycorrect the mass specti@ar the occurrence of



nonspecific proteitambohydrate bindig during the ESI proces# description of thecorrection
methodand its implementatiois reported elsewhel81,32]
Results and Discussion
In the present studtheinteractiors of CTBs and Stx1Bswith seven different gangliosideGi1,
GM2, GM3, GD1a, GD1b, GDandGT1b), either alone or present as an equimolar mixture in
agueous solution, were studied usibgRESFMS. With the exception of GM3which forms
large vesiclesat concentrations >3 nM28,29], each of the gangliosides expected to form
micelles in aqueous solutiorat the concentrations usedhe critical micelle concentratisn
(CMC) of GM1, GM2,GD1a, GD1b and GT1are reported a20 nM, 11 nM, 2eM, 1 €M and
10 eM, respectively[29,30]. To our knowledgethe CMC for GD2 has not been reported
However,giventhe structural similaritypetweenGD2 and GD1la/lthe CMC ofGD2 s likely 1
T 2eM.

Shown inFigure 3 (Supportinginformatior) are representativES|I mass spectra acquired
in negative ion mode farqueousammonium acetatsolutions (200 mMpH 6.8, 25°C) of 400
eM of GM1, GM2,GD1a, GD1b,GT1b orGD2. In each case, hroadfeature,centredat m/z
7,0007 10,00Q is evident. This featurevhich isqualitativelysimilar to the results obtained by
ESEMS anaysis on the detergent micellds attributed to the gangliosideicelle ions[34-36].
The ESI mass speain acquired forGM3 alsoexhibit a broadfeature,cenered at m/z 13,0007
16,000, althougtwith lower abundancdFigure 8m, Supporting Information This finding is
consistent with the fact that GM3 tends to form largsicles [28,29]. The confirm thepresence
of each gangliosideCID was performednions with arange of m/z valuegvindow width ~200

m/z unit9 cenered at an m/z corresponding tbe most abundant micellar ioris. each case,



signal correspondintp the deprotonated ior eachof the gangliosids was detectedFigures
S3b, d, f, h, j| and n Supportinginformation).

The high affinity interactiosbetweenCTBsand GM1 served as starting point for testing
the reliability of the CaRESFMS assay, implemented with glycomicelles, for detecting protein
interactions withGLs in vitro. Measurements were performed agueousammonium acetate
solutiors (200 mM pH 6.8, 25°C) of CTBs (3 €M) andGM1, at concentrationgnging from 20
to 360eM. Shown inFigure 2 are representative ESI mass speateasuredor three GM1
concentrations20 €M, 80 eM and360&M. At lowestconcentrationnvestigated20 eM), only
signal corresponding teree CTBsions i.e., CTBs™ atn = 137 16, was evident in the mass
spectrum. Moreover, there was obvioussignal thatcould be attributed taGM1 micelle ions
CID performedusing a~50 m/zwindow centeredat m/z 4587, which corresponds to thd3
charge state of the putativ€TBs + GM1) complex resulted in the appearance Bfsubunit
monomer ions (at charge statésand-6) andGML1 ions, albeit at veryjow abundance (Figure
2b). AnalogousCID measuremenigerformed using identical experimentahditions but in the
absence ofCTBs, failed to produce any detectable signal corresponding to GWgure 3,
Supporting Information)Taken togethr, these results indicate taTBsi GM1 interactionsexist
in solution, but are presumabht very low concentrationAt higher concentratiof GM1
(Figures 2c and 2e), signal consistent with complexes &TBs bound toone or moreGM1
moleculeswas detected i.e., (CTBs + qGM1)™ with g = 27 5 andn = 137 16 (Table S1,
Supporting Information)and thenumber of bound GMincreasedvith GM1 concentrationThe
presence of bound GM1 was also confirmed by CID, performed using conddemscal to
thosedescribed abovérigures2d and2f). It can also be seen that signal corresponding to GM1

micele ions becomes moebundantvith increasinggangliosideconcentratior{Figure2e).
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Thenormalized distributions of (CTH qGM1) species determined from the mass spectra
and the corresponding distributioespected for the GMpentasaccharide (GMg, which were
calculated based on the reported apparent affinities for the stepwise bind@hlefto CTBs,
at the same concentration as Ghtgé shown in Figure®a, 2c and2e [37,38]. Notably, at 2M
GM1,, CTBsis expected to be almost fully boundhereas CTB appears to exist almost
exclusively in the unbound format 20 eM GM1 micelle (Figure 2a). At GMls
concentrations 30 eM, CTBsis essentiallyfully bound in contrast, a significant fraction of the
binding sites remain unoccupied everiGd1 concentrations as high a80eM (Figure2c). The
effect of concentration is, perhapspre clearly seen in Figurgg, where the fractionf) of
occupiedCTBs binding sites is plotted versus GM1 concentration. Alsownis the fraction of
occupied bindingsites expectedor GM1, at concentrations between 0 aBd0 &M and the
fraction of boundCTBs measured experimeniiausing NDs to solubilize GM12(Q]. It can be
seen that appears to reach a limiting value of ~0.85 at GM1 concentrations m20Qvhich
contrastswith an f of 0.99 at 30 MM GM1,s It is alsoimportantto note that the significantly
higher concentrations of GM1 are required to achieve near satufafiche binding sites)
compared to theasewhen GMZXcontaining NDs are used, wherein faaf ~0.9 is reached at
GM1 concentrations 630 M [20].

To confirm thatnonspecificbindingbetween CTBandGM1 during the ESI process (due to
concentration effects in the droplets) does not contribute appreciably to the measured
distributions of(CTBs+ qGML1) speciesanalogousCaRESIFMS measurementaere performed
using Stx1Bs, which, to the best of otnowledge, does not bind to gangliosid&e further
supportthe useof Stx1Bs; as a negative control, bindimgeasurements were carried on id1

pentasacchiade GM1,y), as well as theligosaccharidesf the six other gangliosidassing the

11



direct ESIMS assayin positive ion modgFigure %, Supporting Information)Notably, no
interactions betweestx1B; and GM1,s or to the other six oligosaccharidesre detected
Application of CaRESFMS to anagueousammonium acetate soluti¢g@00 mM, pH 6.8, 25°C)

of Stx1Bs (3 €M) with GM1 (360&M) produced nevidence othe presence ¢5tx1Bs + gGM1)
complexes either directly (Figure $a, Supporting Informationjor by release of bound
ganglioside by CIOFigure $b, Supportingnformation) These results sugsfethat nonspecific
binding of CTBs andGM1 during the ESI process does not contribute in a meaningful way to the
mass spectrumBased on these findings it is concluded that (fb€Bs + qGM1) complexes
detected by ESMS are the result of specific interactions betw&Bs and GM1 micellesn
solution Moreover, themeasured distributions diCTBs + qGM1) species suggest th#te
affinity of GM1, when present as a glycomicelle, fofBs is significantlylower than when
GM1 is presenteth a ND[20]. While the origin of the reduced affinitycan b e el uci dat e
on the present experimental data, it is reasortaldenclude that it arises from differences in the
oligosaccharide environment when presem micelles and NDs.

The results obtained foCTBs and GM1 demonstrate that high affinity prot&ih
interactions can be detected directly by 8 performed on solutions containing lectin and.GL
However, significantly higher GL concentrations are required in order to achieve the same extent
of bindingas compared tthe corresponding GL oligosaccharide or when ubibg (or PDs) to
solubilize the GL937,20,22]. The next step was testablishwhether low affinityproteinGL
interactions coulde detectedTo answer this questiothe CaRESFMS assay was applied to
agueousammonium acetate solutisf00 mM, pH 6.8, 25°C) of CTBs5 (3 eM) andGM2, GM3,
GD1la GD1b orGT1h The affinitiesmeasuredor the oligosaccharideSM2,s, GM3ys, GD1as,

GD1b and GT1b are approximatelythree orders of magnitude lowehan for the GM1
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pentasaccharid@3]. Shownin Figures S7 and 8 (Supporting Informationare representative
mass spectra measured for soluti@mntaining CTBs with GM2 and GM3, respectively.
Surprisingly, no interaction between Bdand either of thesgangliosides was detected, even at
concentrations as high a6BsM ganglioside In contrastpinding of CBs to GD1a,GD1b and

to GT1lb was readily detected by G&SFMS and the measuratistributions offree and bound
CTBs are similar tothose predicted, based on the reporteffinities, for thecorresponding
oligosaccharide(Figures 91 S11, Supportinginformation)[23].

Measurements were also performed on solutcmmgainingCTBs with GD2, which served
as a negative controlDirect ESFMS binding measurementscarried out on the GD2
pentasaccharidg&D2,) andCTBs revealed no evidence binding[23]. The results of aBPR
spectroscopybinding studyalso suggest tha€CTBs does not bindio GD2 liposomes [39].
Moreover, application of the CaBSFMS assay to solutionsf CTBs and GD2, incorporated
into NDs or PDs failed to identify any binding [21,23]. Shown in Figure $2 (Supporting
Information) are representativ€aRESFMS data acquired foragueousammonium acetate
solutiors (200 mM pH 6.8, 25°C) of CTBs (3 eM) and D2 at 80 eM and 200&M.
Unexpectedlysignal corresponding tihe (CTBs+ GD2) complexis clearly evident irboth ESI
mass spectréFigures 32a and 32c, Supporting Information Collisionrinduced dissociation
performed on the ions dhe (CTBs+ GD2) complexconclusively establishethe presence of
boundGD2 (Figures 32b and 32d, Supporting Information).

The results of the CaBSFMS measurements performed on solution€®Bs and seven
gangliosidesare intriguingand, seemingly, contradictoryhe absence of detectable binding to
the low affinity ligands, GM2and GM3 couldbe explainedin principle,by a reduced affinity

resulting from the micellar presentation ofshgangliosides. This explanation finds support in
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the results obtained for GMijde supra However,the findingthat GD1a, GD1b and GT1b
exhibit afinities that areapparentlysimilar to those of the corresponding oligosaccharides is at
odds with this general explanation. Moreover, the detecti&il&i binding to GD2, whichs a
negative control, adds further confusion to the situation.

In an effort to make sense of these observati@sRESFMS measurements were
performed oraqueousammonium acetate solutis 00 mM pH 6.8, 25°C) of Stx1Bs (3 eM)
and each of the six galmgsidesi GM2, GM3, GD1a, GD1b, GT1b ar@dD2 (at 320eM). As
expected, no binding obtx1Bs to GM2 (Figure 33, Supporting Information) or GM3 (Figure
S14, Supporting Informationjvas observedHowever, binding was detected for GD1a, GD1b,
GT1b and GDZFigures Sb i1 S18, Supporting Information)To facilitatecomparison of thee
results with thoseobtainedfor CTBs, the normalized distribution®f ligand @angliosideor
ganglioside oligosaccharidepund CTBs and Stx1Bs measured for eaclganglioside or
ganglioside oligosacchariggegivenin Figure 29 (Supporting Informatiohn

As discussed abov8ix1Bs; exhibits no measurable affinity for thégmsaccharides of these
gangliosidesConsequently, the identified interactions bkely formed during the ESI process
as a resulbf nonspecific interactios. The absence of n@pecific binding observed faaM2
and GM3 (as well as GM1jjde supra is likely due to the very low CMC for thegangliosides
[29], which presumably translates to a very low concentration of free ganglioside in sdtution.
is alsopossible that irsource(i.e., gasphase)issociation maype responsible for th@bsence of
observedinding fortheseproteinganglioside complees The CaRESEMS results obtainetbr
Stx1Bsand GD2 als@rovide a possible explanation for the observation dB£1dinding toGD2.
The occurrence of nespecific binding could also explain the unexpected distributions of bound

GD1a,GDlband GT1b observed for @GE.
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The aforementioned results suggest thatetironment ofgangliosideoligosaccharides in
glycomicelles influences lectin binding in solution To further probe this phenomengrthe
CaRESHIMS assaywas applied to solutions containi@yBs andall seven of the gangliosides.
Shown in Figure8 areESI mass spectracquired foraqueousammonium acetate solutie{200
mM, pH 6.8, 25°C) of CTBs (3 eM) with GM1, GM2, GM3, GD1a, GD1b, GT1b and GDP2
eachat 80 eM (Figure3a) or 150&M (Figure 3c) concentrationsThe broad feature centered at
~9,000m/z is attributed to ganglioside micelle ioffsgure 20a, Supporting Information)CID
of these ionproducedsignal corresponding tine anions of GM1GM2, GM3,GT1b and GD2
as well as GDIFigure 20b, Supporting InformationBecauseésD1a and GD1lare structural
isomes, the presence of both gangliosides could not be established simply from the CID mass
spectrumAlso identifiedin themass spectrurareions correspondingo (CTBs + gGM1)™ with
g=371 5andn =147 16 (Figures 3a and3c). Due to theénadequatanass resolution, it is not
possible toestablishdirectly whetherother gangliosidesvere also bound taCTBs. However,
CID performed using a ~100 m/z window centeredat m/z 4,400, which corresponds
approximatelyto the -15 charge stte of CTBs bound to five gangliosidegesulted in the
appearance adbundantGM1 anions as well as the anions &M2, GM3, GD2, GT1bandGD1
(GD1a/GD1b), but at lower abundance(Figures 3b and 3d). Notably, aalogous CID
experiments performed on solution containing the same mixture of gangliosides but in the
absence of CT8 failed to produce signal correspondioghe ganglioside anion&igure 20c,
Supporting Information)Taken together, these results suggest that the gangliosglelemiied
by CID were originally bound to CT8

The aforementioned observation that Gli#nds toGM2 and GM3is surprising given that

these gangliosidecould not be detected from similar measurements performesblotions
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containing thendividual gangliosidesvide supra One possible explanation fdis finding is
that CTBs-ganglioside bindingspecific or norspecific)is enhanced bthe presencef the high
affinity GM1 ligand In other words,it is possible thatGM1 anchorsCTBs to the micelle
allowing theproteinto interact either specifically (in solution) or nespecifically (during the
ESI process)with other gangliosides that are presenthe micelle To test this hypothesis, the
CaRESHIMS assay waslso carried out foaqgueousammonium acetate solutis 200 mM pH
6.8, 25°C) of CTBs (3 eM) with GM2, GM3, GD1b and GD2ach atLl60eM (Figure4a) and
290 eM (Figure4c). It can be seethat, in the absenocaf GM1, very little gangliosidédound
CTBswas detected(Figures 4a and4c). CID performed using 100 m/z window centeredat
m/z 4,605, which correspondapproximatelyto the-13 charge state of CEBound to a single
ganglioside(Figures 4b and4d), produced predominantly signal correspondingGiblb and
GD2, with GM2 and GM3arnions present at verjow abundanceThese results, taken together
with those shown in Figur®, suggesthatthe high affinity interaction betweddTBs andGM1
promoes bindingof CTBs to theother gangliosidedt is also possibl¢hatthe presence ddM1
leads to a more favourahpeesentation of the other glycolipigdsthe micelles

Conclusions

The present study represents the ficsimprehensiveinvestigation into thedetection of
proteinGL interactions in agueous solution usglgcomicelles andhe CaRESFMS assayThe
high affinity interaction between CEBand GM1 was successfully detected. However, the
apparent affinity, as determined from the mass spectrum, is significantly lower than that of the
correspondingyangliosidepentasaccharider when GM1 is presemnt model membranesuch
as nanodiscer picodiscs Interactions betweef@TBs and the lowaffinity ganglioside ligands

GM2, GM3, GD1g GD1b and GT1b could not be positively identifieg CaRESFMS. No
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interaction wih GM2 or GM3 was detected Although interactions were identified f@D1la,
GD1b and GT1b, binding was also detected for GD2, which is not recognizET Ry It is
proposed that nespecific binding during the ESI process is responsible for the intersatiom
GD1a,GD1b and GT1b, as well as GD2. This conclusion is supgdoy theCaRESFMS
results obtained foBtx1Bs, which reveakd the occurrence afionspecific proteinganglioside
binding during ESIOverall,the results of this studsuggesthatthe CaRESFMS/glycomicelle
approach for detecting prote@dL interactionsin vitro is prone to false positives and false
negativesand thereforemust be used with caution.
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Figure Captions

Figure 1.

Figure 2.

Schematic representation ofthe a@atchandrelease (CaRESFMS assay for
detecting proteiglycolipid interactionsusing glycomicelles (a) The soluble
carbohydratévinding protein P, shown as a homopentarieespecieyis incubated
in aqueous solutiorwith glycomicelles consisting of one or more glycolipid
species(L) and analyzed byESFMS in negative ion modegb) Identificationof
glycolipid ligandsis achievedby subjecting thegaseougproteinglycolipid (PL;)
complexesionsto CID and measuring the MWs of released ligand ions.

ESI mass spedracquiredin negative ion modéor aqgueousammonium acetate
solutions (200 mM, 25 °C and p#8.8) of CTBs (3 pM) with GM1 at
concentrations ofa) 20 uM, (c) 80 uM, and € 360 uM. Insets show the
normalized distributions of free and GMibund CTB; the errorscorrespondo
one standard deviatioAlso shown are thdistributions ofoound G/1,s expected
based on the association constants reported in refei@ncthe errorswere
calculated fronmpropagabn of uncertaintiesn thereported association constants
(b), (d) am (f) CID mass spectra measured fons produced by ESI for the
solutions described ia), (c) and (e) respectivelyFor (b), bnswithin a window
of m/z valueq~50 m/z unitsvide) centred at m/z 887 (which corresponds to the
-13 charge state of CEBound to one gangliosiylevere isolategfor (d) and (f)
ions centred at m/z 895 (hich corresponds tdhe -15 charge state o€TBs
bound to five gangliosidgsvere isolatedCID was performedn the Trap using a
collision energy of 100 V(g) Plot of fraction ofoccupiedCTBs binding sites

versusGM1 concentrationasmeasured by ESVS. The 10% GM1 ND binding
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Figure 3.

Figure 4.

data were adapted from refererz@ The dashedine represents ththeoretical
plot calculated using affinities for the stepwisading of GM1sto CTBs reported
in references7.

(a) and (c)ESI mass spearacquired for agueousmmonium acetatsolutions
(200 mM, 25 °C and pi8.9) of CTBs (3 uM) and a mixture oGM1, GM2, GM3,
GD1a, GD1b, Glband @2, each aoncentration ofa) 80 €M and (c) 15GM.
GX represents any of thesevengangliosides (b) and (d) CID mass spectra
measured for ions produced by ESI for the solutions describéd) iand (c),
respectively. answithin a window of m/z value§-100 m/zunitswide) centred at
4,400 (which corresponds tdhe -15 charge state ofCTBs bound to five
ganglioside} were isolatedand subjected to CID in th&rap using acollision
energy of 100 V.

(8) and (c)ESI mass spearacquired for agueousmmonium acetatsolutions
(200 mM, 25 °C and p18.8) of CTBs (3 uM) and a mixture oGM2, GM3, GDl1a,
GD1b, GT1b and GD2each a concentration ¢d) 160eM and (c) 29CM. GX
represents any of tfeur gangliosides(b) and (d)CID mass spectra measured for
ions produced by ESI for the solutions describe¢gjnand (c), respectively. lons
within a window of m/z value$~100 m/z unitswide) centred at4,605 (which
corresponds tohe -13 charge state of CEBound to a singlgangliosid¢ were

isolatedand subjected to CID in thigap using acollision energy of 100 V.
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SUPPORTING INFORMATION FOR:
Detecting Protein-Glycolipid Interactions using Glycomicelles and CaRESI-MS

Ling Han, Elena N. Kitovand John S. Klassen

Table S1. List of the theoretical and experimental m/z values for free and ganghHosidel

CTBs and Stx1Bions.

Theoretical m/Z Experimental m/2
Charge state -14 -13 -12 -14 -13 -12
CTBs 4145 4464 4836 4152 +7 4482 +10 4855+ 10
CTBs+tGDla 4277 4606 4990 4282+9 4618+9 50077
CTBs+GD1lb 4277 4606 4990 4289+4 4629+7 5008+6
CTBs+GT1b 4297 4628 5014 4304 +6 46429 5026+*4
CTBs+GD2 4265 4593 4976 4283+6 461317 4999+8
Charge state -16 -15 -14 -13 -16 -15 -14 -13
CTBs+2GM1 3821 4076 4367 4703 3824+3 40792 ND ¢ ND°

CTBs+3GM1 3919 4180 4479 4823 3923+2 4184+2 4494+10 48264
CTBs+4GM1 4016 4284 4590 4943 4020+2 4290+3 4603+4 4949*4
CTBs+5GM1 4114 4388 4701 5063 4120+1 4391+8 4713+3 5065%5

Charge state -11 -10 -9 -11 -10 -9
Stx1B; 3495 3844 4272 3506 +4 38634 42938
Stx1B+GDla 3663 4029 4477 3681+1 40462 4500+9
Stx1Bs+GD1b 3663 4029 4477 3674+2 40443 4495+5
Stx1B+GTlb 3689 4058 4509 37056+1 40766 4525+6
Stx1B+GD2 3648 4013 4459 3656 +3 40203 4475%4

a. The average MWs of the two major isoforms (d18810 and d20:118:0) of each ganglioside
were used to calculate the theoretical m/z values. b. The emworsspond to one standard
deviation. c. ND = not detected.
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b-D-GalNAc-(1,4)}[UD-Neu5Ac(2,3)]-b-D-Gak(1,4)b-D-Glc-ceramide
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GD1b (d18:1-18:0) MW 1836.97 Da
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GT1b (d18:1-18:0) MW 2128.07 Da
UD-Neu5Ac(2,3)-b-D-Gak(1,3)-b-D-GalNAc-(1,4)}[U-D-Neu5Ac(2,8)-U-D-Neu5Ac(2,3)}

b-D-Gak(1,4)b-D-Glc-ceramide
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GT1b (d20:1-18:0) MW 2156.10 Da
UD-Neu5Ac(2,3)-b-D-Gak(1,3)-b-D-GalNAc-(1,4)}[U-D-Neu5Ac(2,8)-U-D-Neu5Ac(2,3)}-

b-D-Gak(1,4)b-D-Glc-ceramide
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GD2(d18:1-18:0) MW 1674.92 Da

b-D-GaINAc-(1,4)}[UD-Neu5Ac(2,8)-U-D-Neu5Ac(2,3)]-b-D-Gak(1,4)-b-D-Glc-ceramide

33



GD2(d20:1-18:0) MW 1702.95 Da

b-D-GalNAc-(1,4)}[UD-Neu5Ac(2,8)-UD-Neu5Ac(2,3)]-b-D-Gak(1,4)-b-D-Glc-ceramide

Figure S1.Structures of the gangliosides GM1, GM2, GNE)1a, GD1hGT1lband GD2. For

each gangliosidehetwo major isoformsd18:1-18:0andd20:1-18:0) areshown

34



