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Abstract

Electrospray ionizatioimass spectrometryEGFMS) analysis combinedwith the use of
nanodisc{NDs) to solubilize glycolipid4GLs) has recently emerged as a promising analytical
method fordetectingprotein-GL interactionsin vitro and, when applied to libraries oBLs,
ranking their affinities. Howeverthere is uncertaintyegarding the mechanism(s) of complex
formation in solutionand the extent to which the relative abundanak proteinglycolipid
complexebserved by ESMS reflectthe relative concentrations solution.Here, we describe
the results of a systematic EMS study aimed at elucidatintpe processes that influence
binding ofwatersoluble proteindo GLs incorporated intdNDs and to exgit these insights to
qguantify the bindingenergetics. The interactioa between the cholera toxin B subunit
homopentamer (CT$ and its native ganglioside receptoD-Gd-( 1 Y-B-D-GalNAc-( 1 Y-4)
[ D-NeuSAc( 2 Y HIPIGak( 1 Y-B-D-Glc-ceramide (GM1), and betweera recombinant
fragment of family 51 carbohydratending module (CBM) originating from S. pneumonia,
with a syntheticB type 2 neoglycolipiddD-Gd-( 1 Y-B JU-Fuc(1Y 2)]-b-D-Gak( 1 Y-8--
GIcNAc-1,2-di-O-dodecytsnglycero (B2ygL) served as model proteaL complexes for this
study.The results othe ESFMS measurements reveal that proteins bind reversibly tdolind
GLs and that proteinspossessing multiple ligand binding sitege able to interact witlsLs
originating from different NDs.Experimental evidence suggests that th#usion of GLs
between NDss rapid andnfluencesthe nature of theroteinGL complexeghat aredetected.
Using a newly developedESKMS assay, the@roxy ligandmethod theassociation constants for
the CBM-B2yg. and CTB-GML1 interactionswere quantified and found to bsglightly smaller

than thosdor the corresponding oligosaccharides in solution.



Introduction
Glycolipids (GLs) on the surfacgof cellsserve a number of important roles. They functsn
receptors in signalingpathogenrecognition and callar adhesionprocessesand convey
immunological identity® Due to the poor solubility of G receptors, together with the low
affinities that aretypical of individual proteircarbohydrate interactiond, <10* M™),*° the
direct quantification of interactions between wedeluble proteins an&L ligandsin vitro is
generally not possible ugirconventional binding assays, such as isothermal titration calorimetry
Moreover, the structural and functional properties of the receptors may be significantly altered
upon removal from a membrane environm¥htndeed it is increasinglyrecognizedthat
proteinGL binding is context dependent (e.g. cefrsusmodel membraneand membrane
compositio and is sensitive to IGconcentration and fatty acid/ceramide conf&fitAt present,
guantitative bindingdata are typically obtained using spectroscopyor microscopybased
measurement@ndGL that aresolubilized bymodel membranes (e.gupported lipid bilayeand
tethered bilayer lipid membranemd vesicle3.'** However, the heterogeneomsiture and
limited stabiliy of these modl membranesnake proteinrGL interactionsdifficult to study
experimentallyand the interpretation of the binding data is not always straightforward
Recently, the use of nanodiscs (8)Pwhich arewater solublaliscoidal phospholipid bilayers
has emerged as a promisimgethod for studying protein interactions witfsLs in a lipid
environment®*® Glycolipids are readily incorporated into NDs allogitheir interactions with
watersoluble proteins to be investigated in aguesakutiors using a variety of biophysical
methods, includingsurfaceplasmonresonancgSPR spectroscopy. electrospray ionization
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mass spectrometry (E™MS)?®# and silicon photonic sensafsHowever, whileit is possible to

detectprotein binding tadGLsin NDs, interpretation of théindingdatais challenging owing t@



lack of mechanistidnsight into theassociatiorprocessesThe goal of the present studsasto
probe primarily throughthe use oESFMS measurementthie mechanism(s) of protein binding
to GLs contained inNDs andto quantifythe thermodynamic stabilities of thesultingprotein
GL complexesThe interaction between the cholera toxin B subunit homopentamer ¢ra&ed
its nativegangliosidereceptor p-D-Gal-(1Y 3)-b-D-GalNAc-(1Y 4)-[UD-Neu5Ac(2Y 3)]-b-D-
Gak(1Y 4)-b-D-Glc-ceramide (GM1),2?* and betweera recombinant family 51 carbohydrate
binding module (CBM)originatingfrom S. pneumonia, a gram-positive bacterium responsible
for a variety of lifethreatening diseaséscludingpneumonia, meningitis, and septicefiavith

a synthetic B type 2 neoglycolipid UD-Gd-( 1 Y-B J-Fuc(1Y 2)]-b-D-Gak( 1 Y-B-Ip-
GIcNAc-1,2-di-O-dodecytsnglycero (B2ycL), served as model protefBL complexes for this
study.

Experimental

Materials and Methods

Proteins

Cholera toxinB subunithom@entameCTBs, molecular weight W) 58,040 Da) from Vibrio
cholerae was purchased from Sigafddrich Canada(Oakville, Canada A gene fragment
encoding damily 51 carbohydrat®inding module (CBM, MW 20,735 Dayasrecombinantly
produced inEscherichia coliand purifiedas described elsewheéfeThe ESFMS analysisof an
agueous solution a€BM (Figure Sa, Supporting Information) revealdtle presence ahree
isoforms (referred to aSBM-I (MW 20,738+ 2 Da), CBM-I (MW 20,798+ 5 Da) and CBM-

Il (MW 20,916+ 5 Da)). The origin of the structurddeterogeneitys unknown but the MW of
the major formof CBM detected €BM-1) is consistent with théheoretcal value (MW 20,735

Da) obtained from themino acidsequencdFigure S2, Supporting Informatiopn Notably, the



threeCBM forms exhibit similar affinities foA and B blood groupligosaccharides (Figurel§,
Supporting Information)Bovine ubiquitin(Ubg, MW 8,565 Dapurchased from Sigmaldrich
Canada (Oakville, Canadajas usedas reference protein B for the binding measuremerits.
The recombinant membrane scaffold protéSP) MSP1E1 (MW 27,494 Da) used for ND
preparation was expressed froime plasmid pMSP1E1 (Addgene, Cambridge, MA) and purified
using a reportedprotocol® Saposin A used forthe preparation othe lipoprotein discs

(picadiscy, wasa gift from Prof.G. Privé (University of Torontof® Stock solutions of£TBs

and CBMwereconcentrated and dialyzed into an aqueous 200 mM ammonium aswgtdten

(pH 6.8) using Amicon 0.5 mL microconcentrator (EMD Millipore, Billerica, M)th a MW

cutoff of 10 kDa The concentrations of CEBnd CBM stock solutions were determinesing a

Pierce BCA assay kit (Thermo Scientific, Ottawa, Canaiddlpwing t he manuf act ur
instructiors, whereas the concentration Bbg, MSP1Eland saposin Astock solutios were

estimated by UV absorption at 280 nm. All the protein stock solutions were stor&@ acC

until used

Phospholipids, glycolipids and oligosaccharides

1,2-dimyristoyl-sn-glycera3-phosphocholine (DMPC, MW 677.9 Pand1-palmitoyl-2-oleoyt
snglycera3-phosphocholine (POR®IW 760.1 Da) were purchasedrom Avanti Polar Lipids
(Alabaster, AL). Theganglioside GM1purified from bovine brain, wagsurchased fnm Axxora

LLC (Farmingdale, NY). Two isoforms of GM1, i.e18:1:18:0 (MW 1545.9 Da) and d20:1

18:0 (MW 1573.9 Da), were identified in the GM1 sampl®od goup B type Zetrasaccharide
neoglycolipid (BcL, MW 11017 Da) and Atype 2tetrasaccharideeoglycolipid A2ygL, MW

1142.7 Da) were purchased from DextréReading UK). The structures othesephospholipids

and GLs areshownin Figure S (Supportinginformation). The GM1 pentasaccharid&§ 1.,



MW 998.34 Da) waspurchased from Elicityl SA (Crolles, Francelhe Hood group B
trisaccharidg(B-tri) was a gift from Prof T. Lowary (University of Albertajhe structures of
GM1,s andB-tri arealso included in Figure S3 (Supporting InformatidbMPC, POPC,GM1,
B2yeL and A2ygL samples were dissolved in HPLC grade methanol/chloroform (1;Taérmo
Fisher, Ottawa, Canaflto prepare stock solutiorms known concentrationd.he GMJs andB-

tri solid sample were weighedand dissolved in ultrafiltered MiliQ water EMD Millipore,
Billerica, MA) to yield a stock solutiomt 1 mM concentrationAll the stock solutions were
stored at 120 AC until needed.

Preparation of nanodiscsand picodiscs

NanodiscscontainingDMPC alone oiGL (GM1, B2ygL, or A2ycL) were preparedhased om
protocol deeloped by Sligar and coworké$s”: picodiscs containingapAandPOPC, alone or
with GL, were preparedollowing a protocoldescribedby Privé and coworker$®*° Detailed
desciptions of the procedures can be found in Supporting Information

Mass spectrometry

All ESI-MS binding measurements were carried outpasitive ion mode (unless otherwise
indicated)using a Synapt G2S quadrupab® mobility separatioiime of flight (QIMS-TOF)
mass spectrometer (Waters, Manchester, UK) equipped with a nanoflow ESI (nanoESI) source.
Thedirect ESFMS assay and the newl developedroxy ligandESFMS methodwereused to
measure thaffinities of the proteirGL interactions A brief description of the assays is given
below. All the ESI solutionswvere preparedising200 mM aqueousammonium acetate buffer
(pH 6.8, 28C) andallowed to equilibrate fol5 minat 25°C prior toESFMS analysis unless
otherwiseindicated Additional details on the instrumental and experimental conditions used and

the binding assays are given as Supporting Information.



Direct ESI-MS assay The direct ESFMS assay wasised to quantifyprotein (Pjligand (L)
binding® Theassociation constafiy) for a 1:1PL complexis determined fronthe abundance
(Ab) ratio (R) of thePL to Pions measurebdly ESFMS, eq 1:

R
Ka=—p1m 1)
[L]o - [P]OR

R+1

whereR s taken to be equal to tl®ncentration ratio in solutioeq 2:

_ & Ab(PL) [PL] )
a Ap(P) [P

and[P]o and [L], are thenitial concentratios of P andL, respectively.

Proxy ligand ESI-MS assay The proxy ligandESEMS assayrelies ona proxy ligand (kroxy),

which binds to P with known affinity (Kproxy and competes witthe GL ligand (L). In case

where P posse®s a singleligand binding site the extent of B binding can bededuced by

monitoiing the relative abundance &Ly, Using direct ESFMS measurementsK, for L

bindingto P can be calculatefiiom eq3:

1
K,= (©)
([L ] _ R)foxy \( [L] 0 1 \
proxyd 0 K ] R)roxy R ]
a,proxy R)roxy[P]O - ([L meJ 0 _K )( Rproxy 1)_ proxy
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whereRyoxy corresponds tthe abundanceatio ofthe Plyoxy to P ionsmeasured by ESVS and

is taken to be equal to tlkerresponding concentration rgtem 4

_ a Ab(PLproxy) [PLproxy]

|%)roxy -

4
a Ab(P) [P] @

and[P]o, [L]o and [Lproxy]o aretheinitial concentrations of P, L andhkxy, respectively.

Ultracentrifugation and SDSPAGE



Ultracentrifugatiorandsodium dodecyl sulfate polyacrylamide gel electrophoréSBSPAGE)
wereused to analyzeéhe species present in solutsooontainingproteins and GL NDs. Briefly,
CTBs and NDs were incubated ina 200 mM ammonium acetate solution (pH 6.8,°25 and
placedin a microconcentrator (EMD Millipore, Billerica, MAith a MW cutoff of D0 kDa
and subjected taultracentrifugation.The supernatant and filtrate wetteen analyzed bySDS
PAGE Additional details can be found in Supporting Information.

Results andDiscusson

a.CTBs binding to GM1 nanodiscs

The binding of GM1to CTBs is one of the most extensively studigabtein-glycosphingolipid
interactions.CTBs can bind up to five molecules of GMdnd according to crystal structures
reported for the complex of CEBvith the watersolubleGM1 pentasaccharidg&M1,y), the b-
D-Gak( 1 Y-B-D-GalNAc and UD-Neu5Ac( 2 Y dtifs in each GM1s interact primarily
with a single B subunibf CTBs through eighteendirect or water mediated -Honds?* The
stepwise binding of GM to CTBs at neutral pH exhibits positive cooperativity, with intrinsic
(per binding siteK, valuesranging from 18to 10° M™.*3 The CTBs-GM1 interaction serves
as a useful model system for probing various aspects of protein binddigiacorporated into
NDs. The measured distribution @M1 bound to thefive available CTRB binding sitescan
provide insights into the nature of th®nding processessuch asthe reversibility of the
individual proteinGL interactions and, relatedly, the ability 6fTBs to sample GM1ligands
from multiple NDs, as well aghe diffusion of GM1 both within and betweeNDs. Moreover,
because of the relatively high affinity of the interacaie extent ofsM1 binding can be sed
to quantify the concentration @vailableGM1 and, consequentlgstablishthe efficiency of

incorporation of GM1 ito NDs.



CTBs-GM1 nanodiscinteractions revealed by ESIMS. ESFMS binding measurements were
performed on solutions of CEBand ND containing GMAt percentagesanging from0.5% to
10% the correspondin@verage number of GMholeculesper NDwasestimated to bé (0.5%)
to 20(10%). Shown in Figurel areillustrative ESI mass spectra acquired in positive ion mode
for agueousmmonium acetatgolutions(200 mM, pH6.8, 25°C) containingCTB( 3 € M) wi t h
3e M a24agdM 0. 5% GrMbHe MaDd1.4e M10% GM1ND. Inspection of thenass
spectra revealsignal corresponding to th@otonated ion®f free and GMibound CTHR, i.e.,
(CTBs+ qGM1)™ with =017 5 atn = 141 17. Also shown in Figure 1 are the normalized
distributions of (CTB + qGML1) speciescalculatedfrom the corresponding mass speactr
lllustrative ESI mass spectra adidtributions of bound GMineasuredor the 1%, 2.5% and 5%
GM1 NDs are given in FiguresA$ S6 (Supporting Informatiop According tothe ESIMS data
thenumber of GMlligandsboundto CTBs is sensitive tdoth theND concentrationas well as
the percentag®f GML1 in theND. Forexample at low concentrations (e.§.6 mM) of the 10%
GM1 ND, CTBs exists predominantlyas free protein withrace amounts of CTbound to
between twandfive GM1 (Figure 1c) whereas at higher concentrations (&.4.nM), CTBs is
bound predominantly teour and fiveGM1 (Figure I). Similarly, a low concentrationge.g 3
nM) for the 0.5% GM1 NDthe unbound forn€TBs is the most abundant specigsgure 1a) at
higher concentrationef ND (e.g 24 niM), the distribution shifts to highdigand occupancy
with the majority of CTB bound tofour GM1 (Figure 1b)

Notably, the distribution®f bound GM1measured using NDs with different percentages but
with the same total concentration of GNite in some cases, substariatlifferent As an
example CTBs is found to be boungredominantly to betweethreeandfive GM1 for solutions

of 0.5% GM1 ( M)2andel% GM1( 6 M)eNDs (Figures S7a andS4a, Supporting



Information). In contrast, forsolutions of higher percentageGM1 NDs which also containa
total GM1 concentration ot2 eM, CTBs is found to be primarily in its free form and the
fraction of GM1-bound CTBs decreases with the increase of GM1 percent&ggure 1c and
Figures S5a and S6a, Supporting Informafiomhe observed differences ithe measured
distributions are less noticeable dtigher GM1 concentratian For example, for solutions
containingGM1 NDs of different GM1 percentages but &lith ~20eM GM1, CTBs is found
bound to betweethreeto five GM1 in all caseqFigureslb and 1d andFigures S4b, S5hand
S6b, Supporting Informatign

Comparingthe measured distributions of bound GML1 to those expected based on the reported
equiibrium constants for stepwisbinding of GMLs to CTBs reveals thatunder solution
conditions that promotextensive GM1 bindingup to four or five GM1), the measured and
theoretical distributions are similar, although the extent of GM1 binding measured H3ESI
generallyless than expecte(Figures1b and 1d and FiguresS4b, S5band S6b, Supporting
Information). In contrast,for solutions containingow concentrations of GM1 NDshere are
marked differences between the measured tadbretical distributions For example,for
solutions of3 eM CTBs with 2.1eM 2.5% GM1 ND, 1.2eM 5% GM1 ND or 0.6eM 10%
GM1 ND, wherethe total GM1 concentrations 1 2 ,&fré& CTB dominates th€eESI mass
specta. However,based on the concentration of GNdiesent in solution and the affinities
reported for GMJs, CTBs is expected to baearly fully bound (Figurelc andFigures S5a and
S6a, Supporting InformatignAs described in more detail belpwhe apparent disagreement
between the measured and expected distributions for solutions containing low concentrations of

GM1 NDs can be explained in terragdifferential ESIMS response factors fdree CTBs and

10



the (CTBs + gGM1) complexes which are produced by gashasedissociationof ND-(CTBs +
gGM1) complexes originatingrom solution

Reversibility of CTBs-GM1 nanodisc interactions. To test thereversibility of the CTB
interactions withGM1 contained inthe NDs, the influence of adding free GI® a solution
containingCTBs and GM1 ND was investigated.h&wn in FigureS7a (Supporting Information)

is an ESI mass spectrum acqdifer a 200 mM ammonium acetate aqueous solution containing
3 eMsem8 12 €M 0. 5% GM1 NDUnder theseucbnditior€IBsfsor 15
predominarly bound tobetweerthreeandfive GM1. Howeveruponaddition of3  eCVIBs to

this solution, free CTB;, as wellas CTB bound tobetweenone and five GM1 aredetected
(Figure S, Supporting Information This distribution is nearly identical to that observed for a
solution initiallsandorit2aienM n@ . (568tires @K IaOdTED
Supporting Informabn). These results confirm th#te CTB; interactiors with GM1 (in NDs) in
solutionarereversible and that GM1 can beadilyredistributedamongthe CTBs binding sites
Release of CTB-GM1 complexesfrom nanodiscsin the gas phase From the ESMS data
acquired for the solutions of 0.5%, 1%, 2.5%, 5% and 10% GM1 ND, plots of the fragtadn (
occupied CTBs binding sites versus GM1 concentration were calculatédufes S&ai 8e,
Supporting Informatiop Although most noticeable for tHew % GM1 NDdata, all of the plots
are sigmoidal in appearanaghich on its ownjs suggestivef positive cooperativityand reach

a maximumf of between 85% and 949%lso plotted is the dependencefaxpected assuming
complete (stoichiometric) binding. Notablihe experimental valueapproach the theoretical
values, at least at certain concentratiamdicating that the amount of GM1 incorporated into the
NDs does not differ significantly from the value expected based on the molar ratios of GM1 to

DMPC used theprepare the NDsTo our knowledge, this is the first experimental evidence that
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the incorporation efficiency oBLs, such as GMlinto NDs is close to 100%-or comparison
purposesthe corresponding plot dof versus GMJs concentrationmeasured by ESWS for
solutions of CTB ( 3 € M) 3 1fldi 6 ® M leidviglso shown (Figur&d, Supporting
Information). Notably, the experimentadata for GMJs binding arewell described by the
theoreticalcurve which wascalculated usinghe Homasbd binding model® and the reported
affinities.** Moreover, &hough GM1binding to CTR exhibits slight positive cooperativity**
the bindingisotherm increases nearly linearly with GM&oncentratioruntil the binding sites
are saturated, i.ef,(>99%). This latter result indicateghat all five binding sites of CTBare
accessible for binding and that theralues <95% observed for GM1 binding are not due to
structural effects related to ligand binding sitestead it is proposed that a fraction of GM1 is
retained by the ND upon release of the (H8yGML1) ions in the gas phasede infra The
former result, thalifferences in thdinding isotherms measured for the GM1 NDs and M1
suggestghat theorigin of the apparentcooperative binding is differ¢ in the two casesvide
infra.

Previously, it was showthat, for solutionof CTBs (5 €M) and10% GM1ND (10 eM), no
free CTBs could be detectett This finding led to the suggestidghatthe (CTB+ qGM1) ions
measuredy ESFMS (under gentle samplingonditions) were the result of the kinetically facile
dissociation of thCTBs + qGM1) complexes from the NDi the gas phasg Analogous
experiments were carried out the present studjo establishwhetherthe (CTB + qgGM1)
complexes present solutiors containng high and low concentrations tww % GM1 ND were
associated with the NDgor the high concentration case, ammonium acetatsolution (200
mM, pH 6.8, 25°C) of CTBs (5 ¢ M and 0.5 GM1 ND (24 ¢ M was subjected to

ultracentrifugation using membraneavith a 100 kDa MWCOand the filtrate and supernatant
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solutionsanalyzed by SD®AGE (Figure Sa, Supporting Information)The resultsof this
analysis failed to reveal the presenc&dB subunitin the filtrate,suggestinghat the protein is
predominantly bountb ND in solution ESFMS measurements were alsarriedout to identify
the speciegpresenin thesupernatanand filtrate Notably, ions corresponding @TBs bound to
between three and fiveM1, as well as MSP dimewere detectedn the supernatant (Figure
S10a, Supporting Information). In contrasto freeor GM1-bound CTB ions were detectedh
the filtrate (Figure S.0b, Supporting Information)At lower concentratiorof GM1 ND (e.g.3
e M, SDS-PAGE revealed bands correspondingd®B subunitin both the supernatant and
filtrate, similar to theresuls obtained forsolutiors of CTBs (5 € M alone or with a ND
containing no GMX(Figure S9, Supporting Information However, whilefree CTBsand (CTBs
+ gGM1) complexesverepresenin thesupernatanfFigure S.1a Supporting Informationonly
free CTB was identifiedin the filtrate (Figure S11b, Supporting Information) To further
confirm thatno GM1-boundCTBs waspresenin the filtrate,CID was performedh negative ion
modeon all ions withm/z >2500. The CID mass spectrumevealssignal correspondingp CTB
subunitmonomerand tetramer ionsno iors correspondingdeprotonated GMivere detected
(Figure S1c, Supporting Informatior). Taken together, these results provide compelling
evidencethat the (CTBs + qGM1) ions detected by ESNS are the results of gghase
dissociation of the ND complexes, whicksults in thereleaseof intact (CTB + qGM1)
complexes

Experimental suppofor the incomplete release of C§-Bound GM1 from the NDs in the gas
phase can be found in the results of CID experiments performed on the ND ions. Shown in
Figures S12b and 32c (Supporting Informationare CID mass spectra acquir@dnegative ion

mode for ND ions produced from 200 mM ammonium acetate solution (pH 62§ °C)
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containing 14¢M 0.5% GM1 ND with and without 3M CTBs, respectively. CID wasarried
out using an isolation window centered at ni/z,000, which corresponds to the ND ions. A
comparison of the CID mass specshowsthat the abundance ratio of GM&@ DMPC ions
decreasesfter addition of CTB whichis consistent with a fraction &M1 is extracted from
ND, forming (CTB + qGM1) complex ions. However, deprotonated GM1 ions wenaddo be
released fronthe ND evenin the presence @xcess CTB

The presentbinding data measured faolutions of CTBs and GM1 NDs reveal that the
distributions of (CTB + qGM1) complexesacquiredby ESEMS are sensitiveto gasphase
processesTwo key conclusionsare: the(CTBs+ qGM1) ions detected by ESMIS are produced
by dissociation of the ND complexes in the gas phase and the disso@atitess is not 100%
efficient, with asmall fraction of GM1 left behind in the ND&ased on hesefinding, the
apparent cooperative nature of Glinding to GM1 NDs, as suggested from the curvature in
the plots off versus GM1 concentratidifrigureS8, Supporting Informatigncan be attributed to
ahigherESFMS response factor for free CTBompared to th&lD-associatedCTBs+ qGM1)
complexesvide supraFurthermore, the apparent inability to saturate the £iling sitegi.e.,
f reaches a limiting value of <0.9%) attributed to the incomplete extraction of GM1 from the
NDs by CTRin the gas phase
Mechanism of CTBs-GM1 nanodisc binding. Although the distributions of (CTH8+ gGM1)
complexes measured by EMS are sensitive to ggshase reaans, the binding data provide
new insight into how CTBassociates with GM1 in the NDNotably, thedetection of (CTB+
4GM1) and (CTB+ 5GM1) complexesn solutions with lowpercentag&sM1 NDs (i.e., 0.5%

and 1% GM1 NDs, which contain an average of 1 a@M?A, respectivelyis consistent with a
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stepwise binding model, in whicBTBs sequatially binds to GM1loriginating from multiple
NDs. There are three possible mechanisms that could account for this observation.

i) ND recruitment mechanism®ne possible mechaniswould seeCTBs bindingirreversibly to
GM1 from multipleNDs (Figure2a). However, by overlaying the relative positions of the five
ligand binding sites of CT&“onto NDs with diametersf ~11 nm>>¥* it can be concluded that
one CTH could bind simultaneously to at most two NDs. Even then, unfavourable steric effects
arelikely to besignificant. Consequentlypased orstructuralconsideration is unlikely that the
simultaneous binding of CTsBo multiple NDs is responsible for the measured distributions of
(CTBs+ gGM1) complexes.

ii) GL extraction mechanisnA second pssible mechanismvould involve CTBs interacing
with GM1 moleculesn one ND, followed by dissociation @hintact (CTB+ qGM1) complex
from the ND and rapid rbinding to GM1 in another ND (Figur&b). The number of binding
stepswould depend on the number of GM1 per ND amdthe case of NI3 containinga high
numbers oiGM1 (e.g.Cb per ND), CTR would be expected tinteract witha single ND.An
argument against this mechanism comes from kinetic data measus&Rispectroscopyor the
dissociation ofCTBs from immobilized NDs containing on average one or two GM1 at 25 °C in
HEPESbuffered salindpH 7.4)*° Based on the measureateconstant0.028 mirt, the lifetime

of ND-bound(CTBs+ qGM1) complexewill be >35 min, which is significantly longer than the
time scale of the ESVS measurementdJoreover, the ratef dissociationfrom immobilized
NDs containing>12 GM1 wastoo slow tobe accurately measurétiAlthough it was not clear
from these measurements \ter free CTB or (CTBs + gGM1) complexes were released from
the NDs, the kinetic data suggest that gtepwisebinding of CTBto differentNDs is too slow

to account for the measured distributions of (§PBqGM1) complexes.The absence of
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detectableamounts of (CTB+ gGM1) complexes in the filtrate from the ultracentrifugation
experimentslescribedaboveprovidesadditional, althougimdirect, support for this conclusion
iii) GL diffusion mechanismA third possible mechanisrwould proceed througta rapid
redistribution of GM1 betweelNDs such thatupon binding to one NDCTBs can recruit
additional GM1from other NDs(Figure 2c). The exchange kinetics for DMPGetween NDs
have been quantified using smatigle neutron scattering and fluorescenahwds®’ These
measurements, which support a monomeric lipid diffusion mechanism, yielddangerate
constantsl,) of 0.0328 mif and 0.0378 min for DMPC exchangeat 27 °C and an activation
Gibbs energy of 91.8 kJ mbf’ Using an average value &, of 0.035 mift', the lifetime of
DMPC in the ND is estimated to be ~29 min at 27 °C.

In an effort toevaluate the rate @xchange of GMbetween NDsCID measurements were
performedin negative ion modenions witha narrowrange ofm/z centred at 11,508roduced

by ESI fromfour differentsolutiors, one with0.5% AZc. ND and picodiscd®*

containing
GM1 and POPC(in a 1:1:4 SapA:GM1:POPC ratio), one with GM1 picodiscs alone (1:1:4
SapA:GM1:POPC ratigone with0.5% AZ3yc. ND alone and one with0.5% A2\c. ND and
0.5% GM1ND (Figure 93, Supporting Information)CID performed orsolutionof 12 €M 0.5%
A2ncL ND and54 M GML1 picodiscproducedhegatively charge®MPC, A2yc. andGM1 ions
(Figure 93b, Supporting Information In contrast, in the absence of the GMitodiscsin
solution, CID produced onlyDMPC and A2\g. ions. To rule out the possibility that the GM1
detected irthe CID mass spectrum shown in Figure381(Supportinginformation) originated
from picodiscions, analogous CID measurements were performedrawith m/z centred at

11500 produced from solutiamof GM1 picodiscor 0.5% AZRic. ND. Notably, no GM1 ions

were detectedFigures S13c and SBd, Supporting Information)Interestingly, the relative

16



abundances of GM1 ané2\g_ ions detected in Figure 3 (Supporting Information) are
similar tothose measured by CID performeud ions (n/z~11,50Q produced from aequimolar
mixture of 0.5% A2yc. ND and 0.5% GMIND (Figure S13e, Supporting Information Taken
together, these data suggest that GM1 readily transfers fromctbgiscto the ND(on the min
timescale)leading to NDs that haved.5%GML1.

The rapid transferof GM1 from NDs to picodiscswas alsodemonstratedAs shown in
Figure S¥a (Supporting Information), GMions were observed in the CID mass spectrum
acquired forions with m/z~5,500produced from ammmonium acetate solution (pH 625, °C)
of 16 eM 1% GM1 ND and 6&M picodiscs(containingonly POPQ. CID wasalso performed
on ions withm/z ~5,500produced fronsolutiors of either POPGcontainingpicodiscs(Figure
S14b, Supporting Information) or 1% GM1 ND (Figure 481 Supporting Information)in
neither case were deprotonated GM1 iolesected this finding suggestsghat the GM1 ions
detectedn Figure S#a (Supporting Informationdrise from thdransfer of GM1 fronthe NDs
to the picodiscs Taken togethertheseresultsestablishthe rapidexchangeof GM1 between
picodiscsand NDs and lend suppot to the hypothesis thaGM1 diffusion between NDs
influences, at least to some extent, the measured distributions of€fBM1) complexes.

b. CBM binding to B2yg. in nanodiscs

The CBM-B2\g. interaction servé as a second model system for investigating protein binding
to GLs contained in NDsCBM recognizes type A and B blood groaligosaccharidesRecent
studies employing glycan array screening(Consortium for Functional Glycomics,
http://www.functionalglycomics.ordy/ isothermal titrationcalorimetry (TC),?® aswell as ESF
MS® revealed that CBMxhibits relatively strong bindinfpr A/B trisaccharides and A/B type 2,

5 and 6oligosaccharide10* to 10 M™Y. Additionally, the X-ray crystal structure of CBM
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boundto theB type 2 tetrasaccharidedicaiesthat CBM possesses a single ligand binding site
and forms a network of ## onds  wiLF ln c-D-B & | U éDrGal rekidues® The K, of
the histeblood group B type 2 tetrasaccharide {8®inding toCBM is reported to b&x10" i
8x10' M2

ESFMS measurements were performed on solutions of GBM2.5% and 10%8B2ycL
NDs. Shown in Figurs 3a and3b arerepresentativdeSI mass spectra acquired in positive ion
mode foragueous ammonium acetate (26, pH 6.8, 25 °C) solutions containinGBM (12
e Mwi t h 8 3keMM alnOdie. ND2respectivelyNotably, signal corresponding to both
free and BRgL-bound CBM (all three CBM species) was detected, i.e., (CBMysBZ atn =
81 10. Representatvenass spectra acquired foRr5%BRguti ons
NDs are shown in Figure 15 (Supporting Information)Pots of the fraction of ligand-bound
CBM versus BXcL concentratiorareshown in FigureSc, along with the expected curve for B2
binding based on the reported affinfy/.Fitting eq1 to the experimental data yieldsmilar
affinities, 3200+ 100M™ (2.5% B2yc. ND) and2900+ 100M™ (10% B3 ND). Thesevalues
are significantly smaller (byactor of 17 i 18) than theK, reportedfor B2,s?°® While this
finding is, on its own, consistent with the reduced protein affinities reported for some surface
immobilized glycans® it is likely that measured affinities foB2yc. are influenced byon
uniform ESI response factofer the bound and unbound CBM speciade infra

To demonstrate that ligadtbund CBM remains associated with the NDs in solution,
ultracentrifugation analysisusing amembrane filter witra MW cutoff of 100 kDawas carried
out on anammoniumacetate dation (pH 6.8, 25°C) of CBM (12eM) with 10% B2ys. ND
(21 €M). Because CBM cannot beliably distinguished from the MSP used for the NDs by

SDSPAGE, ESFMS measurementsvere carried out toanalyze thesupernatant and filtrate
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solutions Shown inFigures S16a and16b (Supporting Information) are mass spectra acquired
for thesupernatant and filtrate, respectivdtycan be seen thatee CBMis present in the filtrate,
while (CBM + B2ycL) is only detected in the supernatahhis resulf whichis consistent with
those obtained for solutions @TBs and GM1 NDs, suggestthat B2yg -bound CBMis
associated with thBID in solution and thathe (CBM +B2yc))™ ions detected by ESVS are
the result of dissociation of the CBBRys -ND complexes in the gas phase.

c. Protein affinities for glycolipids in nanodiscsi the proxy ligandESI-MS assay

A weakness ofthedirect ESFMS assay foguantifyingproteinGL interactiongnvolving NDs is
that the detectedproteinGL complees result from dissociation of theproteinGL-ND
complexesin the gas phas€onsequentlyany differences in the ESI response factors for the
free protein and theproteinGL complex ions will introduce errors into the affinity
measurementssiven thesdimitations, a newESFMS binding assay, thproxy ligandmethod
was developed. This assay, whichmbinesdirect ESFMS measurements withompetitive
ligand-protein binding, wasised to quantifghe affinities ofCBM for NDs containing 10% and
15% B3icL. The B-tri ligand, which served as Jioxyfor these measurementsas an affinity for
CBM of 7.3x10* M™.® Shown in FigureS1b (Supporting Informatioriy a representativES|
mass spectrum acquired for thgueousammoniumacetatesolution(200 mM, pH 6.8, 25C) of
12 eM CBM and 40eM B-tri. lons corresponding to free CBM a@BM bound toB-tri were
detected, i.e., CBM and (CBM +B-tri)™ atn = 8 to 10. The addition of 24 €M of 15% BRicL
ND to the solutiorresulted in the appearance of ions corresponding to CBM bouB2itp, i.e.,
(CBM + B2yg)™ atn = 8 to 10, also resulted iran increasein the abundanceatio of B-tri-
bound to free CBMons (i.e., Roroxy) (Figure 48). The increase iRyoxy iS consistent with a

decrease iCBM availablefor binding toB-tri due to the competitive binding 82yg.. Shown
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in Figure4b is a plot of Ryoxy Versus BRsL concentrationThe datavere analyze@ccording to
the procedure described in the Experimental sectioraamdfinity of (1.4 + 0.1)x10* M™* was
obtained by fittingeq 3 to the experimental dataVleasuremestcarried out usindl0% B23cL
ND yielded an affinity of (1.1 + 0.1)x10* M™ (Figure 4b and Figure S1, Supporting
Information). Notably, theB2yg, affinities measured using thagroxy ligand ESFMS assay are
consistently highetby afactor of ~5) than the valueshdained bydirect ESFMS assaysThe
lower values measured directly by H86E are attributed to nenniform response factors for
CBM and (CBM +B2\gL) speciesvide supra That theK, for the CBM-B2yg. interaction
measured byroxy ligandmethodis lower (by afactor of ~5) thanthe value reported fdB2s
(Ka=5.3x10" MY is alsonotable This findingsuggestshat protein binding t&Lsin NDs may
be energeticallyess favorabléhantheinteractions with theorrespondindree oligosaccharide
in solution.

The proxy ligandESFMS methodwas also extendedo evaluatethe affinities of CTB
for GM1 NDs. However, because of the presence of multiple binding, dites cooperative
nature of GM1 binding and the possibility of multivalent bindieffects interpretation of
binding datais generallymore complicated than in the case oBML. To minimize the
occurrence of multivalent binding, measurements were carried outlatioss of CTBs with
low concentrations ofow percentage (0.5%nd 1%) GM1 NDsand high concentrations of
GM1,s, which served as gwoxy. Under theseconditions, it isexpected thalCTBs will bind
preferentially GM1,s and will not interact with multiple GM1Shown in Figureba is a
representative ESI mass spectrum acquired for an agueous ammonium acetate solution (200 mM,
pH 6.8, 25 °C) of44e M GCTaBd20 ¢ M Gk corresponding to CEBound to

betweentwo andfive GM1,s were observed, witthe (CTBs + 5GM1,s) complexbeing the most

20



abundantThe aldition of 2.5eM 0.5% GM1 ND to the solutioresulted inthe appearance of
(CTBs + 4GM1,s+ GM1)™ ions atn = 15 to17, (Figure 5b) anda measurabléncrease of the
abundanceratio of the CTBs + 5GM1y) to (CTBs + 4GMlyg) ions (I Ryroxy,s), Which is
consistent withCTBs binding toGM1 ND in solution A plot of Ryoxy,s versus GM1(in the ND)
concentration isshown in Figure 5d. Using the binding modebescribed in Supporting
Information which is an extension of théoman$ mode|*® the associatia constantsa 1, Kao
and K 3 corresponding t@&M1 binding toCTBs sites with zero, one or two occupied nearest
neighbour subunits, respectively, which gave the closest agreement &xghamentally
determinedRyroxys T Ka1= 2.8x10° M, Koo = 4.8<10° M™ and K, 3= 8.2x10° M™. Shown in
Figure5c is a comparisoof the theoretical distribution of bound GpMXlnd GM1(calculated
using theseK,i, Ka2 and K;z valueg with the experimentallgletermined distribution
determined from the mass spectrum in Figbloe Notably, there is excellent agreement in the
distributions of bound GM4. In contrast, the predicted distribution for bound GM1 does not
resemble the experimental distribution. However, this disagreement can be explained in terms of
nontuniform ESFMS response factors for tHi€TBs + qGM1,9) and (CTBs + qGM1,s+ GM1)
complexes vide supra Moreover, the concentration dependence dRoxys predicted
theoreticallyagrees well with the experimental observatiorele over a range obncentrations
(Figure5d). Analogous measurements performed udifig GM1 NDgave asimilar affinities -
Ka1 = 1.2x10° M%) Kap = 2.0x10° Mt and K,3 = 3.5x10° M (Figure S8, Supporting
Information). Notably, the measuredffinities areslightly smallerthanthe value obtained fdhe
correspondingCTBs-GM 1 interactions - Kaproxys = 3.2¢10° M™, Kaproxy2 = 5.5¢10° M™* and
Kaproxys = 9.5x10° M™, a finding consistent with what was found for t88M and BRiaL

interaction.
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Conclusions

The present study represents the first detailed investigation into the mechanisms and energetics
of protein interactions witlGLs in NDs. The results oESFMS measurements performed on
solutions ofCTBs andGM1 NDsreveal that proteins bind reversibly Nb-boundGLs and in

the case of proteins with multiple ligand binding sita®, able tanteract withGLs originating

from different NDs. The results oESFMS measurements performed on solutions of NDd
picodiscsprovidedirect evidencefor rapid GL diffusion betweenpicodiscsand NDs Based on

this finding it is proposed that diffusion @Ls between NDsnfluencesthe nature of the
proteinGL complexesdetected While ESFMS serves as a convenient method @@tecting
protein interactions witlGLs in NDs, the measured abundances of free &@idbound protein

ions do not necessarily reflect solution compositibhere is overwhelming evidence that, in
solution, theGL-bound proteins remain associated with NDs and are only released (as-protein
GL comgdexes) in thegas phase. Consequently, differ&8FMS response factorare expected

for the free proteins an®L-bound proteinsFinally, using the newly developgatoxy ligand
ESFMS assayK, valuesfor CBM-B2ys. and CTB-GM1 interactionswere quantifed A key
finding of this study is that thaffinities of the proteins fothe GL ligands in he NDs areslightly
lower(by a f &kthao those df theDcorresponding oligosaccharides in sollFigmre
efforts will exploit theproxy ligand ESFMS method to studyin detail the effects of ND
composition on protex&L binding.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

ESI mass spectra acquired positive ion moddor agueousammonium acetate
solutions (200 mM, 25 °C and p&18) of 3 uM CTBs with (a) 3 uM, (b) 24.4uM
0.5% GM1 ND (correspondingo 3 and24.4e MGM1, respectively)(c) 0.6 uM
and (d) 1.4 pM 10% GM1 ND (correspondingto 12 and 8 ¢ M GML1,
respectively) Insets showormalized distributions dfee andGM1-bound CTB;
theoretical distributions were calculated usespsociation constants reported in
reference 3 for the stepwise binding &M1,sto CTBs.

Possible nechanisms fothe stepwise binding &@TBsto GM1 ND. (a) Nanodisc
recruitment mechanism CTBs binds irreversibly to GM1 ligands from multiple
NDs. (b)Glycolipid extraction mechanismCTBs interacts with GM1 in one ND,
followed by dissociation of the resulting (C§JB qGM1) complex from the
original ND and rapid rdinding to GM1 in another ND. (c}lycolipid diffusion
mechanism GML1 rapidly redistributéoetweerNDs and can be recruitdaly CTBs.
Note: to facilitate visualizing multivalent bindingJineararrangement of subunits
is used to represent tki Bs homopentamer.

ESI mass spectra acquired positive ion moddor aqueousammonium acetate
solutions (200 mM, 25 °C and p618) of CBM (12 puM) with (a) 8 uM and (b)
30.8 uM 10% B3 ND. (c) Plots of fraction ofigand-bound CBM(f) versus
B2ncL concentrationThe experimeratl conditionswerethe same asn (a) and (b),
but with addition 0f3.27 30.8 UM ND containing 2.5%40) or 10% (Y) B2ncL.

The dashed curve represeiite theoreticalplot calculated fromthe association
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Figure 4.

Figure 5.

constant reported imeference38 for CBM binding to B2, The error bars
correspond to one standard deviation.

(a) ESI mass speatm aqquired in positive ion modefor agueousammonium
acetatesolution(200 mM, 25 °C angH 6.8 of 12uM CBM, 40 uM B-tri (Lproxy)
with 24 uM 15% B2ys. ND (corresponding to 36@M and 720eM B2ygy,
respectively) 5 eM P (Ubq) was added tahe solution to correct for the
nonspecific ligind binding during ESI proces$) Plots ofRyoxy (I AB(CBM + B-
tri)/Ab(CBM)) versusB2yg. concentration. The experimahtonditionswerethe
same asn (a), but with addition 007 24 uM 15% B2yg. ND (0) or 01 28 uM
10% B2ycL ND (V). The error barsorrespond to one standard deviation.

ESI mass spedaracquired in positive ion mode for aquearsmonium acetate
solutions (200 mM, 25 °C and pH 6&)4.4 uM CTBs and20 uM GM1.swith (a)
O puM and ) 2.5puM 0.5 GM1 ND. Ins¢ shows the normalized dstributions of
free and GMisbound CTB. (c) (V) Normalized distributions dfree andigand
bound CTB measured fronthe mass spectrunm (b); ( ) theoretical distributions
were calculatedusing association constantdetermined from theproxy ligand
method andalues reportech referenced4 for the stepwise binding of GMdand
GM1 to CTBs. (d) Plot of Ryroxys (I AD(CTBs + 5GM1,/AD(CTBs + 4GM1,y))
versus GM1lconcentration. The experimen@bnditionswere thesame asn (a)
and (b) but with addition of G 2.5uM 0.5% GM1 ND.The error bars correspond

to one standard deviation.
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SUPPORTING INFORMATION FOR:
Prot&liyncol i pid I nteracti onMS Satnudd i Neadn oidni svcist.r
I nsights into the Mechanisms and Enerc
Ling Han, Elena NKitova, Jun Li,Sanaz Nikjah, Hong Lin, Benjamin Pluvinage, Alisdair B.
Borastonand John S. Klassen

Experimental
Materials and Methods
Preparation of nanodiscs
NanodiscgontainingGL (GM1, B2ycL, or A2\cL) Were prepared using a protocovdmped by
Sligar and coworkerP$>?and only a brieflesciption is given hereDMPC was mixed with GM1
B2ycL or A2\gL at the desired ratios. The lipids were dried uralgentle stream of nitrogen
overnight at room temperatu@nd redissolved in a Tris buffer cesmining 20 mM sodium
cholate(SigmaAldrich CanadaOakville, Canada at neutral pH.The recombinant membrane
scaffold proteinMSP1E1 was addeid the mixture to yield taan MSP1E1:lipid molar ratiof
1:100. To initiate the ND selissembly process, an equal volume ofwashed biobeads (Bio
Rad, Mississauga, Canada) were added and incubated with the mixture faat 4odm
temperature. The supernatant was recovered amdldladed onto the Superde®0210/300size
exclusion columr(GE-Healthcare Life Sciences, Piscataway, .Nripally, theND fractionwas
collected, concentrated and dialyzed against 200 mM ammonium acetat@ 8ptking an
Amicon microconcentratoiEMD Millipore, Billerica, MA) with a 30 kDa MW cut off . The ND
stock solutios were stored at80 °C before use and the concentration was estimated based on

the UV absorption of MSP1E1 at 280 nAs the nominalmolar ratio of MSP to total lipid is
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1:100 and each ND possesses two MSPsauh&ber ofGLs perND is estimatedo be two times
the percentagef GL.

Preparation of picodiscs

Picodiscs, containingapA and POPC alone or with Gl.were preparedollowing a protocol
describecelsewhere*>* Briefly, GM1 andPOPC (dissolved iti:1 methanal chloroform)were
mixedin a 1:4ratio and dried under flowing nitrogen overnight to form a lipid film. The lipid
film was resuspended ir50 mM sodium acetate and 150 mM NaCl (pH 4.8) followed by
sonication and thaw cycle® form liposomes Saposin A protein was then added into the
liposomesat 1:10 molar ratio of SapAGM1+POPC)to initiate thepicodiscsformationand the
mixture was incubatedt 37 °C for 45 minPurification ofthe picodiscsvas performed om
Superdex 75 10/300 size emsion column (GEHealthcare Life Sciences, Piscataway, NJ)
equilibrated in 200 mM ammonium acetdp 4.8. Finally, picodiscswere concentrated and
exchanged int®200 mM ammonium acetate (pH $.8nd stored at room temperature for a
maximum of 1 week. The concentratiorof SapA in the discs was determined by the UV
absorption at 280 nm and the concentration of GM1 was estimated by assufinihgatio of
GM1:SapA

Ultracentrifugation and SDSPAGE

Ultracentrifugationwas used to analyzéd species preseint solutiors containingproteins and
GL NDs. Briefly, CTB and GM1 NDor CBM and BZs. ND wereincubated ina 200 mM
ammonium acetate solution (pH 6.8, 25) andplacedin a microconcentrator (EMD Millipore,
Billerica, MA) with a MW cutoff of D0 kDaand subjected taultracentrifugationthree times.
Each time, 200 mM ammonium acetate buffer veasledto the concentratedupernatant

solutionto maintainthe same initial volumeProteins and protedigand complexes with MW
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O 1 0 Da rémained in the superaat while those with MW <100 kDa passed through the
membrane to the filtrate. The supernatant and filtrate were further analyzed ySE&hd
sodium dodecyl sulfate polyacrylamid@5%) gel electrophoresi§$SDSPAGE). To carry out
SDSPAGE solutionswerediluted with an equal volume of 2gading buffer {25mM TrisHCI
pH 6.8, 4% (w/v) SDS, 1% (w/v) bromophenol blue,20% glycerol and 200 mM
dithiothreitd). The solutionswere preheated to~90 °C for 5 min and then allowed twool to
room temperatur@rior to loadingthe samplesCoomassiestainwas used to visualizgroteins
on thegel.
Mass spectrometry
All ESI-MS binding measurements were carried out in positive ion modiess otherwise
indicated) using a Synapt G2S quadrugole mobility separaon-time of flight (QIMS-TOF)
mass spectrometer (Waters, Manchester, UK) equipped with a nanoflow ESI (nanoESI) source.
Nanoflow ESI was performed by inserting a platinum wire into a nanoESI tip, which was
produced from borosilicate capillaries (1.0 mm.p0.68 mm i.d.) pulled to ~5 um using a P
1000 micropipette puller (Sutter Instruments, Novato, CA). The typical voltage applied to the
platinum wire was 1.0 kV. The source conditions for the-ESI measurements were: source
temperature 60 °C, cone vaffe 35 V, Trap voltage 5 V, and Transfer voltage 2 V. For each
acquisition at least 60 scans (at 2 s Syavere measured. Data acquisition and processing were
performed using Waters MassLynx software (version 4.1).

ESI solutionswere preparedising 200 mM aqueousammonium acetate buffer (pH 6.8,
25°C). For the direct ESFMS measurementssolutions oftarget protein andsL ND were
prepared at thdesired concentrationsor theproxy ligandESFMS assays, solutiorontaining

fixed concentratios of target protein and ligandnd varying concentrations @&L ND were
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prepared. All solutions werlowed to equilibrate fot5 minat 25°C prior toESFMS analysis
unless otherwismdicated

ESI-MS affinity measurements

The direct ESFMS assay wasisedto measure theextent of ligand gligosaccharideor GL)
binding toCTBs and CBMand to quantify the interactionss described in detail elsewhete,
the association constar(K,) for a 1:1 proteidigand complexcan be determined frorthe
abundanceADb) ratio R) of the ligand-bound(PL) to free protein(P) ions measured from ESI
MS, eqS1:

KRR =

L
Lo~ m2y
whereR is taken toreflect the correspondingequilibrium concentration ratio in the solutjay

S2:

R= a Ab(PL) [PL] (S2)

a Ab(P) [A

and[P]o and [L], are thenitial concentratior of protein and ligandespectively
For aproteinwith h ligand binding sitesthe apparentassociation constarfKag) for the
addition ofag™L to P boundd-1) L can be expressed g S3:>

K = Rq/Rihl

N PL,A aR
[L] 0" q;l
1+q R,

(S3)

whereR; is theabundanceatio of ligandbound (tog molecules of L) to fre@roteinmeasured
from ESEMS, andis taken to be equal to the corresponding concentration ratio at equiliequm,

SA:
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_ A AbPL) [PL]
a Apb(P)  [A

($4)

Also of interest in the present study was the fraatiboccupied ligand binding sitef§ {n P
at a givenconcentration. A general expression foin terms ofabundancer concentrationis
given byeqS5:

h h
a aQAu(PL,) aaqleL,]
q

f = g=1 —

haAb(P)+& AWPL) & h [R+A[PL,]
¢ g oas

a=1

(S5)

Proxy ligandESI-MS assay
It must be stressed that, in the case birfeling to theGL ligands(L) incorporated intdNDs, the
PL, ions detected by ESVS are assumed to be associated with NDs in solution and are stripped
out of theNDs during the ESI processide infra>"= while the Pions originate from free P in
solution. Differences in ionization efficienciasdothers effects, suchsincompleteextraction
of the Plg complexes from the ND or {isource dissociation of the Rions, could introduce
errorsto thedirect ESIMS affinity measurement€onsequently, indirediinding measurements
werealsocarried outusingthe newly developegroxy ligandESFMS method

The proxy ligandESFMS methodrelies ona proxy ligand (kroxy), Which binds to P with
known affinity (Kaprox) and competewith the GLligand (L). Thebinding of P toL reduces the
concentration offree P in solution resulting inan increase in theoncentrationof PLyoxy
complex relative to P Consequently, the extent of. Binding in solutioncan bededuced by
monitoling the relative abundance of RJ., by ESFEMS. For the competitive binding of L and
Lproxy t0 @ P possessimg singlebinding site, theelevant equilibrium expressions are giuan

eqs SbaandS6h:
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K — [PLproxy] — Rproxy
P [PIL o] (L

(Séa)

proxy] proxl

Kk =IPd _ R (S6b)

©IPILT L]
where Ryroxy COrresponds taehe abundanceatio of the Lyoxy-boundP (PLyroxy) to free P ions

whichis taken to be equal to the corresponding concentrationimegadution eq S7a:

_ a. Ab(PLproxy) [PLproxy]

oy - = (S7a)
o a Ab(P) [P]
andR s the concentration ratio oflhound P(PL) to freeP in solution eqS7b:
_[PL] (S7b)
[P]

The value of R can be found from the experimentally determirf&ghy, and the following

eguations ofmass balanceec S8ac:

[Plo=[PI+{PLyo ] +[PL] (S8a)
[L proxy] O:[L pr0><]y+[PL pro>l/ (SSb)
[L] =[LI+[PL] (S8c)

Substituting [Pkox,] and [PL](in eqS8a) with Ryox{P] andR[P], respectivelygiveseqS9a

__ [Pl
[PI= m (S9a)

It follows that[PLyox] and [PL] can be expressadeqsS9b andS9c, respectively

|:%Jroxy[l:)] 0

PL ]z —Dov 0
[ proxy] 1+ I:%roxy R

(S9b)

__ RP],
[F>L]——l+ Ro R (S9c)
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and[L proxy] and [L] can be expressebeqsS10a andS10b,respectively

— I%Jlroxy I%)roxy[F)]o
[L proxyd T Kayproxy #— proxl 0 1+ Rproxy R (Sloa)
RP],
L] L], ———— S10b
Lo 3p g (SL0b)

RearrangingqS10aallows R to beexpressed in terms of [RTL]o, Roroxy aNdKa proxy €0 S11:

I%Moxy[l:)] 0
I%Jroxy

proxy] ' K

R=

Ry B (S11)

L

a,proxy

andK, can becalculatedrom eqS12:

R 1

“a= Pl 10, IPla

) [L]o'

1+R,,, R R 1 R, F
1
= (S12)
([L ] _ RHOXV \( [L]O 1 \
proxyl 0 K ] R)rox R ]
aproxy F%roxy[P]O- ([L pI'OX)] 0 s )( Rproxy 1)- proxy

K

a,proxy
Where necessarythe proxy ligandESFMS assay was implemented in conjunction vtk

reference protein methpavhich was usedo quantitativelycorrect the mass spectfar the

occurrence of nonspecific protetarbohydrateinteractiors during the ESI process. This

methodinvolvesaddinga norrinteractingreference proteinRs) to the solutiorand the extent of

nonspecific binding oLk to P« wasused to subtract the contribution of nonspecific bindihg o

to P from the mass spectru complete description of the correction method can be found

elsewhere®
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Figure S1 ESI mass spectra acquired positive ion modegor agueousammonium acetate
solutions(200 mM, 25 °Cand pH 6.&f(a)CBM (12 €& Mp)C&8IMo 1f & ahBM)

trisaccharidg(B-tri, 40 ¢ M3et shows the normalized distributsoof free and Btri-bound

CBM measured for the three isoforms (CBMII and-IIl).
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