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Abstract

The application of hydrogen/deuterium exchange mass spectrometry (NI3X to localize
ligand binding sites in carbohydrabéending proteins is described. Proteins from three bacterial
toxins, the B subunit homopentamers of Cholera toxin and Shigatygeri and a fragrent of
Clostridium difficile toxin A, and their interactions with native carbohydrate receptors; GM
pent as ac c-Ga(lYi 3peGalNACRLY 4 ) -Naui5Ac(2Y 3)]-b-Gak(1Y 4)-Glc), Pk

t risacc-Gak(lYi WeGa-(1¥)4)-Glc) and CDg r e a sGak(1Y Apb-Gal-(1Y 4)-b-
GIcNACO(CH,)sCO,CHs), respectively, served as model systems for this study. Comparison of
the differences in deuterium uptake for peptic peptides produced in the absence and presence of
ligand revealed regions of the protgthat are protectedgainst deuterium exchange upon ligand
binding. Notably, protected regiorgenerally coincide with the carbohydrate binding sites
identified by Xray crystallography.However, ligand binding can alsesult in increased
deuterium exchange iotherparts ofthe protein, presumably through allosteric efle€@verall,
theresults of this study suggest that HIDXS can serve agusefultool for localizing the ligand
binding sites in carbohydrate@nding proteinsHowever,a detailed interpretation dfie changes

in deuterium exchangepon ligand bindingcan be challenging due to the presencégaind

induced changes in protestructure and dynamics.



Introduction
Proteincarbohydrate interactions are implicated in a wide range of cefitd@esses, including
cell-cell and celmatrix interactions, signal transduction, inflammation, cancer metastasis,
bacterial and viral infections and thmmune responskl]. Elucidating the structuseof protein
carbohydrate complexes, as well as the kinetics and thermodynamics of the interactions, is vital
to a complete understanding of many physiological and pathological cellular processes and can
guide drug discovery and design effofa4]. High resolution techniques, such asray
crystallography and nuclear magnetic resonance spectroscopy, have been extensively used to
elucidate the three dimensional structurepuiteincarbohydratecomplexes[5-7]. However,
manysuchinteractions are not amenable to these techniques due to limitations associated with
protein size, solubility or ease of crystallization, as well as the cost and availability of pure
oligosaccharide ligarsd[8]. Consequently, there is a need for alternative structural techniques
capable of probing proteicarbohydrate interactions.

Recently, hydrogen/deuterium exchange mass spectrometry-(fiS)has emerged as a
promising method for @racterizing the interactions between proteins and their lig@adS].
When a ligand binds ta protein some of he a mi de H dmoreypeotected agairstme
exchamge (due to the formation of new or stronger inter intramolecular Foonds or a
reduction in solvent accessibility), resulting in decreased rates of exchange for the peptides
containing these groupgEl0,17]. Consequently, comparison of the-uptake for peptides
produced from the ligandound and unbound forms @f protein can, in principle, reveal
residues involved in ligand bindij@8]. HDX-MS has been applied to a variety of ranvalent

protein complexes, including protepmotein and multiprotein complexd46,19], antibody



antigen[20], proteinpeptide[21], and poteinsmall moleculecomplex[22,23]. Additionally, it
has been used to study ligamdluced changes in protein conformation and dynafiig24-26.

To date, however, there have been few HMZ studies reported for protein
carbohydrate interaction®7-29]. One possible reasofor this is the low affinities that are
typical of proteincarbohydrate interactions (association constangsai~1G M [3]). In order
to obtain detectable differences in peptideufale, high ligand occupancy (approaching
satuation of the binding site) isieeded A large and sometimes prohibitive amount of
carbohydrate ligand igequiredto achieve this condition in the case of low affinity interactions.
Another consideration is the relatively small size of many carbohydgateds, typically mono
di- or tri-saccharide. Binding of small ligands, which form few intermolecular interactions,
generally affords protection to only a few residireshe protein.Moreover, binding is usually
dominated by intermolecular interactionsvelving amino acid side chains, rather than the
peptide backbone, which may offer | imited
binding can beaccompanied bghanges improteinstructure and dynamic3hesechanges may
lead to a decrease or increase wufdake of residues remote from the carbohydrate binding site
[29,30]. Consequently, theneasuredlifferences in peptide IDptake may reflect the formation
of intermolecular interactions dirgand bindinginduced changes in proteiconformationor
dynamics or a combination otheseeffects[9,10]. Additionally, ligandinduced changes in the
population of different protein conformers may a#iect the rate of Buptake[17, 31, 32]. It
hasbeen proposethat docking simulatios or sitedirected mutagenesign combination with
HDX-MS datamay help to localize the ligand binding sit&8,30]. Alternative strategieso
distinguish direct ligand protection from ligaimtluced changes in protein dynamics or

conformation involve comparinthe HDX-MS profiles measured for therotein binding toa



homologousseries ofligands[33] or through the use o second ligandwhich binds at an
alternative site anduppresssallosteric effect$34].

Here, HDXMS was applied to proteins from three bacterial toxins, the B subunit
homopentamers of Cholera tox{CTBs) and Shigatoxin 1 (Stx1Bs) and a fragment of
Clostridium difficile toxin A (TcdA-A2), and their interactions with native carbohydrate
receptors, GM pentasaccharidésM;-o0s, b-Gak(1Y 3)-b-GalNAc-(1Y 4 ) -Ndui5Ac(2Y 3)]-b-
Gak(1Y 4)-Glc), Pk trisaccharide Pk-OH, U-Gak(1Y 4)-b-Gak(1Y 4)-Glc), which is the
oligosaccharide ofthe globotrioside Gb3,and CDBg r e a sGak(1Y b-Gak(1Y 4)-b-
GICcNACO(CH,)sCO,CHs), respectively, to test the reliability of the method for localizing
carbohydrate binding siteCrystal structureshave been reported for all three protein
carbohydrate complexes (Figurg It is known thatCTBs has fiveGM;-0sbinding sites and the
stepwise association constants range frbefito 10° M [35]. Accordingto the crystal structure
reported for the (CT8+ 5GM;-09 complex PDB 3CHB, eachGM;-osinteractsprimarily with
a single subunjtwith the bindingsite formed by three loopfloop 1- loop 3) from the same
subunit anda fourth loop (loop 4) containing residues from the adjacesibunit (Figure 1a)
[35]. Although it is known that the stepwise binding &M;i-0s to CTBs exhibits positive
cooperativity [34], no obvious protein conformational changedetectable(based on Xay
crystallographyupon ligand binding35]. Stx1B;s is structurally similar to CTB According to
the reported crystal structur®@B 1BOS, each subunit o6tx1Bs can bindup to three Pk
trisacchariddigands(Figure 1b) Thethreebinding siteqreferred to asite 1, site 2andsite 3
are located on the same face of ttwengentame(36]. Ste 1 is composed of residues withan
singlesubunit while site 2 andsite 3alsocontainresidues from adjacestibunits According to

available binding datahé three binding sites are independant norequivalent with Pk



binding preferentially tosite 2 although with low affinity, 350 M™ [37,38]. Based on
crystallographic dataavailable for free (PDB 2XSQ and Pkbound Stx1Bs, no signifiant
conformational change ocauupon Pk binding39]. The TcdA-A2 fragment is fromthe C-
terminal repetitivedomain of TcdA, which containgine short repeatseparatedy two long
repeatd40]. Within the TcdA-A2 fragment a long repeat antthe following short repeat create
shallowcarbohydratéinding site andtwo carbohwrate binding sites are pres@amthefragment
(PDB 2G7CQC)[40Q]. Previous studies showed thiatdA-A2 displays dow affinity for CD-grease,
with anapparent, of ~500 M* at 25°C, andthatthe two binding sites exhibit similar affinities
[41].

Experimental Methods

Materials

CTBs (MW 58,020 Da) was purchased from SigAddrich Canada (Oakville, ON, Canada). A
stock solution §0 pM) of CTBs was prepared bydissoling a known amount of proteim
ultrafilteredwater (Milli -Q; Millipore, Billerica, MA, USA)andwasstored at 4 °Qntil needed
Stx1B; (MW 38450 Da) was a gift from Prof. G. Armstrong (Univ. of Calgaag) a stock
solution prepared i0.05 M Trisbuffer (pH 7.5) TcdA-A2 (MW 29,575 Da)was expressed and
purified as previously describdd0]. The TcdA-A2 stock solutionwas at a concentration of
57.5 uMin 60 mM imidazole (pH 7.0)150 mM NaCl and 50 ¢ glycerol (>99.5% purity).
Both Stx1B; and TcdA-A2 stock solutios werestored at80 °C until neededPrior to analysis,
the protein solutions were diluted with Mil) water tothe desired concentratisnGM;-0s (b-
Gak(1Y 3)-b-GalNAc-(1Y 4 ) -Neu5Ac(2Y 3)]-b-Gak(1Y 4)-Glc, MW 998.9 Da), and RIOH
(U-Gak(1Y 4)-b-Gal(1Y 4)-Glc, MW 504.4 Da) vere purchased from Elicityl SA (Crolles,

France). CBhgrease (U-Gak(1Y 3)-b-Gak(1Y 4)-b-GIcNAcO(CH,)sCO,CHs, MW 715.7 Da)



was a gift form Prb D. Bundle (Univ. of Alberta)Stock solutions okach of thecarbohydrate
ligandswere prepared by dissolvirg known amount of solich Milli -Q water togive a final
concentration ofl mM (GM;-0s) or0.4 M (Pk-OH and CDgrease) the stock solutionsvere
stored at20 °C until needed

HDX-MS

The HDX-MS experiments werecarried out using a Synapt &2 HDMS mass spectrometer
equipped with a nanoACQUITY UPLC system with HDX technol@gsaters UK), anda PAL
HTX-xt automatic sample preparation and injection syst€éwo sample stacksn the PAL
systemprovided accurate temperature control ftre labeling reactiong20 °C), and for the
reactionquench(1 °C), respectively Protein solutions (4 uM, 6 uM and 12 pMfor CTBs,
Stx1Bs and TcdAA2, respectively aloneor in the presence of excess ligg2 mM GM;-0s
0.2M Pk-OH and 0.2 MCD-greasg werediluted 15fold with either equibrium buffer (10 mM
potassiumphosphatein H,O at pH 7.0 for control experiments, or labeling buffdd0 mM
potassium phosphate D,O at pD7.0) [42] for labeling experimentdJnder theeexperimental
conditions,>97% of CTR; ligandbinding sitesare expected to be occupied (assuming a stepwise
association constant of 1 x 1M, while for StdBs and TcdAA2 the binding sites are
predicted to b&2%and 79%occupied(based orassociation constants 850 M and250M™,
respectively. For the labeling experiments,ildted samples were incubated at 2D for time
intervalsof 1, 5and10 min. After that,samples (both for control and labeling experiments) were
guenched with quench buffer (4 M guanidine hydrochlorideand 0.5 M tris(2-
carboxyethyl)phosphine (TCEM) H,O at pH 2.6for CTBs and Stx1Bs;, and 4 M guanidine
hydrochloridein 100 mM potassiumphosphaten H,O at pH 2.6for TcdA-A2) usinga 1:1

dilution ratio at1 °C. Quenched sapleswere incubate for 30 sprior to injectioninto a 50 puL



injection loop & a nanoACQUITY UPLC system with HDX technology. Online digestion was
performed using an immobilized pepsin colunufg Technologies, Burlinpn, Canadpwith
0.1%formic acid in HO ata flow rateof 200 pL min™ at 20°C. Peptic @ptides were trapped
online using an ACQUITY UPLC BEH C18 1.7 ysfanGuard Preolumn at 1°C and desalted
for 2 min. Peptide separatiowas carriedusingan ACQUITY UPLC C18 1.7um 1.0x100mm
columnwith a 12min gradientelution at a flow rateof 40 uL min™. The content ofsolvent A
(solvent A, 0.1% formic acid an®% acetonitrile in HO; solvent B, 0.1% formic acid in
acetonitrile)in the mobile phasevas decreased over arin periodform 95% to 63% and held
constantfor 1 min beforea further reductiofirom 63% to 16% ovea 0.5 minperiod After 0.5
min at 16% the percentage @olvent A was increased to 95% owae0.5 min periodThe eluent
wasintroduced tahe Synapt G2S HDMS usingthe ESI source Mass spectra were acquired in
MSF modefrom m/z 50to 2000 with a scan rate of.® sscart and lockmass correction (using
[Glu]-Fibrinopeptide) The capillary and cone voltages were kept constantlat and 40V,
respectively.At a given labeling timet), the free and liganrbdound protein samples were
analyzed backo-back, with a blank sample (water) in between, to avoid the effects of sample
carry-over.

Dataanalysis

ProteinLynx Global Server 2.5.2 softwaiRRLGS, Waters)was used to identif pepticpeptides
producedor each proteinin the absence and presence of the liganidr to HDX (.e., att =0
min). To minimize redundancythe DynamX 2.0 software (Watersyas used tgyenerate a
smallerpeptide list consistingf peptidesthat weredetectedn all replicatemeasurements and
thatprovided maximumsequence coveragéhe averag®W for each peptide wasalculatedby

DynamXusingthe centroid othe entire envelope ahe correspondingsotopic paks for each



peptideone ormore than oneharge statewere consideredThe D-uptakevalue (Dj, units of

Da) for peptidei was determinedhs the difference ofhe MW measuredor this peptide in
labekedand contro(no exchange3amplesfor all labeling timeslllustrative mass spectréor the
peptidesconsidered in this studst deuterium exposure timed 0, 1, 5 and 10 min are shown in
Figures S1 S33, Supplementary Data. Therrespondindp-uptake valueare shown in Figures
S341 S36, Supplementary Datd he relative Duptake( B, units ofDa) was calculated as the
differencein the D; values for peptidé measured in the absence and presendigarid Back
exchange wasletermined43] using the model peptid¢Glu]-Fibrinopeptideand found to be
~30%. Because the extent of backchange(during protein digestion and LC separatid,

44]) was expected to e same foridenticalpeptides produced in the absence and presence of
ligand (under identical experimental conditigns) correction for back exchange wasformed

[43]. However, given the possibility of differential back exchange [A6]attempt was made to
improve the spatial resolution of the exchange data thrthegbtraction of thegp D valuesfor
overlapping peptidesTo compare theHDX rates for peptidesproduced in the absence and
presence of ligand thep D values were summed over all labelitiges [13]. Error analysis was
carried outusing a procedure described previoustye standard deviatioim D-uptakevalues
measured in triplicateat different deuterium exposure times was calculated and the
corresponding confidence intervals were evaluated at 95% confidencd18véd6]. Absolute
errorsin t h e ; vgiu2s were calculated using random error propagatiosix errors (three
deuterium exposure timégr thefree andigand-bound proteinasthe square root of the sum of
the squars of theabsolute errorsf D-uptakeat threedifferentdeuteriumexposure times fahe

free andigand-bound proteinT h e ; vgdliles were considered significant if the values exceeded

three times the standard deviatidém.addition, statistical analysis of the difference iruptake



between free anlilgand-boundproteiswa s done us i n gedtivditaled Btéestjidd,e nt 0 s

48]. The results of the statistical analyare shown imables SI S3 Supplementary data.
Results and Discussion

Time-resolvedHDX-MS measurements weperformed orthe free and ligandboundforms of
CTBs, Stx1B and TcdAA2. A summary of the resultsbtained for each proteicarbohydrate
interactionis given below

CTBs andits interaction with GM-os

Pepsin digestion o€TBs under denaturing conditionmoducel approximatelyeighty different
peptidesper analysis of which forty wereidentified in all measurementsn order to decrase
redundancywhile maintaininga high sequence coveragepD values of onlyfourteenof these
reproduciblepeptides covering 96.1%f CTB monomeisequenceywere considered={gure 2).
It can be seen that the presence d&M;-0s sevenof the peptideg4-15, 2738, 4155, 4966,
57-72, 8394 and 860103 exhibiteda signifcant decrease iD; values(leadingtop osi t i v e
values ranging from1.1 to 4.6 Da It should be noted that peptides-803 and 99103 which
share common @rmini, have different retention times (54in and 44 min, respectively. This
result confirms that peptid89-103 is an authentic peptic peptidand not a y-ion fragment
originating in the gas phase from the dissociation of peptidd080In Figure 2h the
correspondingp [ values are mapped ontioe structure othe (CTBs + 5GM;-0s) complex for
one subunijtwith the peptidesexhibiting positiveqp D valueshighlighted inred Notably, the
peptides with positivep D values are from the four loops that make uphineling site for ®/1,-
0s[49,50]. Accordingto the crystal structuré&M;-os formsdirectintermoleculaH-bondswith
seven residuemcated withinloops 1-3, namely residues E11, H13, E51, Q56, Q61, N90 and

K91 (Table 1) With the exception oH13, dl of theseresiduednteract with thdigand through
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their side chaingr backbone carbonyl oxygemather tharamide Hs. Importantly the present
results indicateéhat theproteincarbohydratenteractionsinvolving amino acidside chainsan
slow down theexchangeate ofthe associated a ¢ k b o n e o tine pemide Ebataining
thatresidue The protectiormay originatefrom reduced solvent accessibility cnanges in the
local dynamis of the proteinAccording to thereported crystal structure, there existsodvent
mediated Hbond between M;-0osandthe backboneraide H ofresidue G33rom the adjacent
subunit It is interesting to note that peptide -38 exhibited a positivepD (Figure 2b),
suggestinghat solvent mediated #onds involvingamide Hs canalso influence the rate of
exchanggbl, 52].

StxBs and its interaction with PIOH

Pepsin digestion obtx1Bs produced approximatelseventydifferent peptides of which thirty-
four wereidentified inevery analysisSincethe Stx1B subunitis a smallprotein, consisting of
only 69 residuesthere was significant overlap amongst proteolytiqpeptidesand he D-uptake
of only seven of thesewhich provided 95.6% sequence coveragavas considered The

correspondingp D valuesmeasured for these seven peptides gm@wn in Figure3a Upon

binding of PkOH, peptides 20, 12-20, 3040, and5%6 6 ex hi bi t ed modegst

values ranging from 0.6 Da to 0D&. Based on the measured retention tiieeghe overlapping
peptides 120 and 1220 (5.6 min and 5.0min, respectively, it was established thaeptide2-20
is a peptic peptideFor peptides 4@8, 6569,t h e ; vagiueswere smalker (0.2 and 0.3 Da,
respectively, indicating little change in protection upon ligand bindinip Figure 3b the
peptideswith significantgp D valuesare highlighted inred for one B subunit in the(Stx1Bs +
15PK) complex As noted abovegach Stx1Bsubunithas three Pk binding sitéscated onone

the face of thdhomopentamef37]. The residues thanhake up thebinding sites arg@resentin
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either a single subunit(site 1) or two adjacent subunitsites 2 and 3). Consistent withthe
reportedcrystal structurethe HDX-MS results reveathat the peptidesxhibitng the greatest
protection againstxchangauponligand binding are locatedithin the ligand binding sitesand
contain residuesinvolved in direct Hbonds (through side chainsor amide groups)with the
ligand (Table 1) Because three of the peptides exhibitingreasedorotection (namely 120,
30-40 and 5266) include amino acid residues that belong to all three sts1l( D17 and G60,
site 2 D16, N32, R33, N55 and F63 amsite 3: D18, W34 and N35)it is not possible to
establishthe contribution of ligand bindingt each of these siteBlowever it is notable thafor
peptide20-31, which contairs residues T21 and EZ&hdform direct Hbondswith Pkin site 1,
no protectionwas observedpon ligand bindingThe absence of protectioat T21 (the second
residue the 2@1 peptide¢ is likely due torapid backexchangeHowever, &amnation of the
crystal structureeveals thaE28(and T21) idocatedin a b-sheet and interact witihe Pk ligand
throughthe side chain.Thereforethe absence of protectiaould reflectthe fact thathe E28
amide His located instructured regionand, therefore, already experiea@ecertain degree of
protection against exchange. Consequently, the influence of ligand binding on the rate of
exchangemay not be pronouncegsuch thano significantdifference in Dupteke is observedin
addition it is also possible that the absence of protection for this peptide reflecéstiieat no
ligand binding occurs at this sitit.has been suggested, basedsolutionNMR data[53], that
the Pk trisacchariddigand only bindsto site 2 SinceresiduesT21 and E2&elong tosite 1
(Table 1), the absence of protecticem be explainelly an absence dfinding or, at least, very
low ligand occupancy of this binding saéthe ligand concentration used

TcdAA2 and itsinteraction with CDgrease

12



Pepsin testion of TcdAA2 producedapproximatelyone hundreddifferent peptidesfifty -four
of which were identified inevery analysigarried out The D-uptakevaluesfor twenty-threeof
thesepeptides, coverin®@2.4% of the TcdA-A2 sequence, are consideredT h e ; vplDes
measured for these peptides are shown in Figurandain Table S3Supplementary data
Notably, t h ealuepddesmalland havesignificantuncertaintiesHowever, from theesults
of the statisticalanalysis(t-test) it was possible to establigeptidedor which the differences in
D-uptake measured in the absence and presence of ligendignificant (Table S3,
Supplementary Datapverall, the HDX results indicate that the binding of-Gi2ase to TcdA
A2 does not lead to a simple pattern of protection in all of the peptides where intermolecular H
bonds are observed in the crystal structure. Additionally, and utiii&éwo other protein
carbohydrate complexe®nsidered in this worligand bindingto TcdA-A2 led to both regions
of increased and decreased protectlorfigure 4hbt h e ; vapies are mapped ontioe crystal
structure of thTcdA-A2 + 2CD-greasg complex and highlighted in red (protected) and dark
blue (de-protected)

Importantly none of the peptides associated wsite 2 exhibited protectionin the
presence of ClyreaseAlso, peptides 11120, 117135 and 124147, which contain residues
N119,S121 and K122 thabased on Xay data,nteract with the ligand isite 1 exhibited no
change inprotectionupon binding with CBgrease However,the two overlappingpeptides 85
107 and 96107 (with distinct retention times, 6.2 min and 4.6 min, respebt) did exhibit
positive D values These twopeptides containthreeresidues(D92, Q99 and R102Zhat are
predicted based orihe crystal structureap interact directly withCD-greasdn site 1 This result
is, thereforeconsistentwvith ligand binding tosite 1under the experimental conditionsed A

number ofpeptic peptides (348, 3155, 158167, 183198, 199207 and 20825 exhibited
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negativepD values (as large as3.9 Da), indicating & increase inD-uptake upon ligand
binding It can be seem Figure 4bthatthe de-protected regionaremainly locatedclose tothe
N-terminus, which is the artificial truncatigroint of the fragment[40]. Notably, changsin D-
uptakeratesat residuegemotefrom the binding sitehave beerdemonstrated previously for
proteincarbohydrate complexes [27,]2%s well as otheproteinligand interactions[54-56].
Both decreasd27, 54, 55]andincreass[27,29,55, 56 in the Duptakeoutside & binding sites
have been observe@hese data suggestthat changes in the structure or dynamics of the N
terminal regionof the TcdAA2 fragmentmay occuruponbinding of CD-grease Interestingly,
no such ligandnduced structurathanges are evident fromray crystallography datat(). It is
also possible that ligand binding leads to a depopulati@omk of the conformeras this also
can influence HDX rat[17].

Influence ofproteincarbohydrate interactionsn deuterium exchange rates

Several general conclusions regarding the relationship betwethe nature of protein
carbohydratenteractionsand the measured changes ing¢lkehange ratesan be drawn from the
results of ths study Intermolecular Fbondsbetween the ligand and backbone amigiesserally
lead toa decreasen D-uptake Notably, tis observationis consistent with thoseeported
previously forother proteincarbohydratecomplexes [28] That protection isalso conferred by
watermediated Hbondsinvolving backbone amidefas not,d our knowledgebeen previously
reported for protehwtarbohydrate interactionalthoughit was demonstrated for otheon
covalentprotein complexes [f 52]. As anexample, for the CTBinteractionwith GM;-0s
positive oD valueswere observed for peptides containing residues H13 (dirdmbrid with
ligand) and G33 (water mediated-dénd). In contrast putative intermolecular Hhonds

involving backbone carbonybxygensor side chaingdid not always lead to protectiofror
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example, residues D16, D17, D18, T21 and E28 of StypHBicipate in direct Hbonds with Pk
throughtheir side chains (Table 1). However, based on HIAX results, only residues D16,
D17 and D8 in peptide 120 were protectedwhile T21 and E28 which are contained in
peptide 2631, were unaffected by ligand bindinld shouldbe emphasized th#is analysis is
predicated on thessumptionthat all of the carbohydrate binding sites identified Xyay
crystallography arextensively populatednder the solution conditions investigated.
Conclusions

In summary, the application of HDXIS to localizeligand binding sites for three model
carbohydratéinding proteinsis described. Comparison of the differenceB1inptake for peptic
peptides produced in the absence and presentatioécarbohydratdigand revealed regions of
the protein that are protected against deuterium exchangeligpod binding.Notably, for all
three proteinsthe peptides exhiliitg protection contain residueknown to make up the
carbohydrate binding siteasidentified by Xray crystallographyFor the interaction between
CTBs and GM-os peptides associatedith each of thefour loopsin the CTB monomerthat
make upthe GM; binding sitewere found to exhibit protection against exchange upon ligand
binding Forthe interaction betweestx1B; and PkOH, peptides containing residues associated
with each of thehree ligand binding sites weeadsofound to exhibit protectioim the presence
of ligand.However,because the peptides exhibiting protection include amino acid residues that
belong to all three sitgsites 1, 2 and)3it was not possible to establishambiguouslywhether

all three sites were occupied under the experimental conditions investigatele interaction
betweenTcdA-A2 and CDgrease one(site 1) of the two known binding sitewas identified
based on th@bservation ofprotection againsexchange in the presence of ligaktbwever

ligand binding was also found teduce changs in either the structure or the dynamics of the
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protein that resulted in significande-protection ofthe peptic peptides associated with the N
terminus of the prein. Taken togetherhte results of this study suggt that HDXMS can serve

as a usefuiool for localizing the ligand binding sites in carbohyd+aiteding proteinsHowever,

a detailed interpretation of the changes in deuterium exchange upon bgahdg can be
challenging due to the presence of liganduced changes in protein structure and dynamics.
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Table 1. Summary otthe intermoleculaH-bondsidentified in the crystastructures of the three
model proteircarbohydrate complexeCTBs + 5GM;-0s), PDBID 3CHB;>® (Stx1B; + 15PK),

PDBID 1BOS* and (TcdAA2 + 2CD-grease)PDBID 2G7C*°

Amino acid residuesthat participate in H-bondswith
Protein-carbohydrate complex
the carbohydrate ligands ®

(CTBs + 5GM-09 E11(0), H13N, ND1), G33(N),"°E51(OE1), Q560),
Q61(NE2), N9O(OD1, ND2)and K9YNZ)
(Stx1Bs + 15PK) Site 1:D17(0D2), T21(OG1), E2§0E2), G6QN, O)

Site 2:D16(0D2),° N32(N, OD1), R33NH2, NE),
N55(N, OD1)and F63N, O)
Site 3:D18(0D1, OD2)¢ W34(N) and N3%N)

(TcdA-A2 + 2CD-grease) Site 1:D92(0D2), QQYNE2), R10ZN), N1190),
S1230G)and K12ZNZ)
Site 2:D1830D2), Q19qNE2), R193N), N21q0),

S2170G)and K213NZ)

a. Specific doms of the amino acidresidue thaparticipate in the intermoleculat-bonds.b.
Water mediaté H-bond betweerthe specifiedresidue and ligandc. H-bond involves esidue

from anadjacent subunit.
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Figure captions

Figure 1. Proteincarbohydrate complexesonsidered for HDXMS analysis:(a) (CTB +
5GM;-0s) complexeachsubunithas one GMos binding sitg PDB ID 3CHB>® (b)
(Stx1B; + 15PK complex(eachsubunithas three Pkinding sites) PDB ID 1BOS*’
and (c) (TcdA-A2 + 2CDgrease) complex &h TcdA-A2 has two CDgrease
binding sitey, PDB ID 2G7C¥ (d) The structures ofhe carbohydrate ligangd&M;-

os Pk-OH andCD-grease.

Figure 2. (a) Difference plot of peptide level-Optakebetween free CTBand (CTB + 5GM;-
os) complex for a subset of peptides tbaver 96.1% of CTB monomer sequence.
The xaxis indicateghe position (residue number) of the peptides considéitesl
axis shows thep D values for each peptidsummed over all of the labeling times.
The errorsbarscorrespond to onstandarddeviation (b) Cartoon il 1l us
values mapped onto the crystal structureghef (CTBs + 5GM;-0s) complex (PDB
3CHB). The mloured regioncorresponds to oneepresentative CTB subunit The
regions highlighted in red (with corresponding residue numbers indicated) exhibited
protection from deuterium exchange upon ligand binding, while tegions

highlighted incyanwere unaffectetdy ligand binding

Figure 3. (a) Difference plot of peptide level-Dptake between free StxdBnd (Stx1B + 15Pk
OH) complex for a subset of peptides thaver95.6% of Stx1B monomer sequence.
The xaxis indicateghe position (residue number) of the peptides consid@iesl
axis shows theqD values for each peptidsummed over all of the labeling times
The errorsbarscorrespond to onstandarddeviation (b) Cartooni | | ustr ati on

values mapped onto the crystal structurettsd (Stx1B; + 15Pk) complex (PDB
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1BOS).The oloured regioncorresponds to oneepresentativéStxl B subunit The
regions highlighted in red (with corresponding residue numbers indicated) exhibited
protection from deuterium exchange upon ligand binding, while tegions

highlighted in cyawere unaffectethy ligand binding

Figure 4. (a) Difference plot of peptide level-Dptake between free TcdA2 and(TcdA-A2 +
2CD-grease) complex for a subset of peptides twater 92.4% ofthe TcdA-A2
sequence.The xaxis indicates the position (resiue number) of the peptides
consideredThe yaxisshows thap Dvalues for each peptidesummed over all of the
labeling times The errorsbarscorrespond to onstandarddeviation (b) Cartoon
i 11 ust r avalues mapmed ontgpte crystal structur¢hef(TcdA-A2 + 2CD-
grease) complex (PDB 2G7C). Thagions highlighted imed anddark blue exhibited
protection or deorotection, respectively, againdeuteium exchange upon ligand

binding;the regions showm cyanwere unaffected blyjgand binding
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Figure S1. Mass spectra afingy charged ims of peptic peptidé-7 obtainedirom (a) free and

(b) ligandboundCTBs at deuterium exposure time§0, 1, 5 and 10 min
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Figure S2. Mass spectra of doubly chargedsoof peptic peptide-45 obtainedrom (a) free

and(b) ligandboundCTBs at deuterium exposure timeg0, 1, 5 and 10 min
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Figure S3. Mass spectra of doubly chargedsoof peptic peptide 1Z6 obtainedfrom (a) free

and(b) ligandboundCTBs at deuterium exposure timeg0, 1, 5 and 10 min
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Figure $4. Mass spectra adingy charged ios of peptic peptide 231 obtainedrom (a) free

and(b) ligandboundCTBs at deuterium exposure timeg0, 1, 5 and 10 min
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Figure Sb. Mass spectra dfiply charged ims of peptic peptide 238 obtainedfrom (a) free and

(b) ligard-boundCTBs at deuterium exposure timeg0, 1, 5 and 10 min
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Figure S6. Mass spectra afouldy charged ims of peptic peptide 388 obtainedrom (a) free

and(b) ligandboundCTBs at deuterium exposure timeg0, 1, 5 and 10 min
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Figure S7. Mass spectra dfiply charged ims of peptic peptide 485 obtainedrom (a) free and

(b) ligandboundCTBs at deuterium exposure timeg0, 1, 5 and 10 min
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Figure S8. Mass spectraiply charged ios of peptic peptide 486 obtainedirom (a) free and

(b) ligandboundCTBs at deuterium exposure time§0, 1, 5 and 10 min
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Figure S9. Mass spectra afuadrupy charged ios of peptic peptide 572 obtainedrom (a)

free andb) ligandboundCTBs at deuterium exposure timeg0, 1, 5 and 10 min
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Figure S10. Mass spectra afouldy charged ios of peptic peptide 676 obtainedirom (a) free

and(b) ligandboundCTBs at deuterium exposure timeg0, 1, 5 and 10 min
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Figure S11. Mass spectra afouldy charged ios of peptic peptide 789 obtainedfrom (a) free

and(b) ligandboundCTBs at deuterium exposure timeg0, 1, 5 and 10 min
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Figure S12. Mass spectra af5 charge stat®ns of peptic peptide 8003 obtainedirom (a) free

and(b) ligandboundCTBs at deuterium exposure timeg0, 1,5 and 10 min
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Figure S13. Mass spectra of doubly chargedsaof peptic peptide 834 obtainedfrom (a) free

and(b) ligandboundCTBs at deuterium exposure timeg0, 1, 5 and 10 min
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Figure S14. Mass spectra afingy charged ias of peptic peptiel 993103 obtainedfrom (a) free

and(b) ligandboundCTBs at deuterium exposure timeg0, 1, 5 and 10 min
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Figure S15. Mass spectra dfiply charged ios of peptic peptide-20 obtainedrom (a) free and

(b) ligandbound StiBs at deuterium exposutanesof 0, 1, 5 and 10 min
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Figure S16. Mass spectra of doubly chargedsoof peptic peptide 120 obtainedrom (a) free

and(b) ligandbound StABs at deuterium exposure timeg0, 1, 5 and 10 min

48



a b

20 -31 (+2) 20 -31 (+2)

time = 10 min __Lh_Lb_ lL ) [
time=5min A;LJ\A L __L_JLA_, )

time=1min | ]]], .
time = 0 min B J A
R | - . A . . . A
691.7 693 694 695 696 697 698 699 700 7011 691.7 693 694 695 696 697 698 699 700 7011
m/z m/z

Figure S17. Mass spectra of doubly chargedsoof peptic peptide 281 obtainedfrom (a) free

and(b) ligandbound StiBs at deuterium exposure timeg0, 1, 5 and 10 min
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Figure S18. Mass spectra of doubly chargedsoof peptic peptide 380 obtainedirom (a) free

and(b) ligandbound StABs at deuterium exposure time$ 0, 1, 5 and 10 min
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Figure S19. Mass spectra afingy charged ios of peptic peptide 488 obtainedirom (a) free

and(b) ligandbound StABs at deuterium exposure timeg0, 1, 5 and 10 min
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Figure S20. Mass spectraf doubly charged ias of peptic peptide 5@6 obtainedfrom (a) free

and(b) ligandbound StiBs at deuterium exposure timeg0, 1, 5 and 10 min
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Figure S21. Mass spectra afingy charged ios of peptic peptide 669 obtainedfrom (a) free

and(b) ligand-bound StiBs at deuterium exposure timeg0, 1, 5 and 10 min
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Figure S22. Mass spectra dfiply charged ios of peptic peptide 130 obtainedrom (a) free

and(b) ligandbound TcdAA2 at deuterium exposure timeg0, 1, 5 and 10 min
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Figure 23. Mass spectra of doubly chargedsoof peptic peptide 348 obtainedfrom (a) free

and(b) ligandbound TcdAA2 at deuterium exposure timeg0, 1, 5 and 10 min
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Figure S24. Mass spectra dfiply charged ios of peptic peptide 335 obtainedrom (a) free

and(b) ligandbound TcdAA2 at deuterium exposure timeg0, 1, 5 and 10 min
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Figure S25. Mass spectra of doubly chargedsaof peptic peptide 566 obtainedfrom (a) free

and(b) ligandbound TcdAA2 at deuterium exposure time§0, 1, 5 and 10 min
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Figure S26. Mass spectra of doubly chargedsoof peptic peptide 9607 obtainedrom (a) free

and(b) ligandbound TcdAA2 at deuterium exposure timeg0, 1, 5 and 10 min

58



a b

117 - 135 (+4) 117 - 135 (+4)
time = 10 min
e Sl
time = 5 min
,AJ(J.JLLLJ,MJL A L}LlJU JJJLK,%,*,M,,A I
time = 1 min J
_A_JlJJ JU\J.LLJL A )\_k L _Jt_fLAM_,__h A

time = 0 min ] nﬂ_{‘__m_‘__f S J J_LM o

528.7 530 531 532 533 534 5353 528.7 530 531 532 533 534 535.3
m/z m/z

Figure S27. Mass spectra a@juadrupy charged ios of pefic peptide 1171350btainedrom (a)

free andb) ligandbound TcdAA2 at deuterium exposure timeg0, 1, 5 and 10 min
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Figure S28. Mass spectra dfiply charged ios of peptic peptide 12147 obtainedirom (a) free

and(b) ligandbound TcdAA2 at deuterium exposure timed 0, 1, 5 and 10 min
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Figure S29. Mass spectra of doubly chargedsoof peptic peptide 14857 obtainedfrom (a)

free andb) ligandbound TcdAA2 at deuterium exposure times0, 1, 5 and 10 min
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Figure S30. Mass spectraf doubly charged ias of peptic peptide 15867 obtainedfrom (a)

free andb) ligandbound TcdAA2 at deuterium exposure timeg0, 1, 5 and 10 min
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Figure S31. Mass spectra dfiply charged ias of peptic peptide 18B98 obtainedirom (a) free

and(b) ligandbound TcdAA2 at deuterium exposure timeg0, 1, 5 and 10 min
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Figure S32. Mass spectra afingy charged ios of peptic peptide 192807 obtainedfrom (a)

free andb) ligandbound TcdAA2 at deuterium exposure timeg0, 1, 5 and 10 min
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Figure S33. Mass spectra of doubly chargedsoof peptic peptide 2682500btainedfrom (a)

free andb) ligandbound TcdAA2 at deuterium exposure timeg0, 1, 5 and 10 min
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Figure S34. HDX kineticsmeasured fopeptides produced from CERblue) and (CTB+

5GM1-0s) (red).
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Figure S36. HDX kineticsmeasured fopeptides produced frofcdA-A2 (blue) and(TcdA-A2
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71



Table S1.Results ofSt u d etests ofp D vialuesmeasuredat 1, 5 and 10 minfpr free CTB

andthe (CTBs + 5GM1-0s) complex.

peptide DD; ? P value

1-7 1.2+1.1 4x10°
4-15 3.8+ 0.4 1x 108
17-96 0.2+ 07 4x 10
2331 0.1+ 01 1 x 10°
97.28 44+0.1 3 x 101
38.48 0.0+£1.1 9x 10t
A1.55 35+0.2 3 % 107
4966 4.6£0.5 7 x 107
5772 11203 1x 10°
67-76 0.1+ 01 6 x 10°
73.79 0.0+ 01 3x 10%
80-103 39+0.6 4 x 10°
8394 3505 4% 10°
99103 0.0£05 2% 10%

a. Absolute error calculated by prop#ga of erorsfrom 6individual measurements.
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Table S2.Results ofSt u d e-testsofgpD valuesmeasuredat 1, 5 and 10 minjor free

Stx1Bs andthe (Stx1Bs + 15Pk) complex

peptide pDb? P value

1-20 0.7+0.2 8 x 10°
12-20 0.6+0.1 1x 10°
20.31 0.1+0.1 3x 107
3040 0.7+0.1 2x10*
40.48 0.2+0.1 2x10°
52.66 0.6 + 03 2x10*
6569 0.3+0.1 1x 10°

a. Absolute error calculated by propagatadrerrors from 6 individual measurements.
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Table S3.Results ofSt u d etestsdd (p Dvaluesmeasuredat 1, 5 and 10 mirfpr free TcdA
A2 and(TcdA-A2 + 2CD-grease) complex

peptide PpR* P value
14-30 2218 0.004
31-48 -24+£0.3 0.00002
31-55 -3.9+£0.3 0.000003
56-66 -0.4£04 0.0aL
67-73 0.0x01 0.056
74-83 -0.4 £ 05 0.001
85107 21+ 04 0.00003
96-107 0.8+0.3 0.001
108112 0.0+0.2 0.25
111-120 0.0+x0.1 0.77
117135 -0.6 £0.3 0.003
121-147 12214 0.0
148157 -0.2x01 0.046
158167 -0.4+x01 0.0004
169175 -0.2x05 0.020
176182 03+£04 0.00L
183198 -0.7x05 0.00001
199207 -04+£01 0.001
208225 -1.0£ 01 0.00M9
227-234 04+02 0.00001
235241 0.0+01 0.54
241-249 -0.5x03 0.01
254262 -0.2+0.2 0.03

a. Absolute error calculated by propagatafrerorsfrom 6 individual measurements.
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