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Abstract

The application of liquid sample desorption electrospray ionization spesrometry ljquid
sample DESMS) for quantifying proteircarbohydrate interactionsh vitro is described.
Association constantfor the interactions between lysozyna@md b-D-GIcNAc-( 1 Y-B-D-
GlcNAc-( 1 Y-B-GIcNAc andb-D-GIcNAc-(1f  4)-b-D-GIcNAc-(1f 4)-b-D-GIcNAc-(1f 4)-
D-GIcNAc, andbetweena single chain antibodgnd U-D-Galp-(1f 2)-[U-D-Abep-(1f 3)]-U-D-
Manp-OCH; and b-D-Glcp-(1f 2)-[U-D-Abep-(1f 3)]-U-D-Manp-OCH; measuredising liquid
sample DESMS were found to be in good agreement with values measured by isothermal
titration calorimetryand thedirect ESIMS assay The reference protein method, which was
originally developed to correct E®&lass spectra for the occurrence of nonspecific ligaotein
binding, was shown to reliably corrdijuid sample DESinass spectra for nonspecific binding.
The suitability ofliquid sample DESMS for quantitative binding measurements carried out
using solutions containing high concentrationstbé nonvolatile biological bufferphosphate
buffered saline RBS was also exploredBinding of lysozymeto b-D-GIcNAc-( 1 Y-B-[p-
GIcNAc-( 1 Y-BJGIcNAc in agqueous solutions containingp to 1X PBS was successful
monitored usindiquid sample DESMS; with ESFMS the binding measurements were limited

to concentrations less thaf.02X PBS.



Introduction

Non-covalent interactions betweenofeins andcarbohydratesn the surfaces of celpresentas

either part of membrane glycoproteins or glycolipids, are involvednany normal and
pathological cellular processescluding catalysis signaling and molecular recognitiqa)].
Studies of protektamohydrate interactions vitro canprovide fundamental insights inthese
important processeand guidethe development of diagnostics and therapeutics for a variety of
infections and diseasehae exist a number of analytical methods for the detectiod
characterization oproteincarbohydrate interactionsor example, glycan microarrays are now
commonly used to screen libraries of carbohydrates for specific interactions with pfaieins
while isothermal titration calorimetry (ITJB], surface plasmon resonance (SPH)), huclear
magnetic resonance (NMRpectroscopy5] and enzymdinked immunosorbent assays (ELISA)

[6] are extensively used to quantify the thermodynamics (and in some instances the kinetics) of
proteincarbohydrate binding. In recent years, electrospray ionization mass spectrometry (ESI
MS) hasemerged aa powerfulmethod for detecting proteitarbohydrateomplexes in solution

and measuring thefafities of the interactions/t18§].

In the direct ESMS binding assaythe proteinligand binding equilibrium is determined
by quantifying the relative abuadces of théree andigand-boundproteinions in the gas phase
[11-13]. The measurements are fast and can oftertompleted within a few minutes, the
amount of sample consumed is low, typically picomoles of protein and t@ampicomoles of
ligand, andthere is no requirement fdabeling or additional @gents which makes the assay
very versatile. Moreover, the direct ERIS assayis the only techniquéhat directly measures
binding stoichiometry This feature is particularlgeneficialto the study oproteincarbohydrate

interactions,as many carbohydratbinding proteins are composed of multiple subunits and



possess multiple ligand binding sitdfie ESIMS assay alsaffords the opportunity to measure,
simultaneously, the binding of multiple, distinligands, and is, therefore, well suited to
carbohydrate library screenintg].

A drawback of theESFMS assay, which is typically carried out using aqueous
ammonium acetate solutioffs9d], is that itsuffers from generaincompatibility with nonvolate
Aphysi ol ogi c a |pkospbatefbiffered sgline $PBSitfate, AHIEPES andris-HCI.
Such buffers areften needed to keep the protein stablesolutionand to minimize protein
aggregation 20]. Severalstrategies have been proposed to alE8+-MS analysis of solutions
containing physiological buffers at relevant concentrations, including the use of high
concentrations chmmonium acetate?]] or carrying out ESI in the presenceahigh velocity
gas P2]. A possiblealternative approachmvolves separatinghe sample from the ESI process
through the use afesorption electrospray ionizatigPESI) [23-25] or liquid sampleDESI [26-
29]. In liquid sample DESMS, the liquid sample is ionized througbllisions with charged
droplets producetdy ESI[26, 27, 30]. The ESI solution is typically a mixture of water and an
organic solvent, such as acetonitrilenoethanol[28]. Despite this|iquid sample DEShas been
shownto producemultiply chargedyaseousons of proteins and necovalent praéin complexes
without inducingsignificant unfolding of theprotein[28]. A variation of liquid sample DESI
known as reactivéiquid sample DESIwas recentlydescribed andisedto screena library of
compounds for specific binding to a target protein emdquantify the interaction22f]. In this
approachthe ligandsareintroduced ¢onsecutivelyjnto theESI spray solvent, rather than to the
samplesolution, which contained the target protein. The advantageaativeliquid sample

DESIis thatthe premixing of protein with ligandsan beavoided R7].



The goal of the present study was to assess the reliabilityuod sample DESfor the
guantification of proteircarbohydrate binding in aqueous ammonium acetate solutionthand
tolerance of assay to tlpresence nonvolatilbuffers The dfinities of tri- and tetrasaccharide
ligands for lysozyméLyz), a glycosyl hydrolase, and a single chain variable fragiiseft) of
a monoclonal antibodyere measured Hiquid sample DISI-MS and the results compared with
those measured using ITdahdthe direct ESMS assa)[31-33]. The suitability ofiquid sample
DESKMS for quantitative binding measurements carried out using solutions containing high
concentrations dPBSwas also exgred. Binding measurementgere performean solutions of
Lyz and a trisaccharide ligand in varying concentrations of PBStle results compared to
those obtained usind@C andESIMS.

Experimental Section

Materials

Ubiquitin (Ubg, MW 85& Da), lysozyme(from chicken eggvhite, Lyz, MW 14310 Da)and
maltotriose L1, MW 504.44 Da) were purchased from Sigidrich Canada (Oakville, Canada)
and 4D-GIcNAc-( 1 Y-B-D-GIcNAc-( 1 Y-B-GIcNAc (L2, MW 627.59 Da and b-D-
GIcNAc-(1f 4)-b-D-GIcNAc-(1f 4)-b-D-GIcNAc-(1f 4)-D-GIcNAc (L3, MW 830.27 Da
were purchasedrom Dextra Science and Technology Centre (United Kingdom). Siihngle
chain variable fragment of Sel554 (scFvy MW 26539 Da was produced and purified as
described previously3g, 35 and U-D-Galp-(1f 2)-[U-D-Abep-(1f 3)]-U-D-Manp-OCH; (L4,
MW 486.50 Da)and b-D-Glcp-(1f 2)-[U-D-Abep-(1f 3)]-UD-Manp-OCHs (L5, MW 486.50
Da) were gifts from Prof. D. Bundle (University of Albert&tock slutions ofeachprotein(in
50 mM ammonium acetateand oligosaccharideif deionized watgrwere preparedand stored

at 1 2ril nded@dA 10X PBS stock solutiofiNaCl (1.37 M), KCI (27 mM), NgHPO; (0.1



M) and KH,PO, (18 mM), pH 7.4 was prepared andstored at4 °C until needed Sample
solutions forESF andliquid sample DESMS analysiswere prepared fronthe stock solutions
of protein andoligosaccharide. Unless otherwise indicated, sample solutions contained 20
mM ammonium acetateln a limited number of experiment$BS was added, at the
concentrations indicated

Apparatus

Mass Spectrometry

All of theESF andliquid sample DESMS measurementsere carried ouin positive ion mode
using a Synapt G2 quadrupets mobility separatiortime-of-flight (Q-IMS-TOF) mass
spectrometer (Waters UK Ltd., Manchester,)@§uipped witha 8k quadrupole mass filteAll
data were processed using MassLynx softwedel]. For the ESIMS measurements, nanoflow
ESI (nanoESItips, produced fom borosilicate capillaries (1.0 mm o.d., 0.68 mm aadpulled

to ~5 um using a 2000micropipette puller (Sutter Instruments, Novato,, C/SA), were used
A platinum wire was inserted into the nanoESI tip ar@apillary voltage of 1.0 1.3 kV was
appliedto initiate the sprayA Cone voltage o8B0 V was used and the source block temperature
was maintained a0 °C. The Trap and Transfer ion guidesvere maintained & V and 2V,
respectively, and thargon pressurin these regionsas2.22 x 10* mbar and 3.36 x I®mbarr,
respectively.For theliquid sample DESMS measurements, a modifigsdMNI SPRAY lon
Sources D 0S6205 (Prosolia Inc. Indianapolis IN, USA) was used The lIquid sample
solution wagleliveredthrougha silicacapillary (360 nmo.d., 100 nm i.d.at a flow rateof 5-10
uL h™* using a syringe pumpChemyx Syringe Pumps Fusion 100, Chemyx Inc, Stafford, TX,
USA). The end of th silica capillary wagositionedbetweenthe ESI tip and inletof the mass

spectrometerThe ESI solution flow ratewas betweer2 and4 pL min™. Capillary and Cone



voltages 0f3.0- 3.5 kV and30 V, respectively, were usethd he pressure of thé&l; nebulizing
gas was60 - 70 psi. The ®urce block temperature wake same as for the ESIS
measurements.

Prior to carrying out theliquid sample DESMS proteircarbohydrate binding
measurements, several different spray solvent compositions were tested (deionized water, 20
mM ammonium acetate, 50/50 v/v water/methanol, 20/80 v/v water/acaeon80/50 v/v
water/acetonitrile and 80/20 v/v water/acetonitrifey the analysis of aqueous ammonium
acetatesolutions ofLyz or scFy, the two model carbohydratending proteins used in this study
Ultimately, it was found that a 50/50 water/acetaleitsolution gave masspsctra withthe
highest signato-noise ratie. Shown in Figure S1 (Supplementary Information) are
representativdiquid sample DESImass spectra acquired in positive ion mode for aqueous
ammonium acetate (20 mM) solutions contagltyz (10 uM) or scFv (10 puM). It can be seen
thatliquid sample DESMS produced abundant signadrresponuhg to the protonated ions of
Lyz (Figure Sla) and scFv (Figure S1b). A 50/50 water/acetonitrile solutiowas used as the
spraysolvent forall of theliquid sample DESMS bindingmeasurements reported in this study.
Isothermal Titration Calorimetry
The ITC measurements were carriedt using avP-ITC (MicroCal, Inc. USA). For each ITC
experimentthe Lyz solution(0.1- 0.2 mM)in thesample celivas titratedwith a solution oflL2
or L3 (2 mM); both the protein and ligand solutions wagieous ammonium acetg& mM,
pH 6.8)or PBS (1% pH 7.4) at 25 °C.

Data Analysis
The general procedure for determining association congtagtsor proteintligand interactions

from ESI mass spectra has been described in detail elseahgrenly a brief description is



given for the case where the protein has single ligand bindin@186, 37]. The assay relies
on the detection and quantificatiofn the gasphase ions ofree and liganébound protein. The
concentratiorratio (R) of the ligandbound proteir{PL) to free proteinP)in solutionis taken to
be equal to the tal abundanceAb) of P andPL ionsasmeasured by ESVS, eq 1.It follows

thatK, can be calculateflom eq 2:

_ A ApPL) [PL].,

-a 1
aAxP) [H. @
R
K, =F——mM8M 2
1+R

where [P} and [L], arethe initial protein and ligand concentrations, respectively.

It was shown previously that during the ESI processfree L can form so-called
nonspecific complexes witRP (and specific PL complexe¥ as theESI droplets evaporate to
drynesq36,37]. The extent of nonspecifigandbinding is sensitivéo the concentration of free
L and, consequently, is more prevalent when maaglow affinity interactions becausegh L
concentrationsre neededo producedetectableconcentrations ofhe PL complexs[37]. The
formation of nonspecificPL interactionschanges to theneasuredabundancesf the P and PL
ions and, thereby introduceserror into theR and K, values.The eference protein method was
developedo quantitatively correct ESI mass spectra for nonspecific bindrg The method
involves the addition ofeference protein (B), which does not interact with P or L, tbet
solution. The presence of mepecific binding is establisheffom the appearance of ions
corresponding t®s bound to one or more molecules of L, ,iRelx complexesAs described
in detail elsewhere, the contribution of nonspecific binding to dpparent(measured)

abundances d? (Ab,p(P)) and PL(Absp(PL)) can beaccounted fousingeqs 3a and 3b



Ab(P)= Ab, (P )/ f, (3a)

Ab(RL™) ={ A, (PL™) - f; AD(P")}/ £, (3b)

wherefyis thefractionof free P andf; the fraction of® bound nonspecifically to ormaolecule of
L. These fractions can letermined from the measuraundances of free adidand-bound
forms ofPs, €gs 4a andb:
fo = Ab(Rer ) [{AD(Rer) + Ab(RerL)} (4a)
f1 = AD(Rerl) /{AD(Rer) + AD(RerL )} (4b)

To test the reliability of the reference protein method for corrediquad sample DESI
mass spectra for the occurrence of nonspecific carbohypir@teinbinding control experiments
were carried oubn solutions containing gair of protein§Lyz and Ubg andL1, which does not
bind to either protein in solutiof81, 32]. Shown in Figurel are liquid sample DESImass
spectraacquired in positive ion mode for aqueous 20 mM ammonium acetate sslotiogz
(10 M) andUbqg (10 M) andL1 at concentration of5nM (Figure 1a or 40 nM (Figure 1h.

It can be seen that, in addition to the protonated ions of Lyz (at charge states +6 to +9) and Ubq
(at charge states +4 to +6), ions corresponding to nonspecific complexdslvath evident at

both concentrations. Shown in the insets of Figures 1a and 1b are the normalinddncesf

Lyz and Ubq in their free and bound (t@) forms. Notably, the distributions of both proteins
areidentical, within experimental error, at both concentratidnislo These results confirm that

the extent of naspecific carbohydratebinding during theliquid sample DESIprocessis the
samefor the two proteinsand further, suppors the use of the reference protein method for
correctingliquid sample DESimass spetra for nonspecific carbohydrapgotein binding.

Results andDiscussion



To test the reliability of liquid sample DESMS for quantifying proteincarbohydrate
interactions,the affinities of the tri and tetrassachride ligands2 and L3 for Lyz, and the
trisaccharide ligands4 andL5 for scFv were measured@he affinities ofL4 andL5 for scFv
were previously measured in this laboratory using the directMSsassay and found to be2X
10° M [38] and (5.0 + 1.0x 10° M1 [39], respectively The affinities ofL2 and L3 for Lyz
have been measured usseyeraldifferentbiophysical technique®alues of1.1 x 10° M (L2)
and18x 1M (L3)wer e obt ai ned -hasedassylp QuantitatvecESNS e
studies have also beearried out Oldham and coworkers measured affinities &x.10° M™
(L2) and 1.2 x 10> M (L3) [31], while Zenobi and coworkers found somewhat lower values
(ranging from 2x 10 M to 5 x 10* M) for L2 [33]. Given therange ofthe reportedaluesfor
L2, the affinities ofL2 andL3 for Lyz in aqueous ammonium acetad® (nM, pH 6.8and 25°C)
were measured usif@C, which iswidely regarded as thgold standard method faquantifying
the thermodynamics ofproteincarbohydrateinteractions Shown in Figures S2 and S3
(Supplementary Information) are theav and integrateti’C datameasured fobinding of Lyz to
L2 andL3, respectively According to the best fit of a 1:1 binding model to th€ datg the
affinities of L2 andL3 for Lyz are 0.0+ 0.3)x 10* M™* and(1.1 + 0.1) x 10° M}, respectively.
These results are in good agreemendbasediassdy t he
[40] and those reported by Oldham and cowork8ts [

Binding of Lyz td-2 andL3

The affinities of L2 andL3 for Lyz in aqueous ammonium aceta®® MMM, pH 6.8 and 25 °C)
were measured at three different ligand concentratiddisown in Figures2a and 2c are

representativéiquid sample DESmassspectra acquired for solutions of Ly¥0 nM) with L2

(15 mM) or L3 (15 mM), respectively. Ubg (3rM), which served as &, was added to both

10



solutions.For comparison purposes, ESI magectra were also acquired for these solutions
(Figures ® and 2d). From Figuse2a and 2¢ it can be seen théiguid sample DEI produces
ions corresponding tdree Lyz and ligandbound Lyz (i.e., thglLyz + L2) or (Lyz + L3)
complexes) at charge statess to +8, as well akee Ubq at charge states4 and 6. lon signal
corresponding tahe nonspecific (Ubg 4.2) or (Ubg +L3) complexeswas negligible Similar
results were obtained for solutions containir@gor L3 at two other concentrationsn® and 10

nM (data not shown)The K, values representing the average of the values obtayddajuid
sample DESMS at the three ligand concentrations, @r@®+ 0.1) x 10° M (L2) and(9.9+ 0.6)

x 10* M (L3) (Table 1) The ESI mass spectra obtaifedagqueous ammonium acetate (20 mM)
solutions of Lyz(10 nM), Ubqg (5nM), andL2 (15 nM) or L3 (15 nM) (Figures ® and 24
respectively are qualitatively similar to théiquid sample DESImass spectra, althoughe
average charge staté&C9 of Lyz areslightly higherthan thoseobserved withiquid sample
DESI (ACS6.98 (Figure 2a), 7.43 (Figure 2b), 7.02 (Figue®, Z.98 (Figure 2d) The lower
ACSvaluesmeasured withiquid sample DESMS may be due to a subtle enhancement in the
extent of proton transfer from the protein ions to acetonitrithe gas phasé\cetonitile has a
relatively low gas phase basici¥78.8 kcal mol™), compared to ammonid957 kcal mol®)
[4]], but is present at a high concentration in the spray solv8r@ 1) and is expected to be
presentat relatively high concentrati@in the spraydroplets The resulting acetonitrile vapour
could affectproton transfer from the gaseous Lyz ioBapport for this explanation can be found
in an observed decrease ACS measured for Lyz when carrying out ESI in the presence of
acetonitrile vapoufdata not showna phenomenoalso observed by Oldham and coworkei [4
45]. TheaverageK, valuesobtained by ESMS atthe three ligan@doncentrationgare(8.0+ 0.5)

x 10 M (L 2) and(6.3+ 0.5) x 10° M™ (L 3) (Table 1) Notably, the absolute affinitieneasured

11



by liquid sample DESMS for L2 andL3 agree within a factor of 2 with the values determined
from the ESFMS measurementdMore importantly, thdiquid sample DESMS values are in
excellent agreement with tladfinitiesdeterminedy ITC.

Binding of scFv ta.4 andL5

The affinities ofL4 andL5 for scFvin aqgueous ammonium acetag® (MM, pH 6.8 and 25 °C)
were also measured at three different ligand concentrati@mown in Figures3a and3c are
representativéiquid sample DESmass spectra acquiréar solutions of scF{10 nM) with L4

(15 mM) or L5 (40 mM), respectively. Lyz (51M), which served as R, was added to both
solutions. For comparison purposes, B%ss spectra were also acquired for these solutions
(Figures3b and 3d). In Figures 3aand 3¢ ion signal corresponding farotonatedree scFv and
the(scFv+ L4) or (scFv+ L5) complexes at charge states +8 to +H3, well adree Lyz and the
(Lyz + L4) or (Lyz + L5) complexs at charge statest to +9 is evident The appearance ain
signal for the(Lyz + L4) and (Lyz+ L5) complexes indicates the occurrence of nonspecific
carbohydratgrotein binding during ion formation. Similar results were otgdifor solutionst
two other concentrationsf L4 (5 and 10nM) andL5 (20 and 30nM). Following corectionof

the mass spectra for nonspecific binding, avetégealuesof (7.6 + 0.1) x 10* M (L4) and
(5.7 + 0.2) x 10" M (L5) were determineqTable 1). The ESI mass spectmeasured for
solutions of scF(10 nM), Lyz (5 nM) with L4 (15 nM) or L5 (40 nM) (Figures ® and 3d
respectively are similar to theorrespondindiquid sample DESmass spectréFigures & and
3c). However, the extent of nonspecific binding is less in the case of EBlkere was no
significant signal corresponding to the nonspecifigyd + L4) complexand significantly less
(Lyz + L5) detected.The reduced occurrence of nonspecificding may be due to themsll

droplets produced with the nanoESI tipsmpared to thos®rmedin liquid sample DES[42].

12



The smallernanoESIdropletswill contain fewer ligandmolecules and, thereforproduceless
nonspecific binding compared to the larger ESoplets used fotiquid sample DESMS.
Following correction for nonspecific ligand binding, the affinitied. dfandL5 are found to be
6.6+ 0.3)x 10 Mt and(5.0+ 0.1) x 10° M™, respectively. Importantly, theffinities measured
by liquid sampleDESFMS for L4 andL5 are in goodagreenentwith the valuesdetermined
using the direct ESMS assay.

Taken together, the results obtainfd these model carbohydrate itding proteins
demonstratethat absoluteaffinities for proteincarbohydrate interacths can be accurately
guantifiedusingliquid sample DESMS. These findingsurther indicate that the lifetime of the
ESI dropletshat produce gaseous protein iomsliquid sample DESMS are sufficiently short
thatneither the presence of a high concentration of organic solvent in the ESI spray solution, nor
the inevitablailution of the sampléprotein and ligand3olution by the solvent spray resiil a
measurablshft in the binding equilibrium
Comparison ofiquid sample DESMS and reactivéiquid sample DESMS
It is also interesting to compare the affindfL2 for Lyz measuredy liquid sample DESMS
with the valuedeterminedby Loo and coworkersising reactiveliquid sample DESMS [27].
Notably, he value measured usingeactiveliquid sample DESMS, 5.9 x 10° M, is eighteen
times smaller than the value determineg liquid sample DESMS (and ITC). It has been
suggestedhat the short timeavailable forprotein and ligand mixing in reactivejuid sample
DESI (estimated to b&2 ms) might beinsufficient for equilibration of the binding reactip43].
To help rule out other alternative explanations, in particular the possibility efauarce
dissociation reactiveliquid sample DESMS was carried in the present study to measure the

affinity of L2 for Lyz. Theexperimental and instrumental conditions were identical to those used
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for the liquid sample DESImeasurements described above, with the exceptionLthatas
absentin the sample @ution but present in the spray solver8hown in Figure S5
(Supplementaryinformation) is a representativeeactive liquid sample DESImass speaim
acquiredfor an agueous ammonium acetate (20 mM) solutidoyaf(10 M) and Ubq(5 nM);
the spray solvanwas a 50/50 water/acetonitrile solutioontainingL2 (50 nM). lon signal
corresponding tgrotonated and sodiatdd® monomer, dimer and trimewvas detected, along
with protonatedons ofLyz and (Lyz+ L2), at charge states +6 to #)dUbq and (Ubgt+ L2),
at charge state +4ollowing correction for nonspecific carbohydrgetein binding, theK,
valuewasdeterminedo be(7.9+ 0.4) x 10* M}, whichis similar to thevaluereported by Loo
and coworkers47]. Given that the instrumental condition®reidentical to those used for the
liquid sample DESMS measurements, it can be concludleat the lower affinity is notlue to
artifacts associated with instrumental conditions, such -asurce dissociation of the protein
carbohydrate complexe$hisfinding furthersupports the suggestion that the lower affinifyris
fact, a kinetic artifact owing to the insufficient time in the droplets forgreteinligand binding
equilibriumto be establishef®Q].

Toleranceof liquid sample DESMSto nonvolatile salts

The nfluence ofnonvolatile saltson the performance diquid sample DESMS for protein
carbohydrate binding measuremewgs assessed bihroughbinding measuremeniserformed
onLyz andL2 in aqueous solutionsontainingvarying concentrations of PBShown in Figure
da-4c are representativequid sample DESImass spectracquired foraqueous solutions of
ammonium acetat€20 mM), Lyz (40 mM), L2 (30 nM) and0.1X PBS 0.5X PBS or1X PBS.
For comparison purposes, BE@hss spectra were also acquired for these solutions (Figives 4

4f). At PBS concentrations up to 1X, abundant signal corresponding to protonated ions of Lyz
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and (Lyz + L2) at charge states7 to +9was detected. However, adducts corresponding to the
attadment of N& NaCl, K" and KClwere also evident and their abundances increased with
increasing PBS concentratiofhe K, valuesdetermined at each PBS concentration (aré +
0.1) x 10 M (0.1X), (5.0+ 0.2) x 10" M (0.5X) and(4.1+ 0.2) x 10 M* (1X). The value at
0.1X PBS is similar to the one measurecdgueous ammonium acetg® mM), however, the
values at the higher PBS concentrations are about a factor of two sialailar phenomenon
was reported by Oldham and coworkeso proposedthat alkali metal ions may destabilize
Lyz-ligand complexes ithe gas phase Bl. To establish whether the lower valuegasured at
higher PBS concentrations were reflective of an actual decrease in affinity, ITC was used to
measure Kin a solution of 1XPBS (Figure S4Supplementary InformationNotably, the ITC
derived value of&.4 + 0.2) x 10" M confirmed that the interaction betwek@ and Lyz is
slightly weakened at high PBS concentrations, although the magnitude of the efiettais
pronounced as suggested by tigpuid sample DESMS measurementdNevertheless, the
affinity measured bYiquid sample DESMS for the 1X solutioragreeswithin a factor of two of
the ITC value, indicating thaliquid sample DESMS can be used tguantify protein
carbohydrate interactions in solutions containietatively high concentrations of nonvolatile
salts. The situation is very different in the casethdd ESI mass specttawhich reveal the
presence osignificant nonspecificadducts(Figures 41-4f). In fact, even for the0.1X PBS
solution it was not possible tpositivelyidentify ions corresponding to thgyz + L2) complex,
making it inpossible to quantify thbinding interaction Further investigation revealed that the
direct ESIMS binding measurements were restricted to B&&entrations of less thaf.02X.

The differences in the appearances oflitpgid sample DEShnd ESI masspectra can be

rationalized by considering the differences in the initial composition of theedsapl each case.
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In the ESFMS experimentsthe initial droplets will contain concentrations of buffer that are
similar tothat found in bulk solution, with somegchment in cations (Naand K') expected as

a result of the applied electric fie]d9]. As a result of solvent evaporation, #encentration of
buffer components the droplets will further increaseith the highest concentrations found in
the offspring dropletproduced late in the ESI procd49]. In contrastin liquid sample DESI

MS, the initial ESI droplets are devoid of buffer and contain only water and acetonitrile. It is
only through collisions with the sample solution that buffer components are transferred to the
ESI droplets. Consequentlthe overallconcentration of PBS ithe dropletsof liquid sample
DESIthat lead to the formation of gaseous protein isrexpected to be significantly lower than

in the case othe directESFMS measurements

Conclusions

In summary,the application ofliquid sample DESMS for quantifying proteincarbohydrate
interactions in aqueous solutioissdescribedNotably, the affinitiesof tri- and tetrasaccharide
ligands for Lyz and scFv measureding liquid sample DESMS are found to be in good
agreement with values measuredIb¢ and the diect ESIMS assaylt is also found that the
reference protein method, which wasginally developed to correct ESI mass spectra for the
occurrence of nonspecific ligandotein binding,can be used teorrectliquid sample DESI
mass spectra for nonspecitiarbohydratéinding. Thetoleranceof liquid sample DESMS for
guantitative binding measurements carried out using solutions containing high concentfations
PBSwas also exploredl'he binding betweenLyz and a trisacchari@ ligandwas successfully
measured withiquid sample DESMS at concentrations up X PBS In contrastdirect ESF

MS binding measurements were limitedPBSconcentrations less tha0.02X PBS.
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Table 1 Comparison of association constants)(Keasured byiquid sample DESMS, ES}
MS and ITC forthe interaction®f L2 andL3 with Lyz andL4 andL5 with scFv in aqueous

ammonum acetate solutions at p8and 25 °C.

Protein Ligand K (liquid sample DESMS)/MT K, (ESFMS)/M™ Ka(ITC)YM™

Lyz L2 (1.02 01)! 10° (8.02 0.5} 10"  (9.02 03)! 10*
Lyz L3 (9.9 0.6) 10° (6.32 0.5} 10 (1.1= 01)' 10
scFv L4 (762 0.1)! 10 (6('?; :0'3f05)1b04
scFv L5 (5.72 0.2} 10° (5.00 0.1)! 10°

a. Errors correspond tme standard deviatioh. Valuetaken fromref. 38.
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Figure captions
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Representativequid sample DESiass spectra acquired in positive ion mode for
agueous ammonium acetate (20 mM, @Band 25 °C) solutions containing Ubq
(10 uM), Lyz (10 pM) andL1 at (a) 15 pM or (b) 40 uM concentrations. The ESI
spraysolutionwas 50/50 water/acetonitrile
Representative (a), (Gpuid sample DESand (b), (d) ESI mass spectra acquired
in positive ion mode for aqueous ammonium acetate (20 mMs.8lEnd 25 °C)
solutions containing.yz (10 uM), L2 (15 pM) and Ubq(5 pM) ((a) and (b))or
Lyz (10 uM), L3 (15 uM) and Ubq(5 uM) ((c) and (d)) For theliquid sample
DESFMS measurementthe ESI praysolutionwas 50/50 water/acetonitrile
Representative (a), (tguid sample DESand (b), (d) ESI mass spectra acquired
in positive ion mode for agous ammonium acetate (20 mM, 8 and 25 °C)
solutions containingcFv (10 uM), L4 (15 uM) and Lyz(5 pM) ((a) and (b)) or
scFv (10 uM), L5 (40 uM) and Lyz(5 uM) ((c) and (d)) For theliquid sample
DESFMS measurementte ESI praysolutionwas 50/® water/acetonitrile
Representative (a), (b) and (©uid sample DEShnd (e), (f) and (g) ESI mass
spectra acquired for aqueous solutions {p#and 25 °C) containing Ly@0 uM)
andL2 (30 uM) in 20 mM ammonium acetate andl®.PBS ((a) and ¢)), 0.5X
PBS ((b) and €)) and X PBS ((c) andf(). For theliquid sample DESMS

measurementshe ESI praysolutionwas 50/50 water/acetonitrile
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Figure S1. Representativiquid sample DESimass spectra guired in positive ion mode for
agueous ammonium acetate (20 mM) solutions containing (a) Lyz (10 uM), and
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Figure S2.
ITC data measured for the bindinglofz (0.087 mM)to L2 (2.0 mM) inaqueous

ammonium acetat&) mM, pH 6.8 and 25 °C) solutions
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Figure S3.  ITC data measured for the bindinglofz (0.202mM) to L 3 (2.0 mM) inaqueous

ammonium acetat&) mM, pH 6.8 and 25 °C) solutions
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