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Abstract

Saposin A (SapA) lipoprotein discs, also known &gtiscs (PDs), represent an attractive
methodto solubilize glycolipidsfor protein interaction studies in aqueous solutiBecent
electrospray ionization mass spectrometry (ES) data suggest that the size and composition
of 1-palmitoyl2-oleoylsnglycera3-phosphocholine(POPCjcontaining PDsat neutral pH
differs from those ofN,N-dimethyldodecylamin&-oxide determined by Xay crystallography
Using high resolution ESMS, multrangle laser light scattering (MALLS) and molecular
dynamics (MD)simulations the compositionheterogesity and structureof POPCGPDs in
agueous ammonium acetate soluti@spH 4.8 and6.8 were investigated The ESIMS and
MALLS data revealed that POPRDs consist predominantly ofSapA dimer +iPOPC)
complexeswith i = 23to 29, and have an average molecular weight (MW) of 38.2 + 3.3dtDa
pH 4.8 In contrast,in freshly prepared solutionsat pH 6.8 POPCPDs are composed
predominantlyof (SapA tetramer +POPC) complexewith i = 37 to 60Q with an average MW
of 68.0 + 2.7 kDaHowever, thgSapA tetramer +POPC) complexeare unstable at neutral pH
andconvert overa period ohours to (SapA trimer HPOPC) complexes, witih= 29 to 36 with

an average MW of 51.1 £ 2.9 kD@he results of molecular modelling suggsgheroidal
structures for th¢SapA dimer HPOPC), (SapA trimer #POPC) andSapA tetramer H+POPC)
complexes n solution. Comparison ofmeasuredc ol | i si on cr oss section
calculated forgaseous $apA dimer + 26POPE&) (SapA trimer + 33POPEY and (SapA
tetramer + 42POP&Y ions produced from modelling suggests that fudution structures are
largely preserved in the gas phasdthough the lipids do not maintain regular bilayer

orientations.



Introduction
Protein interactions with lgcolipids (GLs) present in the plasma membrane represent an
important class of recognition events that are implicated in a wide variety of cellular processes,
including celtcell adhesion, signalling, immune response and pathogen infé¢tigithough
the biologi@l importance of proteirGL binding is well established, the identification tbe
functional GL receptors for many proteins, including bacterial and viral lectamg] the
characterizatiorf these interactionis challenging.The detection of proteirGL interactions is
commonly performed usingechniques such as enzwingked immunosorbent assay (ELISA),
surface plasmon resonan@PR)spectroscopythin-layer chromatograph§LC) with immunc
overlay ormicroarrays of naturalkpccurring or synthetic GL3° A potential limitationof these
surfacebased approaches is tipabteiri GL binding may be affected by the nature of $heface
coupling (immobilzation), GL density, the loss of mobilityand the orientation of the
carbohydratenoiety in theémmobilized GLs’

An alternative strategio probe proteinGL interactionss to present the GLs in a lipid
environment. A number of different model membranes have been used for such purposes

including supported lipid bilayers, liposomes, micelles antbdiscs (NDsf **

Recently,the

use of saposin A (SapApntaining discs to solubilize GLs and present them for protein binding
studieswas reported®'® These binding studies werarried out using the catandrelease
electrospray ionizatiomassspectrometry(CarESFMS) assay*** Saposin A a sphingolipid
activator protein involved in the transport and degradation of galactosylceramide by lysosomal
hydrolases?” * is a small fnolecular weight (MW)~9 kDa) alpha helical protein that, upon

incubation with detergent or lipid, sedssembles into didike structures® These SapA dis¢s

which are also referred to as picodiscs (PBisare some structural similarities wkibs (which



are ~150 kDa watesoluble discoidal (diameter ~10 nmphospholipid bilayers surrounded by
two copies of an amphipathic membrane scaffold protein (WMSByt arereported to bemaller
in physical size anMW." According to a reported crystal structure (PDB ID: 4ddj), SapA discs
of N,N-dimethyldodecylamin&-oxide (LDAO) are composed of two SapA and forty detergent
molecules (twentfour and sixteen LDAO per leaflet), with a MW ~27 kBdn the presence of
liposomesof the phospholipid-palmitoyl-2-oleoylsn-glycerc3-phosphocholinédPOPGC Figure
S1, Supporting Informationat pH 4.8, which is the expectg@t within lysosomesdiscs with
hydrodynamic radii of ~3.2 nm, MWs of 3% kDa (determined by size exclusion
chromatography (SECHnd a 5:1 rto of lipid/SapAhave been detected

Picodiscshave been shown to be attractive alternatives to NDs for the presentation of
GLs for protein binding studiein vitro, particularly for low affinity interactions®*® For
example, theveakinteraction((0.27 + 0.08) x 1dM™)* betweernthe B subunit homopentamer
of shiga toxin type 1 anc known cellular receptor the globotriaosylceramideGb3 was
successfully detected usigSFMS and Gbacontaining PDsbut not withNDs*? Given the
significantrole that PDs are likely telay in the discovery and characterization of prot&ih
interactions, there is a clear need to accurately establish the size and compositiorP&idipid
aqueous solution$® Here we describe theresults of a detailedinvestigation into the
composition, heterogeneityand structure ofPOPGcontaining PDs in agueous ammonium
acetate solutions at pM.8 and6.8 using high resolution ESVS, multrangle laser light
scattering (MALLS) and molecular dynamics (MD) simulatio@sllision cross sectionsy()
were also determined froron mobility separation (IMS)neasurement® assess the structures

of PD ions in the gas phase.



Experimental Section

Proteins, Lipids and Detergent

Saposin A(SapA whichwas produced asvo major isoformavith MWs 8 918 Da and MW 9
049 Da) was expressed and purified as previously describ€gtochrome ¢ from equine heart
(Cyt, MW 12 384 Da), transthyretin from human plasma (TTR, MW 56 kDa), and avidin from
chicken egg white (Avidin, MW64 kDa) which were used toonstructthe g calibration curve

for IMS measurementsvere purchased from Siga#ddrich Canada (Oakville, Canad&gtock
solutiors of Cyt, TTR and Avidinin 200 mM aqueous ammonium acetatere prepared by
dissolvinga knownmass of proteinAll stock solutions were stored &20 °C until neededThe
phospholipidPOPC(MW 760.08 Da) was purchased from Avanti Polar Lipids Inc. (Alabaster,
AL).

Picodisc Preparation

Picodiscs were prepared as previously describdtiefly, POPC (dissolved in chloroform)
alone was dried under nitrogen, and placed in a vacuum desiccator overnight to form a lipid film.
Thelipid film was thendiluted in 50 mM sodium acetate and 150 rablium chloridgpH 4.8)

to form liposomes by sonication ardO freeze/thaw cycle®icodiscformation was initiated by

the addition of SapA protejat a 1:10 molar ratio of SapA total lipid, followed by incubation

at 37 °C for 45 minFinally, PDs were purified using a Superdex 75 10/300 size exclusion
column(GE Healthcare Bkbciences, Uppsala, Sweden) equilibrate80nrmM sodium acetate
and 150 mMsodium chloridgpH 4.8). The PD fractions were pooled, concentrated and buffer
exchanged into 200 mMigueousammonium acetate (pH 6.8PDs were concentrated to

approximately 150 uM and stored at room temperaiati used



Mass Spectrometry

Mass spectrometry measuremewntsre performed oran Exactive Plus(with extended mass
range) OrbitrapFouriertransform (FT)mass spectrometer (Thermo FasiScientific,Bremen,
Germany}"*® and a Synapt G2$uadrupoleon mobility separatioiime-of-flight (Q-IMS-
TOF) mass spectrometer (Waters, Manchester, UK). Both instruments egeipped with
nanoflow ESI (nanoESI) sourseA brief overview of the instrumental conidihs used is given
below.

Exactive PlusOrbitrap. NanoESI, at a flow rate of about2luL h* using 4 umid GlassTip
Emitters (New Objective, Woburn, MA), was used to spray agueous ammonium acetate (200
mM) solutions of PDs (5M). The @pillary voltagewas set to 1.8V; ions formed by andESI
were sampledhrough a stainless steel capillary (ion transfer tube) maintained 4C2&@ an
S-Lens stacked ring ion guide with an applied-&H#plitude (peako-peak) of 200V. lons then
travel through a trap®rt multipole and enter the HCD cell where they were stored at a high
pressure before they were returned to th&ra@. This feature allows efficient trapping and
desolvation of large protein ions and dramatically improves sensitivity. Transients dieteote
processed using enhanced Fourier transformation'{§F®dr converting theime domaininto
frequencydomain and then intom/z values®® Data was analyzed using xcaliB&2.2. No
additional data processing (smoothing) was perforr@gebctral deconvolution was performed
with the UniDeé® deconvolution algorithnand a detailed description is given as Supporting
Information.

Synapt G2Borosilicate capillaries (1.0 mm o.d., 0.68 mm i.d.) were pulldaouse using a-P
1000 micropipettguller (Sutter Instruments, Novato, CA.voltage of ~1.0 kV was applied to

a platinum wire was inserted into the nanoESI tip. A source temperature of 60 °C and a cone



voltage 30 V were used. Argon was used in the Trap and Transfer ion guides at podsauies

x 102 mbar and 2.84 x I®mbar, respectively, and the Trap and Transfer voltages were 5 V and
2 V, respectivelyTo dissociate PDs, tha/zregion corresponding to PD ions were selected by
guadrupole mass filter and subjectectadlision-induced dissociation (CIDin the Trap region
usinga series of collision energies fromVsto 100V. For IMS, a wave height of 40 V and a
wave velocity of 1000 m™swere applied along with a helium and nitrogen (IMS gas) gas flow
of 50 and 60 mL min, respectively All data was processed using MassLynx softwedel] in
combination with Driftscop&2.5.

Collision Cross Section Analysis

The q of the gaseous PD ionwere determined from thiS measurementssing a protocol
described elsewhefé? Briefly, the relationship betwedtrift times (o) andq was est abl i ¢
by analyzingcalibrant proteinsGyt, TTR and Avidi) with knownq (in N2) under the same
experimental conditionsA detailed descriptionof the procedureis given asSupporting
Information.

SizeExclusion Chromatography/Multi-Angle Laser Light Scattering (SEGMALLS)

Picodiscsin 200 mM aqueousammonium acetatepd 4.8 orpH 6.8) were injected into a
SuperosB! 12 HR 10/30 columnwhich was equilibratedisingthe sameaqueous ammonium
acetate solutionPicodisc elutionwas detected via refractive index using arline Optilab
rEX™ differential refractive index detectand DAWN EOS MALLS, which includes both
MALLS and QuastElastic Light Scattering @ELS) detectors (Wyatt Technologies, Santa
Barbara, CA). The combinddALLS-QELS can measure simultaneously radius of gyratyn (
from 10500 nm)hydrodynamiaadius Ry, from 1-500 nm)andMW. However for PDs theRy

was below the angular variation detection limit of 10 nm, so 8lgnd MW were obtained.



Data were processed using ASTRA versidhdl4software. Average values of the MW aRgl
for PDs were calculated form data collected over the elution peakMiWdpredictions were
normalized to a BSA standard.

Molecular Dynamic (MD) Simulations

MD simulations were performed diour different POPCcontaining PDsi (SapA dimer +
10POPC), (SapA dimer + 26PORC3apA trimer + 33POPGnd (SapA tetramer + 42POPC)
Initial conformations for MD Figure $4) were generated in ChiméfaisingSapA coordinates
from Popovicet al (PDB ID: 4ddj)™ and various®OPC bilayers generated using the membrane
plugin for VMD.2*?°> The SapA proteins were manuapiacedaround each bilayer to allow for
minimal close contastand minimal extra vacuum spad@itial coordinates are included as
Supporting Information The MD simulationswere performedn aqueous solutioand the gas
phase for all foursystems using the AMBR1Z° software packageSimulations in aqueous
solution were run in boxes of TIP3Rvater using the PMEMD modkiin AMBER12 for 50 ns
under NPT conditions at 1 atm and 300 K. The solutioroffuior nonbonding interactions was
8 A. The gasphase MD simulations were run using the SANDER module in AMBER12Gor
ns at 300 K, with cubff for nonborling interactions set to 999 A. For the gémsecomplexes
each SapA protein was at a +4 charge state.pDiséive charges were placesvenly over the
surface of theprotein with R68, K19, K33, and K40 protonated. The remaining lysine residues
(K8, K48, and K63)were neutral, as were all aspartic acid and glutamic acid residibes
equilibrated structures from soluti@mulatons wereused aghe initial structures for the gas
phase simulation® detailed descriptiof the parametersised for the simulations given as
Supporting Information.

Results and Discussion



a. Composition and size of POP&PDs

To probe thecomposition and polydpersity of POPCGPDs in acidic and neutradolutiors, ESFH

MS measurements were carried agingbothTo~MS (Synapt G2pandFT-MS (Exactive Plus
Orbitrap. Shown inFigure 1 areepresentativ&SI mass spectra acquiréa positive moddor
aqueoussolutiors of POPGPD in 200 mM agueousammoniumacetateat pH 4.8or pH 6.8,
measured usinghe Synapt mass spectrometdihe mass spectrum shown kigure lawas
acquiredfor a freshly prepareacidic H 4.8 solution containing1l0 uM PD (the PD stock
solution was diluted from 150 uNb a final concentration of 10 pM in the 200 m&dueous
ammonium acetaje Signal corresponding tprotonatedPOPC and SapA monomer ions was
detectedas well asa broadfeaturecented atm/z~350Q which could notbe fully resolved All

ions withm/z>2500wereselectedusing thequadrupolanass filter angimultaneouslyubjeced

to CID in the Trap regiorusinga moderate 50 V) collision energy Collisional activation,
which caused theOPGPDs signal to be distributed over a broader range/a¥alues (with a

shift towards highem/2, resulted in peaks that were partially resolved. The peak identities were
made based on the theoretical and measowvdalues (Table S1, Supportingfémmation). It
should be noted that the SapA used to produce the PDs consists of two major isoforms (Figure
S2). Consequently, the SapA dimer exists at three distinct MWSs, corresponding to two
homodimers and one heterodimer, while the SapA trimer existaiaMWSs, corresponding to

two homotrimers and two heterotrimefsalysis of the mass spectrum revealed the presence of
protonated ions dPOPC, SapA monomeand the (SapA monomeriPOPC) compleas where

i =1 to 3 at charge states +3 to +6apA dimer andhe (SapA dimer +POPC) compless
wherei = 1 to4, at charge state4 to +5, and the (SapA dimer HPOPC) complegs wherei =

23 to 28,at charge state +6 to +@&ndthe SapA trimer an@SapA trimer HPOPC)complexes



wherei = 1 to 2, at charge states6fFigure 1b).The presence of POPigbund SapA dimeis
consistent with the crystal structure reportedfBrAO-PDs prepared at acidic pflHowever,
the presencef free and POP®ound SpaA trimer ions suggss$hat at leastsome fradbn of
thePOPCPDsat pH 4.8exist as SapArimersor larger multimersMeasurements carried out on
the same solution as described abhdwet following incubation for 3 h at room temperature
revealed no significant differencéSigures 1c and1d, TableS2, Supporting InformatignThis
finding suggests that theOPCGPDs speciesre kinetically stable(over the timescale of the
measurements) at acidic pH

Measurements analogous to those described above were carriecaouesmy prepared
neutral pH 6.8) aqueous ammonium aceta@ution containing 10 uM PD Kigure ¥). In
addition to ggnal corresponding terotonatedions of POPC and SapA monoméro broad
features centred an/z~4000 and ~4300 were observedCID (collision energy of 50 V in the
Trap) performed on ions witlm/z>3500resulted in the appearance BOPC, SapA monomer
and the (SapA monomer iPOPC) complex, where= 1 to 4 at charge states +3 to +tibe
(SapA trimer +iPOPC) ionswherei = 19 to 29, at charge states7+o +8 and/orthe (SapA
tetramer HPOPC) ionswherei = 37 to 45, at charge states {EFigure X, Table S3, Supporting
Information). Notably, there was no evidence of ions correspondir®pfmA dimer geither on its
own or bound to POPCThese results suggesiat the POP&Ds do not exist as SapA dimegr
neutral pHand, instead ¢ 0 n t a copies Gf3SapAMeasurements performed on this same
solution but following incubation for 3 hat room temperature revealsdbtle changes in the
relative abundance of éhtwo broad features noted above (Figure 1g). Moreover, CID produced
POPC, SapA monomer and the (SapA monomé&GPC) complex, where= 1 to 3 at charge

states +3 to +6, anBapA trimer ions bound t@number of POPC, i.e(SapA trimer HPOPC)
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ions,wherei = 20to 28, at charge states/+o +8 and/or(SapA trimer HPOPC) ionswherei =
27 to 35, at charge states {Bigure 1h Table S4, Supporting InformatipnThese results
suggest thatupon dilution,the composition of th€ OPCPDsin neutral solutiorchangs with
time, whereby tetrameric POFRDs convert to trimer.

In order tomore precisely establish theompositionand degree olieterogeneityf the
POPCPDsunder acidic and neutral conditigrisgh resolution ESMS analysis waperformed
using FT-MS. Shown in Figure 2a is a representative ESI mass spectrum acquigedréshly
prepared200 mM aqueous ammonium acetate solution, at pH 4.8, containing 5 uM PD; the mass
spectrum shown in Figure 2d was acquired after 3 h at roopetature. An expanded view of
the m/z 440071 5800 portios of the two mass spectra is given in Figure 2b and Figure 2e,
respectivelyln both Figure 2and Figure 8, the POPCdimerion was detectechlong withtwo
distributions of ions corresponding 8apA dimer +POPC)complexeswherei = 23 to 29, at
charge states +7 to +&hown in Figure 2c and Figure 2f are the zelnarge mass spectra
corresponding to the mass spectral data shown in Figure 2a and Figure 2d, respectively. In
addition to the dominantSapA dimer +iPOPC) speciesyith i = 23 to 29 andh weighted
average MWof 38.2 + 3.3 kDathere is evidence @maller(SapA dimer +POPC) complexes
with i = 12 to 20,(SapA trimer +iPOPC)complexeswith i = 32 to 37, andSapA tetramer +
iPOPC)complexeswith i = 48 to 60.The zerecharge mass spectrum shown in Figure 2f,
acquired after 3 h of incubation, revealed a similar distributiospeties This observation
which is consistent ith results obtained by TeMS, suggests that the distribution of POPD
species remains relatively constant over time at acidic pH.

High resolution ESI mass spectaaquired for a 200 mM aqueous ammonium acetate

solution(pH 6.8 of 5 uM PD POPGPDs acquired immediately after preparation and after 3 h
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incubation are shown in Figures 3a and 3d, respectivekpandedsiews of the regim of the
mass specircontaining signal for the POPRDs are given in Figure 3im(z62007 7800 and
Figure 3e n/z 420071 6000, respectively. The corresponding zettarge mass spectra are
shown in Figure 3c and Figure 3f, respectively. Analysis ofhthss spectral datuggestshat,
for the freshly prepared neutral solutipitOPGPDs exist predominantly aéSapA tetramer +
iIPOPC)complexeswith i = 37 to 47andan averagdMW of 68.0 £ 2.7 kDa(SapA tetramer +
iIPOPC)complexeswith i = 55 to60 werealso detected but at low abundangéer incubation
for 3 h, there is an obvious change in the distribution of P@RCGpecie$ a significant fraction
of the (SapA tetramer #POPC)complexesappears to have transformed (®apA trimer +
iIPOPC) complexes, witlh= 29 to 36 anén averag®lW of 51.1 + 2.9 kDgFigure 3f)

The size and MWs of the POPRPRDs in neutral and acidic solutions/ere also
investigatedusingMALLS coupledwith SEC Shown in FigureS3 arethe chromatogramsnd
correspondindW distributiors acquired for200 mM agueous ammonium acetate solutians
pH 4.8 (FigureS3) or 6.8 (Figur&s3d), containing225 uM POPGPDs It can be seen that, at
acidic pH,the POPGPDs have MWs ranging fronapproximately35 kDato 50 kDa with an
averageMW of 40.9 + 1.6kDa Theseresuls areconsistent with thevalues (3545 kDa)
estimated for POP®Ds based on SEC measuremént3f more significance, the average MW
determined by MALLS is in good agreement with ttedue detenined byESIMS (38.2 + 3.3
kDa). It can also be seen frothe MALLS data that POP@®Ds are more heterogeneous and
span a much wider range of MWs (approximately 50 kDa to 90 &Dsgutral pH and havean
averageMW of 73.7 = 0.4kDa. This average MWs in goodagreement with thealue of 68.0 £
2.7 kDadetermined byESFMS performedon the freshly prepared POHRD solution. It can be

concluded, therefore, that neutral pH, POP®Ds exist predominantly gSapA tetramer +
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iIPOPC)complexes As described above, the EBIS data suggest that tH{€apA tetramer +
iIPOPC)complexesare unstableat neutral pHand over a period of hours;onvertto (SapA
trimer +iPOPC) complexedn addition to providing insight into the MWs of the POPOs, the
MALLS data also providein estimate oR,. According to the measured data, the PGS
have an Rof 31.0+ 1.5 A at acidic pHandan R, of 39.0+ 0.2 A at neutral pH The value
measured at pH 4.8 agrees with thev&ue (2.5 A) reported previously’
b. Structures of POPGPDs in solution
A series of MDsimulations were performaulith the goal of estimating thelutionstructures of
the different POP@D species identified by E®S and MALLS. The simulations were carried
out with four differentspecesi (SapA dimer +10POPC) (SapA dimer + 26POPC)SapA
trimer + 33POPC)and (SapA tetramer 42POPC) The initial structure of thgSapA dimer +
10POPC)complex was based on theeported model for POREDs (Figure S4).™ Initial
structures for thetherthree complexes, which are among the most danihspecies detected by
ESEMS, were builtby manually arranging SapA proteins around a bilayer of PBROre $4).
Analysis of the50-ns simulations performed on the hydrated PSS shows that, while the
complexes underga slight compaction,the POPG remain in a bilayetike arrangement
throughout the simulatiofFigure 4). The Ry values ofthe four POPE&PD complexeswere
monitored over thecourse of thesimulation and found to remain relatively constant; with
average valuesf 17.6 + 0.2 A(SapA dimer + 10POPC206 + 0.2A (SapA dimer + 26POPC),
23.3 + 0.3A (SapA trimer + 33POPChnd 26.0 + 0.2 ASapA tetramer + 42POPC)able 1
andFigure %, Supportingnformation.

As described abovdy values for the POP®Ds could not be measured using MALLS

Consequently, a direct comparison of Rgvalues determined from the structures generated
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from modelling with experimental values was not possible Ry/R; ratios, based othe Ry
values calculated for th€SapA dimer + 26POPC) and (SapA tetramer + 42POPC) complexes
and the experimentaljRralues determinedt pH 4.8 and 6.&re 0.66 0.67 (Table 1). These
values are somewhat smaller rihthe theoreticalalue of 0.775expectedfor hard sphere®
However, it is known that core weighting of the density distribstioh sphergsas might be
expected in the case of the PEads toRy/R;, ratios <0.775" Moreover, theratios calculated

for the POP@PDsare similar to values (0.68 0.69) reported forpoly(amidoamine) (PAMAM)
dendrimersof comparableize(e.g Ry = 17.1 A and 26.3 A for generation 4 andB)Vhile the
aforementionedanalysisdoes not enable any conclusions to be drawn regarding the shapes
(structures) of thesolvatedPOPGPDs it does raise the possibility that tti€apA dimer +
iIPOPC),(SapA tetramer iPOPC) and, presumably, (SapA trimerPOPC) complexeadopt
spheroidaktructure, of the type shown in Figurg in solution

c. Structures of POPGPDs in the gas phase

It is also relevant, in the context of the CBRBFMS assay, to ask what happens to the structures
of the POP@PD complexes once they are transferred to the gas phase. As a step towards
answering this questiony v a lofutllesgaseouOPGPD ions producedby ESI were
determinedby measuring theMS drift times and comparing those values with drift times
measured for calibramgrotein ions With knownq v a)l Theecsrrespondingatibration plot,
produced usin@yt, TTR and Avidin is shown in Figure &(Supporting Information) It can be

seen that there ia linear correlation (correlation coefficient {Rof 0.9%) between the drift
times (corrected drift timespnj Jand known q values Shown in FigureS7 are theESI mass
spectra and the correspondi8f IMS heat mapgm/z versus IMS drift timesmeasured for

POPGPD ions produced frorB00 mM ammonium acetate aqueous solutetnsH 4.8 (Figures

14



S7a andS7) or 6.8 (Figures7c andS7d). Theresults shown ifrigureS7a and Figur&7c were
acquiredimmedately afterpreparing the ®PC-PD solutions; those shown Figure S7 and
Figure S7d were acquiredollowing 3 h incubation Listed in Tables S5, S6, S7 (Supporting
Information) areth¢r v al ues f-RDriong determirR®ff@ their corrected diiffhes
(tonj ;nd the calibration cunghown in Figure 6(Supporting Information)

Summarized ifTable2 are the averagé v a of gasepuPOPGPD ions takenover
all compositios andall charge statedt can be seethat as expectedY scaleswith the number
of SapA proteins contained in the PORBD ions.The (SapA dimer HPOPC) complexewith
i=23to29,thed o mi nant species in aci d296+ GBariuThel o n , h
(SapA tetramer +POPC)complexeswith i = 37 to 47, which are dominant in freshly diluted
solution at neutral prth av e an a 48®6e & hner, Whilethé (SapA trimer HPOPC)
complexeswithi =29to B ,whi ch domi nate at | onge37.1+t0i7 me s , h
nn. Shownin Figure 8 (Supporting Informationpre themeasuredy v al ues pl ot t ed
composition(number of POPC) at given charge statesanalsobe seen that, for POPEDs
with the same charge sta¥ i n c ragpexnealy linearlywith the number of POPCs. On
average (considering all POF®D ions),Y i ncr eases b’perROPQr(SEpA0 . 12 n
dimer +iPOPC) iongi = 24 to 29, intrease by0.22 + 0.10 nm? per POPCat charge states
+10 and +11(Table S5, Supportingnformation) for (SapA trimer POPC)ionsY i ncr eases
by 0.25 + 0.14 nm? per POPCat charge state +12 ard.3 (Table &, Supporting Information)
for the (SapA tetramer #POPC)ionsY i n c r @.38st €.51 nni¥ per POPCat charge states
+14 to +17(Table $, Supporting Information)

I n order to interpret the -PDiodsaMDasimalationsi r e d

were performed orhe (SapA dimer + 26POPE) (SapA trimer + 33POPE&Y, and (SapA
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tetramer + 42POP&Y ions All of the POPGPD ions maintain apheroidashape similar to the
solutions structuresthroughout thesimulation, althoughthe lipids do not maintain regular
bilayer orientations, especially on the edges of the lipid pd€kgtires S9 and 3.0, Supporting
Information). The gaseous ionalso tend to beslightly more compact than their solution
counterpartsFor examplethe averagdry for (SapAdimer +26POPCY" and(SapA tetramer +
42POPC)Y* ions are0.7 A smaller than the solution complex#ise (SapAtrimer + 33POPC}*
ion has the samaverageRy within error as the hydrated complefFigures S5 and 31
Supporting Information)Theoretical valug o WereXlsocalculated foraveraged structures of
gaseous?OPGPD complexes over the course of the simulagion The t he ahegasi c al Y
phase (SapA dimer + 26POP&) (SapA trimer + 33POPE&Y, and (SapA tetramer +
42POPCY® ions are 31.5nn?, 41.8nn, and 49.3nn¥, respectively(Table 2) Notably, these
valuesare within12% of theaveragee x p e r i nvalmesdatérmingd for POP®Ds withthe
samecomposition(29.3 + 0.9 nn?, 374 + 0.6 nm*and49.4+ 0.6 nnY, respectivelyTable 3 and
within 15% of the average valuasall measurecdtompositions (29.5 + 0.6n7, 37.1 + 0.7 nrh
and 48.6 + 1.1 nfp respectively) These resultsuggestthat the calculated structures
particularthose of(SapA dimer + 26POP&)and(SapA tetramer + 42POP), might provide
areasonableepresentation of the structures of B@PCPD ionsin the gas phase

Conclusions

The results othe first detailed investigation into the size and composition of PGP&in
neutral and acidisolution are reportedThe ESIMS and MALLS data acquired at pH 4.8
revealed that POREDs consist predominantly ¢dapA dimer HPOPC) complexesvherei =
23 to 29, and have an average MW of 38.2 + 3.3 kDa and an avefafeSR0+ 1.5 A. In

contrast, data acquired at pHBGevealed that, in freshly prepared solutions, P@&BS exist
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predominantly agSapA tetramer +POPC) complexesvherei = 37 to 60, and have an average
MW of 68.0 + 2.7 kDa and an average & 39.0+ 0.2 A. It was also found that t{&apA
tetramer +iPOPC) complexesonvert, over a period of hours, {&apA trimer +iPOPC)
complexes, with = 29 to 36 and an average MW of 51.1 + 2.9 kBipresent, thenechanism
underlyingthis conversion process not understoodnd will be the focus of future studyhe
results of molecular modelling suggest spheroidal structures fo{Stg@A dimer +iPOPC),
(SapA trimer +iPOPC) andSapA tetramer +POPC) complexes in solution. Comparison of
experimentally determine¥ wi t h v al u e gaseous [(SapAl dient +e26POPCY,r
(SapA trimer + 33POPE&J" and (SapA tetramer + 42POPE) ions produced from modelling
suggests that the solution structures are largely preserved in the gas phase, tithtyigls do

not maintain regular bilayer orientatioriSnally, it should be noted that the results of thisdy

lay thefoundation forfuture investigations into the structures of-eladed PDs and their use in
protei ni Gmhstudiest er act i
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Table 1. Solution properties of PORED species evaluated by E®5, SECGMALLS, and

MD simulations?

. Average  Measured Average
POPC-PD i MW (kDa)  Rn (A) Re (A) Ry/Rn
(SapA dimer 4POPC) 10 ND ND 17.6 + 0.2 ND

(SapA dimer 4POPC) 2329 382+3.3 31.0+15 206+02 0.66°

409 + 1.6 (i = 26)
(SapA trimer +POPC)  29-36° 51.1+29 ND 23.3+0.3 ND
(i = 33)

(SapA tetramer #POPC)  37-47° 68.0+2.7 39.0+0.F7 26.0+0.2 0.67°
73.7+04 (i=42)
a. ND [ Not determined. bvaluesmeasured by T-MS. c. Values measured by SHZALLS.

d. Values calculated by MD simulatierin solution and averaged over 50 .ns. Ratio of

calculatedryto measured R
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Table 2. Collision cross section( V) o f-PDRs2Eie8rom ESFHIMS-MS measurements

and MD simulations.

Measured Measured C,alculated
Y (nm?) 2P Y (nm?) 2 Y (nm?) ©

(SapA dimer 4POPC)  29.5+0.6(=2329) 29.3+0.9(=26) 31.5 (= 26)

POPC-PD

(SapA trimer HPOPC)  37.1+0.7(=2936) 37.4+0.6{(=33) 41.8{=33)

(SapA tetramer #POPC) 48.6 + 1.1(=37-47) 49.4+0.6(=42) 49.3 { = 42)

a. Values measured by E8MS-MS. b. Values averaged over all measured

compositions. cValue calculated for averaged structure from MD simulations.
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Figure captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

ESI mass spearacquiredby ToFMS in positive ion moddor freshly prepared
200 mM aqueous ammonium acetate solutionB@PGPDs (0 uM) at (a) pH
4.8 or (e) pH 6.8. (b) and €) CID mass specr (50 V in Trap) for the POPCPD
ionsproduced from the solutisrdescribed in (aand €), respectively(c) and (g)
ESI mass spectra acquired fbe solutions described in (a) and (e), respectively,
after 3h incubation (d) and (h)CID mass spectréb0 V in Trap) forPOPCGPD
ionsproduced from the solutions describedaphand (g), respectively

ESI mass spctraacquired byFT-MS in positive ion mode faa 200 mM aqueous
ammonium acetate solution of POPOs & pM) at pH 4.8 (a) immediately after
preparation of the solution aiid) after 3h incubation (b) and (e) Expanded view
of the mass spectra shown in (a) and (d), respectiy@lyand {) Zerocharge
mass spectrum correspondinga) and {), respectively.

ESI mass spect@cquired byFT-MS in positive ion mode faa 200 mM aqueous
ammonium acetate solution of POMRDs & pM) at pH 6.8 (a) immediately after
preparationof the solutionand (d) after 3 h incubation (b) and (e) Expanded
viewes of the mass spectra shown in (a) and (d$pectively. (c) and (f) Zero
charge mass spectrurarcesponding to (a) and (d), respectively.

Averaga structuresof POPGPDs obtainedby MD simulations performedin
solutionover 50 ngSapA showrasblue ribbonand POPGhown as sticks (a)
(SapA dimer + 10POPC) completb) (SapA dimer +26POPC) complex(c)

(SapA trimer + 33POPC) compleand(d) (SapAtetramer+ 42POPC) complex
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a pH 4.8, freshly prepared, MS

e pH 6.8, freshly prepared, MS
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Figure 1
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a pH 4.8, freshly prepared, MS
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Figure 3



