Diffusion ofIntrinsically DisorderedCoral AcidRichProteins
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Introduction

Coral acidrich proteins (CARP)f skeletal organic matrix (SOM) are responsiblefor biomineralization —

It IS anticipated that their interactions with calcium cations could determine the crystal form of the | = Folded proteins
skeleton,i.e. that these proteins cancontrol early stagesof crystallisationby drivingthe amorphouscalcium | ® AlexaFluordss
carboniteto calcite or aragonitecrystalnuclel Little is known about suchproteins at the molecularlevel
Only four CARFSOMhave been cloned and partially characterised Here we show expression purification
and hydrodynamiccharacterisatiorof two new CARPSOM ,an N-terminal part of secretedacidicprotein 1A
and asparticand glutamicacidrich protein, discoveredrecentlyin Acroporamillepora[1], a modelorganism
to study environmentalchangesin the oceansdue to global climatewarming At issueis how to analyse
diffusion of suchbiopolymersto observechangesan the Stokesradiusupon interactionswith calciumions.
Theclassicapolymerformalismis basedon the number of units in the polymer[2], which is applicablefor ,

denaturedproteinsin the random coil form [3] and proteins with well-defined 3D structures[4]. However, T 20 30 40 5o co 70 ' 000 2000 3000 4000
Intrinsically disordered proteins (IDPs)have more intricate characteristicshence a sequencedependent VY3 (D) Number of amino acid residues

model for IDPswas also proposed|[4]. The goal of our study is to analyzehydrodynamicpropertiesof the Figure 6. The FCSresults Lineardependence  Figure7. Estimatedexperimentalhydrodynamicradii of CARPgcyan

CARP# the absenceand presenceof C&* by meansof fluorescencecorrelationspectroscopy of 1/D vs MY3, CARP®utlie the 99% CI (grey square$ and standard proteins (black square$ represented
areg of the standard line. CARPs are asa function of the biopolymerlength. Both classedollow the power

characterizedby smaller diffusion coeffcients ~ function [2] Ry = RN* but with different coefficients R, and 1.
as comparedto folded proteins of the same Previouslydescribedmodels[4] (grey hollow figureg could not be

COraIAC|d-R|Ch PrOtelnS (CAR PF molarmass applied to describe CARPglue to limited range of these models

(indicatedby two verticallines)
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N-terminal secreted acidic protein 185AP 1A) Aspartic and glutamic aculich protein (AGARP)

Effectof C& on CARMIffusion

We investigatedhow the diffusiontimes
of N-terminal SAP 1A changein time
OmM Ca* 0mM C&* upon addition of calcium ions. Our
' ' negative control In this case was
lysozymewhich diffusion time did not
changeunder the influence of calcium
lons (Figure 8, left panel) Whereas,
g ; starting from 7 minutes of incubation
T e w00 w0 w0 o 1w Of N-terminal SAP1A  with C&*, the

Negativecontrol - lysozyme N-terminal SAP 1A
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Figurel. Bestexamplemodelsof possible3D structuresof the A. milleporaN-terminal secretedacidicprotein 1A (SAP1A) Lag Time (s Lag Tirme (5 diffusi | g by th
and Asparticand glutamicacidrich protein (AGARP)redictedab initio with QUARKS] and LOMETS[6], respectivelyBoth & M Gt & M G2+ usion processsiows down Dy three
of theseproteinsareintrinsicallydisordered . orders of magnitude on the lag time
pl 3 4 5 6 7 Table 1 Parameters of CARPs used in this study. “l 4.5 min N ol Sc_ale after_ 10 minutes of incubation
I | | I | - Molar - . : ' (Figure8, right panel)
e Brotein mass ~ oxtinction lsoelectric oo . \ : FCS measurements revealed that
130 His-SUMO-AGARP @mo)  Toedhn PO atpHs ’ N-terminal SAP 1A at a nanomolar
% '_?‘ BSA N-terminal SAP 1A 15856 * 3.4 63 lj \ s >~ | concentrationin the presenceof calcium
5 AGARP d HisSUMON-terminal SAP 12 29 263 1490 4.0 -58 [PIPR T Lglgm (}10 0t 10 A LaglcT’?me “ et dgns at 5 mM appearsin the form of
Figure 2522D IEFSDSPAGEof CARPshowingtheir ﬁZASEzAOAGARP ji 322 22 ggg ji 125 j 5 6 min | | 5.5 min different individuals with —apparent
| . Wi | . : . : ; e . L .
IO\?vuisoeIectricpoint in the rangeof 3 to 4. ° *N-terminal SAP 1Arotein sequence does not contain any aromatic residue | diffusiontimes S 10° times greaterthan

that for the monomeric protein. Since
this Interaction occur at nanomolar

N-terminal SAPLA \ concentrationghey mustbe specific

GLPLPLKNENAIV DGDGTSVVTTKDASTIF ERDPNPANQVSAMVTGVIENGP GESDESVENVDNDGEGGKDDIKNGEDNDLDNKEHEEEK®  ED ¢ acidicaminoacidresidues P P T "o % we e w1 e  Thisindicates that N-terminal SAP1A
Lag Time (s Lag Time (s) . . . .
DIRGDEEEDBEGONDSNONEGD DDDDDSEDDVDESGAEDDDDSED e Histag | 9 | : aggregationis mediated by the calcium

HisSUMON-t inal SAP1IA : - ; - . : : i
> p—— YXX ¢ SUMG 7.5min s | 7min - jonsand happensduringthe diffusion of
MGSSHHHHESGLVPRGSHM SEVNQEAKPEVKPEVEPHINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKROGKEMDSLRELYDGIRIQADQT C ag . ; .

] ' particles through the confocal volume,

PEDLDMEDNDIIEAHRES (GLPLPLKNENAIV DGDG TSV TTH DASTIF ERDPNPANQVSAMVTGMIENGPGESDESVENVONDGEG GKD
DIKNGEDNDL DNKEHE EEK GDDIR@DEEEDBEGONDSNDNEGD DDDDDSEDDIVDESGAEDDDDSE XXX ¢ folded part of the SUMGQtag _ _
which we observe in the form of
distortions of the autocorrelationcurve
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Asparticand glutamicacid-rich protein
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AGARP : iy : i )
S A N B e ——In millisecondtime scale (Figure8, right
SPLRNRFKLHDEFSKDOMARESFDTEEMYNAFLNRBSSESQLE DHLLSHAKPLY) CFFPKDT SPDDDEBYWIESRND DG YOLAKRKR G D E A YD CFD EVD CRAD DEG ARDVD ESDFE E DKL PAE EESKNDVDEETFEDE 10° 10° 10 10° 10? 10" 10° 10° 10° 10* 10° 10° 10" 10° i
PEE CKE EARE EFAE D ERAD ERE D DIADFDFND EEDEDEDNKAESDIFTP EDFAGV S EAMDNFRDCNEE EY ADESD DEAE ECSE ETADCFE D [IPE DESDETFRDEVE D ESE EN Y D DTEEG SEIKQNDET E EQPEKK FDADKEH Lag Time (s) Lag Time (s) panel,8.5 mln).
EDAPEPLKEKLSDESKARADESDK SEDAAKEIK EPEDAVEDFEDGAKV S DEAEL L DDEAEL SDDEAEL SKDEAEQS S EAEK SE DKAEK SE DFAEL SE DEAK QS DEAEK AE DAAGKESNDEGKKREDEAVK SKGIARD ESEF : 32 . - ..
30
AKAKKSNLALKRENRPLAKGLRSAAHLROFPSEKKSKOAAQGNENEL DY FKRNAFASKDAEPYEFDK . 9 min §§ g8.5min We were able to observe individual
24 _
HisSUMGAGARP s 55 ] processesof CARPaggregation upon
MGSSHHHHESA VPRGSHBIDSEVNQEAKPEVKPEVEPHINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEABRSPLRNRFEDHDEFSKDOMARESFDTE % *g i; INnteraction Wlth Ca|C|um 1I0NS ShOWﬂ N
EMYNAFLNRBSSESQLEDHLLSHAKPLY) DFFPKDTSPDDDESYWIESRND DG YDLAKRKRG WD E A YD CFDEVD CRAD D EG ARDVD ESDF E E D IKLP AE E ESKNDVD E ETFE DEPE ELKE EARE EFAE DERADERE DDIAD S © 15 ] Ei 9 h . diffusi
FDFNDEEDEDNMDNKAESDIFTP EDFAGV$ EAMDNFRDCNE EEY ADESDDFAE ECSE ETAD CFEDPE D ESDETFRDEVE DESEENY @ DT E EG SEIKQND ET EEQPEKK FDADKEHE DAPEPLKEK L SD ESKARA DESDK SE g Igurey ascC angmgapparent ITusion
6
DAAKEIK EPEDAVEDFEDGAKV % DEAEL L DDEAELSDDEAEL SKDEAEQS S EAEK SE DK AEK SEDFAEL SE DEAK QS DEAEK AE DAAGKESND EGKKREDEAVK SKGIAR ESEFAKAKKSNLALKRENRPLAKGLESAA a : : :
HLRDFPSEKK SKDAAQGNENEL DY FKRNAFASKDAEP YEFDK 104 —————— e times for every Smgle measurementin
00wttt 0t w0t ottt e ettt the confocal volume This CARFC&*
: : . . _ e
Figure3. Sequencesf proteinsusedin this study[1]. Bl e Tme it G be involvedin th |
3 8.0 2 : .
10.5 min 75 = 10 min INteractionsmay pe invoivedin the early
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N-terminal SAP1A and AGARPwere cloned for the first time. The = e s R ol G | el s Time 20 o °o o
oroteinsin fusionwith the SUMGtag providinghigherexpressionvere = .. - e Figure 8. Autocorrelation curves (ACs) of lysozyme (left panel) and g 9,0 ®
5 i - i B N-terminal SAP1A (right panel) obtained in the FCSexperimentbefore <, = LI A B
purified by histidine ¢ nickel affinity chromatography Processof =« gnt p . ° P 0o L. .
removinaHis SUMOfraamentis describedn Eiqured cantion - (0 mM C&*) and after (5 mM C&") calciumaddition. ACswere measured A
9 J 9 P o = after a giventime of incubation (shownin the upper left corner of each Incubation time (min)
Figure 4. Enzymaticdigestion of HisSUMGN-terminal SAP1A (left panel)and | = Q graph) Thick vertical lines indicate diffusion times of proteins Figure9. The dependenceof incubationtime
HisSUMGAGARP(right panel) SUMGfused proteins (before cleavage)were o in caseof lysozymeand N-terminal SAP1A till 5.5 min of incubationand with C&* on the (apparent)diffusion times of

apparentdiffusiontimesfor N-terminal SAPLA after 7 and more minutesof lysozyme(black squares)and N-terminal SAP

enzymaticallydigestedby specificSUMGQprotease(after cleavage and purified by o )
iIncubation Thinverticalline denotesthe diffusiontime of AlexaFluor488. 1A (hollow circles)

Ni-chromatographyto removeHisSUMO(after nickel column) 184 Mﬁ‘;ﬁ

FluorescenceCorrelation Spectroscopy Conclusions

Hydrodynamicproperties of CARPsnd reference proteins (lysozyme,BSAand apoferritin) labelled with . We clgned a_nd characterizgdfor the first time two new coral acidrich proteins (CARPslrom skeletal
Alexa Fluor 488 NHS ester (Figure 5) has been studied with FluorescenceCorrelation Spectroscopy organicmatrix of Acroporamillepora

Measurementswere performed on Axio ObserverLSM 780 Zeissinverted confocal microscope(40x/1.2 . Theseproteins have smaller diffusion coefficients and greater hydrodynamic radii as comparedto
water immersionlens)with a ConfoCoB kit for FCSneasurementsvith MBS488beamsplitter anda BP495 folded proteins of the same molar mass Our FCSresults discern unambiguouslythe intrinsically
555 filter. Eachdrop hadthe volumeof 25° Landthe temperatureof Tx 23 JC Thediffusiontimes, [ and disorderedfrom folded proteinsin a broadrangeof molecularmasses

then the diffusion coefficients D for each protein were determined based on 150 measurements The
hydrodynamicradii R, for the CARPsvere calculatedfrom the StokesEinsteinrelation, assumingthe T/A
valuewas constantand equalfor all sampledrops,and canbe estimatedfrom the measurementsione for
standardproteinsof knownR, valueg|[7]:

By meansof FCSwe candirectly observethe specific CARHnteractions with calciumions resultingin
formation of aggregateshat canleadto earlystages of protein-drivenbiomineralizaton.
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