Zincinduced oligomerisation of zinc h2 glycoprotein reveals
multiple fatty acid bindingsites
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Abstract(250 words)(Background, aims, results, conclusions)

Zinca2 glycoprotein (ZAG}¥ an adipokine witha class major histocompatibility compleprotein

fold and isassociated with obesitgnd diabetesAlthough its intrinsic ligand remains umdwn, ZAG
bindsthe dansylated ¢ fatty acid DAUDAI|n the groovebetweenthe al anda2 domains.The

surface ofZAGhas about 15 weak zinc binding sitedeemed responsible forprecipitation from

human plasmaHere the functional significance ahese metal sites was investigatedAnalytical

ultracentrifugationand circular dichroisnshowed thatzinc, but notother divalent metals cause
ZAG tooligomerisein solution ThusZAG dimesand trimerswere observedn the presence of inM

and 2 mM zinc Molecular modelling of Xay scatteringcurves and sedimentation coefficiers

indicateda progressivestacking of ZAG monomers, suggesting the ZAG gnoayebeoccludedin

these Using fluorescencdetected sedimentation velocitythese ZAGzinc oligomers were gain

observed in the presence othe fluorescent boron dipyrromethene fatty acid CsBODIPY.
Huorescencespectroscopyconfirmedthat ZAG binds &BODIPY ZAG binding t&C-BODIPYbut

not to DAUDAwas reducedby increagd zinc concentrationsWe conalide thatthe lipid binding

groove in ZAGcontains at least two distinct fatty acid binding sites DAUDA andC,s-BODIPY
similar to the multiple lipid bindingseen in the structurallyrelated immune protein Gdlc In

addition, kecause high concentrationsf zinc occurin the pancreasthe perturbation of these

multiple lipid bindingsitesby zincmay be significanin Type 2diabeteswhere dysregulation 0ZAG
and zindhomeostasiccurs (247 words)

Summary statement (40 words)inc causesthe adipokineand class | MH{ke protein, zinc a2
glycoprotein(ZAG)to oligomerizein solution Our experimentgeveal the presence of two distinct
fatty acid bindig sites within ZAGf whichoneisabrogatedby oligomer formation(39words)



INTRODUCTION

In 2014 the global presence of diabetewas estimated to be 9% among adyit§. Diabetesis
associated with obesity anidcreases the risk of heart disease, stroke, blindness and kidney failure.
If untreated, he World Health Organisatiopredicts that diabetes will be theeventhleading cause

of death in 203Q1]. The plasma proteiniac-" Hylycoprotein (ZAG) has beassociated witthtype 2
diabetes. ZAGwas first isolated from human plasma in 1961 by precipitation with zinc [RAEAG

is expressed in the pancred8] and secreted from adipcytes defining it as an adipokingt]. The
expression of ZAG in adipocytes iiversely associated with body fat ma$s, 6] Indeed
subcutaneous white fat from type @iabetic patients shows reduced expression of ZAG compared
with healthy control patientg7, 8] ZAG is upregulated in urine frothabetic patients[9, 10] and
contains a norsynonymous single nucleotide polymorphism rs4215 associated with olpg$jt§2]

ZAG alsparticipates in lipolysis and the control of body fat mgés 13} treatment o ob / ob mice

with ZAG resulted in an increase in pancreatic insulin and a reduction in plasma glldpse
Meanwhile incubationof human primary skeletal muscle with ZAG caused an increase in the
expression of glucose transporter typeadd activation of AMPK, r@gulator of energy metabolism
[15]. Despite these cellular observations, tmeolecular function of ZAG has remained elusive.
Determiningthe molecularmechanismof ZAG is important not only in understandihgw body fat
massis controlled but also in uncoverinthe biochemical basisf its contribution to the pathology

of type 2 diabetes

The protein structure oZAGexhibitsa class | major histocompatibility complex (MHC) protein fold
with two U helicesthat define a groove16]. However, ZAG igdistinct from other MHCimmune
proteinsin three aspects: (iZAGis soluble, rather than being anchored to plasma membra(igs;
ZAGassociates with prolactimducible proteinrather thanb,-microglobulin[17], and (iii) ZAGbinds
small hydrophobic ligands rather thaamtigent peptides inits U- helical groove [18]. Unlike the
classic MHC proteinshe binding groovein ZAGcontains onecharged reglue Arg73 but is
otherwise lined byhydrophobic residueq16]. In keeping with this observation, sHgirected
mutagenesis and fluorescence measurements revealed that ZAG binds polyunsaturated fatty acids
with uM affinity in its groove[19]. The actual ligand occupying the ZAG groioveivohas yet to be
discoveredand will be crucial to understanding themolecularmechanism oZAG To initiate this
analysiswe have showrthat ZAG contains one tightljound zinc ion, predicted tbind close toits
groove, plus approximately 15w~eak zinc binding sitesn the protein surfacd20]. The weak zinc
binding sitesare deemed responsible fahe precipitation ofZAGfrom plasmd?2].

Here we analysethe relationship of zinc binding toAL with its presumed lipiebinding function
using a combination ofbiophysicalapproacles Usinganalytical ultracentrifugationAUC) small
angle Xray scattering (SAX@nd circular dichroism(CD)to monitor the oligomerisationand
conformationof ZAGwe show that the weak zinc binding sites are speoifily for zing and not for
other bivalent metalsand zinccauses ZAG toselfassociateo form oligomess. The use oBAXSnd
AUCmolecularmodelling showed that the oligomers form via a stacking meigmarwhich occludes
the ZAG grooveTheuse of a fluorescerdabelled fatty acidpermitted a recentlydeveloped method
termed fluorescentdetected AUCAUCFD$ to followthe binding ofa fluoresceriabelled fatty acid
CisBODIPY to ZAGyhich further revealed that zincalso promotes oligomerisation of the (-
BODIPY:ZAG compl@&luorescencespectroscopydemonstratedthat ZAG binds the fluorescent fatty
acid GsBODIPY in a hydrophobic environmdyut that the binding of G-BODIPY to ZA®as
abrogatedwith increasing zinc concentrationl contrastthe binding ofthe fluorescentdansylated
Cfatty acid, DAUDAto ZAGwasnot affectedby additions ofzinc We show for the first time that
the ZAG groove contaimaultiple fatty acid binding sitesand disass the functional significance of
this outcome.



EXPERIMENTAL

Purification of ZAGin the presence of divalent metals

Starting from gpET23a clone containing humadAG ZAGwas purified from inclusion bodies usifig
M guanidine hydrochloridg20]. Denatured ZAG wagadually added to 1 refolding bufferat 4°C.
Vivaspin centrifugal concentratorMI(VCO 1(kDa;Sartoriug were used to concentratthe refolded
ZAG solution to =nl. ZAG was dialyzed overnigigaing 1 L of 10mM Hepes137mM NaCl, pH 7.4
(Hepes bufferpat 4°C with three buffer changeZAG was further purified usirlgGE Superdex 200
sizeexclusion chromatography column equilibrated with Hepedsfer at a flow rate of 2ml/min.
Fractions corresporidg to the ZAG elution peak were collectsiad itspurity was confirmed bythe
observation ofa single band on 15% SDS PAGE corresponding to tiea3ZAG proteif20]. The
concentration of ZAG was determined ug#n spectrophotometerPerkin Elmer Lambda 35) with a
theoretical molecular mass of 278 Da and extinction coefficient @1,071Mcm™calculated from
the amino acid contenf21]. The proteinwas used immediately in experimentdnalyticalsize
exclusbn chromatographywas performed using a Superdex 75 gel filtration column equilibrated
with Hepesbuffer on its own orwith 2 mM of ametal chloride, pH 7.4, at a flow rate of Gv8/min.
100 L of 6.2uM ZAG was injected onto the column in the absence predence of 2nM metal
chlorides. Individual samples were run in duplicate. Native PAGE was performed -2€i%g Mini
PROTEAN Precast Gels {Bal).

Dynamic light scattering (DLS)

Dynamic light scatteringexperiments weranadewith a Zetasizer Nan@ange instrument (Malvern).
Sterile filtered ZAG (22 a 0 A Y buffeBnaiStdrated with increasing concentrations of zinc and
barium chloridesfollowed bythe addition of excess EDTA. Samples were measured in triplicate
using 10mm path length cuvetteat 25°Cand assuming@ buffer viscosity of 1.0300 cp.

Circular dichroism (CD)
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of metal chloridegbarium, calcium, manganese, cobalt, nickedd zing. The UV absorbance and

Wy §+NI /5 & LISweie Nikasufed usitig 1D mm path length cuvettdn a wavelength
range betweern230-400nm. The WFI N® / 5 fZASwene Méasured using 0.5mm path

length cuvettein a wavelength range betweet90-260 nm. The CD instrument was flushed
continuously with nitrogen gas and all spectra were recorded using a 1 nm spectral bandwidth, 1 nm
step size and a 1.5 s instrumtetime-per-point. All measurements were mada 23°C using 6.gM

ZAG and metabn solutions in 10mM Hepes, pH 7.4A tuffer baseline was subtracted from each
samplespectrumprior to correction for the effectof dilution.

Analytical ultracentrifugaton (AUC)and fluorescence detected AUC (ABOS)

AUC experiments were performed using two-IXBeckmarCoulter instruments equipped with
An50Ti rotors, usingelocity cells with twesectoraluminium centrepiecsat rotor speeds of 50,000
rpm at 20°C. Segtientation velocity experiments were performed with 6.2 pM ZAG in Hepéer
which was titrated with zinc or barium chloride at concentrations of 0 mM, 0.5 mM, 1.0 mM and 2
mM metal, and with 7.5 mM EDTA. The buffer density for each sample was deterosired an
Anton Paar DMA 500density meter. SEDFIT software (version 14.6) was used to analyse the
absorbance data recorded at 280 nm. The Lamm equation was directly fitted to everipdhbindary

scan of a total of 150 scans in order to obtain the sig&idution analysi€(s)that provided thes,g,,

and mass values. Th¢s)analyses were based on a fixed resolution of,20Bimum and maximum
sedimentation coefficients (& and S Of 0.5 S and 15 S respectivedyfrictional ratio of 1.2 a
meniscis of 6.2 cm the bottom of the cellsetat 7.2 cm aconfidence levelRratio) of 0.95 apartial
specific volume 00.730ml/g, andbuffer viscosity ofL..02369cp (theoretical value calculated using
SEDNTERP softwdf?]). The baseline, meniscus and bottom of the cell were floated for the fits.
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Using the integration function in the(s)analysis, the amounts 0% monomer and oligomers were
guantitated. A fluorescence detector retrofit system (AVIV Biomedical)one AUC instrument
allowed AUEG-DS measurements of the sedimentation of M GsBODIPY4, 4difluoro-5, 7
dimethyl4-bora-3a, 4adiazas-indacene3-hexadecanoic acidg.= 488 nn) in the presence 06.2

MM ZAG and 0.5 mM, 1.0 mM or02nM zinc chloride to be made five-channelcharcoal epon
calibration centre piece was used where channel A contained 100 nM fluorescein isothiocyanate
(Sigma Aldrich). Data were anadgsusing SEDFIT software as described above.

Small angleX-ray scattering

SAXSmeasurements on ZAG wermearried out at the European Synchrotron Radiation Facility
(Grenoble, France)n the BioSAXS BM29 beam line in 7/8 multibuthe@am mode[23, 24]. The X-
ray wavelengthwas 0.0992 nm and the samptietector distancewas 2.87 m. The absence of
radiation damage to the sample wamnfirmed through online checks at lowQ values, and
potential damage eliminated thragh the continuous movement of the flow cell durifgeam
exposure. ZAG was loaded at a concentration of 0.5 mg/ml (iBlpin Hepes buffer. Zinc and
barium chloride concentrations were added to the prot@irHepesbuffer 24 h before loading onto
the beamline. Data was acquireth time frames of 1 s for 10 frames per ruforanalysesthe final
curveswere averagedollowing the subtraction ofLlO raw buffer files from 10 samples filedn a
given solutesolvent contrast, the radius of gyratid®; is a meaure of structural elongation if the
internal inhomogeneity of scattering densities within the protein has no effeeingdefined as the
root mean square of distances within the protein relative to its centre of scattering defiipier
analyses at v Q (whereQI' n - <&'Aig/the'saattering angle andis the wavelength) gives the
Rs and the forward scattering at zero and(@) [25]:
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The Guinier analyses were performed iQaange 0f0.20:0.42 nm' using SCEoftware [26]. The
distance distribution functiorP(r)was generated using GNOM softwd®¥] and gives alternative
determinations of theR; and1(0) values

Thetheoretical X-ray scatteing curve wascalculatedfrom the ZAG crystal structu(®DB code 1T72)
[18], following its conversion from atomic coordinates to a coagsained modebndthe addition of
hydration sphereausingSCT softwarg26]. Putative ZAG oligomers were generated using PyMOL
software and the ZAG crystal structufer similar calculationg18]. For ultracentrifugation
modelling, theatomic mordinate files fothe ZAG monomer and oligomers were injaat into the
HydroPRO shell modelling software to generate theoretical sedimentation coeff&igptvalues
[28].

Fluorescencepectroscopy

Fluorescence measurements were recorded at 22°@ wi Perkin Elmer LS50B Luminscence
Spectrometer (Bucks, UK) using 2 ml samples in a quartz cupetelength = 1cm. Thethree
fluorescent fatty acid probes;EBODIPY (4difluoro-5,7-dimethyl4-bora-3a-4a-diazas-Indacene
3-undecanoicacid), GBODPYand DAUDA (H{(5-dimethylaminonapthalené-sulphonyl)amino)
undecanoic acidyere obtained from Thermo Fisher Scientific Life Technologiesar@@ Ge-BODIPY
were both stored as stock solutions of ~3 mg/ml in DMB@®UDA was stored as a stock salntof
~1.5 mg/ml in ethanolAll luorescent fatty acids were stored in the dark-20 &C and freshly diluted
before experiments intanethanol,phosphate buffered saline (PBS; 137 mM NacCl, 20 mjRg,

2.7 mM KCI and 1.5 mM KP0) or Hepes buffer The accurateconcentrations of G- and Ge
BODIPYand DAUDAvere calculated usingss, = 86,000 M*cm*, es50 = 93,000 M cm* and es0=
4,400 M* cmtin methanol respectivelyall values obtained fromi K S Y | y dzBdtaCstieagtdS N&E Q



The fluoresence emssion intensiesof G;-BODIPY an@,c-BODIPY were examined in methanol and
PBSand upon addition of ZAQ, .x = 488nm). 0.89 "M DAUDA (e, = 345 nm)and 0.85mM Cie-
BODIPY = 488nm) werendividually titrated withsequentialadditions of ZAGThe titrations were
repeated inbuffer containing 0.5mM, 1 mM, 1.5mM and 2mM ZnCJ. The titration curves were
fitted using standard nonlinear regression techniques to a single noncompetitive binding model
generatedissociation constank, values[20]. Control experiment®f 0.89niM DAUDA an@®.85niv
Cis-BODIPYluorescerte emission in buffer containing 0, 0.50,11.5 and 2mM ZnGlrevealedthat
the fluorescence emission of both probes were quenched upon addition of Zime quenching
effect wasaccordinglycorrected forthis by subtraction of the DAUDAG,s-BODIPpectrum from
the fluorescence emission profiles generated upon additions of EABrescence spectra weedso
corrected for the effects of dilution andvhere noted, solvent Raman scattering was corrected by
subtracting the buffeionly spectrum.

RESULTS

Metal-induced association of ZAG

In order to investigate why ZA@as precipitated by zinc and nbiy other metals, he metal binding
specificity of ZAG wd#est examinedby SECnative PAGENd DLSA muchdecreased intensity of
absorbance at 280 nmnd asignificant change in the ZAG elution time ranfyjenf 23 to 25 min)
were observed upon addition of zinout not for the otherfive divalent metals testedFigurelA).
Upon addition of zinc,hie ZAG elution peak did not return to baseliimaplying hat ZAGzinc hal
aggregagd in the column and wagradudly releasel upon further elution.In agreement with our
previous stug that revealedweak zinc binding to the surface of ZA{20], these changes were
reversble upon addition of EDTZAGMigratedas a single band amon-reducing nativePAGEn the
presence ofsevendivalent metals andn EDTA(FigurelB). DLS revealechonomer ZAGto havea
mean hydrodynamic radius ,Rof 3.22 nm (Figure1C, 1D Table 1).Additon of increasing
concentrations of zinc chlorid® the ZAG solution causdtie R, value of ZAGto increase In the
presence oR mM zinc chloride two peaks were observed corresponding to meavdéuesof 8.38
nm and 33.17nm. These changes were revedsepon addition of excess EDTA where the mean R
value of ZAG reverted back to @m. Control experiments with the buffer alone in the absence of
ZAG confirmed these results were due to Z&G& complex formationin contrast, titrating ZAG with
increasingconcentrations of barium chloride did not increase the meandeof ZAG above 4.63
nm (FigurelC, 1D Table 1)It was inferred thazincZAG aggregatesere detected by DLtBat were
too weakly associated to be resolved usisigeexclusion chromatogphy and native PAGHN
agreement with this, we hagrevioudy measureda K;of 100 uM for the strongest of the weak zinc
binding sitesn ZAJ20].

Toprobefurther the metal binding specificity of ZAGV spectoscopymeasurements were made
follow turbidity changes in ZAGn agreement with our DLS observationdd#ion of 1.8mM zinc
chloride to ZAG but not the other divalent metal ions significantly increased thepparent
absorbance over the entire wawigth rangeof 240400 nm(Figure2A). Theapparentabsorbance
increasewas attributedto underlying turbidity contributions. The existence of turbidity (light
scattering), totally responsible for the apparent absorbance abovengiGindicatel that ZAG drms
aggregates in the presence of?Zions.Cd*and N*ions also causedight increases in absorbance
(turbidity) upon addition to ZAG, but these were negligible compared with Zhrough nonitoring
turbidity changesat 340 nm, the titrations of ZAG with five divalent metal chlorides confirmed a
zinespecific effect with the zintduced precipitation or aggregation displaying a sigmoidal curve
(Figure 2B)Even though alcium and barium can form divalent complexes with negatively charged
residues o proteins hereneither C4" nor B&" produced turbidity. C& and B&" ions are larger and
less chargalense than Zfi ions and obviously not conducive to the formation of ZAG oligomers.



These metabpecific changes were further confirmed using t6€@ollow conformational changes in
ZAGP ¢ K S| #Ky §geddmof ZAG was significantly altered upon addition of zinc chloride
while only minor alterations in the spectrum were observed upon addition of ¢oba nickel
chloride (Figure @). Thisresult suggests that metainduced changesccurred in the tertiary
structure of ZAGhat followed the order zinc > nicke®cobalt. Our observationgere in line with
the IrvingWilliams series of transition metals which stdtéhat the stability of metal : prote
complexes follows the order Mn < Fe < Co < Ni < Cu[39fh ¢ K-5 + @ Fgediimof ZAG
showed no significant changes in the broad negative peak amBi&pon addition of 1.8nM of
barium, calcium, manganese, lzat and nickel chloridg also suggesting no significant changes in
the secondary structure of ZAGigure ). Addition of 1.8nM zinc chloride decreased the intensity
of the broad negative peak observed at 28z & K2 gAYy 3 | &A Iy’ BHAOI/yE
spectrumcompared with tlat of ZAG alongsuggesting zirthduced conformationalchangeshad
occurredin the secondary structure of ZAG.

Oligomeric $ructure of Znc-inducedaggregateof ZAG

Toidentify the nature othe zinespecificZAG aggmates, AUGneasurementsvere performed with

ZAG in the presence ainc chloride with barium chloride used as a contr8amplesvere subjected

to a high centrifugal forgeandanabsorbanceoptical systenwas used taobservethe sedimentation

of ZAG ineal time. The sedimentatioboundaries (Figures 3@ werewell fitted to size distribution
analysegExperimental)In comparison with ZA&lone, more rapid sedimentation boundaries were
observedupon addition of2 mM ZnC (Figures 3A 3B). In contrastthe addition of2 mM BaG],
causedno significant changes in sedimatibn compared to ZAG alorf€igure30). Sze distribution

c(s) analyss for the fivezinc and barium concentrations revealed the presence of a ZAG monomer
peak at aneans,,, valueof 283+ 0.02 S (Figure 3D and)3Eass distributionc(M) plots showed

that this ZAG monomer peak corresponded to a mean molecular mass of 32 + 0.5 kDa, which agreed

well with the sequenceletermined mass of 32 kDahé& intensities of the ZAG monomer peakree
significantly reduced with additiaof zing but not with barium Thec(s) analysedurther showed
that increasing the concentrati@of zinc chlorideo 1 mM and 2mM gave rise tawo additional
peaks at S valuesf 4.07Sand 5.2 S thatcorrespond tomolecular masses of 8@aand 103kDa,
respectively(Figure 3D)These peaks correspomeell to ZAG dimer and trimer formatioif.he broad
nature of these dimer and trimer peaks indicated that these peaks may also correspond to low
proportions of other Z& oligomersf increased sizeim equilibrium with the monomer, dimer and
trimer peaks.In contrast to zinc, an almost insignificasiigomer peak was visible for bariumhe
integrations ofFigure & showedthat the oligomers increased with decrease inGZAonomer in the
case of zincbut not with barium These proteirzinc oligomers have been seen previously; the
human complement regulator factor H, complement protein [38], and adiponectinalso form
oligomers i the presence of zinf81], while zincinduces dimerization of the class Il MHC molecule
HLADR1in acomplex with ehemaggltinin peptide[32].

To determinewhether similar ZA&inc oligomers were formed in the presence of fatty aclUCG
FDS measurements were performed to track the movement oflti@escentfatty acid Ge-BODIPY.
In the presence of 0.0aM ZnC] and ZAG, fluorescentsedimentation boundary was observéar
Cis BODIPYFigure 4). Thiscorresponded to a ZAG monomer peakitdans,,, value2.72 Sin the
c(S)analysisindicating that G-BODIPYvasbound to sedimentng ZAGin the presence of 0.51M
ZnC} (Figure £). No fluorescent sedimentation was observed fdC,e-BODIPYon its own. The
addition of 2mM ZnCJ revealed more rapidly movinifuorescentsedimentation boundariegFigure
40). Indeedthe c(s)analyses shwed thatincreasing the concentrations of zinc chloride tmi1 and
2 mM gave rise to ZAG,-BODIPY,,values 0f4.14 Sand 4.93 Sthat correspnded to molecular
masses 063 kDaand70.2kDa, respectivelyFigure D). Thesetwo fluorescentpeaks correponced
approximatelyto ZAGGCs-BODIPYdimer and trimer formationFollowing completion oftis AUGFDS
experiment the samplesvere re-suspendedfor conventional absorbancA&UCthat followed only



the sedimentatingprotein. This control revealedimilar resultswith regards to the seidhentation
boundaries (Figures 4B and}to those in Figure 3BThe absorbancec(s) analyses showed a
monomer peak and partlyformed dimer peak upon addition & mM ZnC (Figure 4F)although
no trimer peak wasiow obsenable attributable to the different type oéxperimentin use

To observdurther the overall structure of ZAGGAX®neasurementsvere performed with ZAGn
the presence and absence Bff* and B4". SAXS data collection is sensitive to aggregate fdomat
For the ZA&inc interaction in one sessioexperiments were performed at pH of6.9in the same
Hepesbuffer, andthese showed that theR; valuesof ZAG increased from 2.48 nm to 2.71 nm in
linear Guinier plots on going from 0 mM zinc to 2 mM Zdata not shown) ThisR; increase
indicated oligomer formationhowever SAXS was not able to resolve more detail thanThisseR;
increasedlid not occurin the presence of increasinigarium chlorideconcentrations For the ZAG
barium titration seriesn a second sessipthe Guinier fitsalsogave high quality linear fitwith Rs
values ofbetween2.41+0.01nmand2.48 £ 0.01 nnin satisfactoryQ.R; ranges(Figure ). These
were ingood agreement with thé&; value 0f2.58 + 0.0lnm for ZAG aloneThe distance distribution
function P(r) was calculated from the full scattering curd@) to produce a histogram ofthe
distances between althe pairs of atoms within ZAG-rom the P(r) curve, the R; value was
determined to be2.32 + 0.27hm with amaximumdimension L oB nm (Figure B). Again,neither
the R; nor the L valueschangel significantly upon addition of increasing Ba@bncentrations.
Inspection of the unhydrated ZA@ystal structureshowed that its maximum dimension 7s4 nm,
which is0.5 nm less than thel value of ZAGfrom the P(r) curves. This difference is attributable to
the thickness of thewater hydration shellsurrounding the ZAG protein surfadd3]. In order to
confirm that the ZAG crystal structure corresponds to its structure in soluttbe, excellent
scatteiing curve fitof the experimental datavith the theoreticalcurve calculatedrom the hydrated
ZAG crystal structure showetthat ZAGis well representedin solution by its atonstic crystal
structure (Figure 6).

Fatty acidbindingto ZAG in theabsence angresence of zinc

The dansylated fatty acid probe, DAUDA, has previgubken shown to bind between tHel and
h2 domain helices of ZAG by sitzected mutagenesis studiedq]. For AUG-DS studiesthe
DAUDAexcitation and emission parameted® not match those of thdluorescence detectqrso
could not be used. Insteadhe boron dipyrromethendatty acid probe G-BODIPY was usgediven
that its excitation and emission parametermatch the AUGFDSdetector. To confirm that G
BODIPY bound as expected to ZAte, fluorescence profile of G ;-BODIPYand Gs-BODIPYwvere
recarded to revealow fluorescen emissiors at a wavelengthmaximum of511nm in PBSFigure6A
and6B). In methanol, theefluorescence emissioimtensitieswere dramatically increased (Figué&
and 6B). Addition of ZAG to {#BODIPY in PBBoduceda largeincrease in fluorescence emission
intensity and a red shift irnthe wavelengthmaximumof emission (from 512 nm to 518 nriigure
60 suggestinghat G-BODIPYas bound to ZAG in a more hydrophobic environmaeritich was
presumed to bethe ZAG grooveA similar shift (from 514nm to 518nm) andincrease in intensity
were reported for the binding of intracellular liver and intestinal type fatty acid binding proteins to
Cis-BODIPY34]. On the contrary the fluorescence emissidntensity of G;-BODIPY did nathange
significantly uporthe addition of ZAG (gure 6D), indicatingthat G ;-BODIP¥id not bind to ZAG
Importantly this experimentreveakd that the boron dipyrromethene moiety of BODIPYdid not
associa¢ with ZAG and thatthe Cy fatty acidwas preferredover G,-BODIPY in binding to ZAG.
Interestingly, ZAG bindDAUDA but not;;-BODIPYboth of which contairundecanoic acid athe
fatty acid chainThe DAUDA binding site in ZA&not attributable to the dansyl fluorophorgiven
that this alone does not bind to ZA@B5]. Becauseno long chain drivatives of DAUDA currently
exist, we were unable to compare long and short chain fatty acid binding using dansylated fatty
acids. We presume thatthe larger size of ta BODIPY moietgompared tothe dansylmoiety,
prevenisthe binding ofits undecanoidatty acid to itssite in ZAG.



To determinewhether the zineZAG oligomershowedaltered functional propertiesin binding to
fatty acids ZAGtitrations were performed usingGeBODIPY and DAUDA in the absence and
presence ofZrf*. Incremental additionsf ZAG protein to FBODIPY caused incredsatensities
and a red shift inthe GBODIPY fluorescence emissiamd thesereached saturation uporhe
addition of approximately 1M ZAG (Figur@A). A standard hyperbolic/noigooperative binding
model baed on a 1:1 stoichiometry gave a ZA&z:BODIPYissociation constaniy of 0.06 £ 0.01
UM (Table2; Figure A). TheC,c-BODIPYluorescence emission was quenchaabn addition ofZrf*
(Figure 7B Quenchingwas presumed tooccur via photeinduced electon transferthough the
association ofinc with thedeprotonated carboxylic acidf C;e-BODIPYpK, ~5) and thelone pair of
the nitrogenatom disrupting themolecular C=C framework within the BODiRXety. The presence
of increasinan2+ concentrationsreduced the ability of ZAG to binG,BODIPYthe Ky values
increased to between 8.7 22.8 uM indicative of weaker binding GsBODIPY to ZAgnc(Table2,
Figure 7€ In marked contrasto CBODIPYDAUDA binding to ZAG was not significantly affeéct
by the presence of increasingrf* concentrations.Upon addition of ZAG, the DAUDA emission
underwenta blue shift from 543im to 519nm with an increase in emission intensihat reached
saturation upon addition of approximately O ZAG(Figue 7D). Fitting of this data to atandard
hyperbolic/noncooperative binding modebased on al:1 stoichiometry gave a ZAG: DAURA
valueof 0.11+ 0.01uM (Table2). We previously reported quenching of DAUDA fluorescence upon
addition of Zrf* [20] although the effect is markedly smaller in comparison to the quenchingeef C
BODIPY byrf* (Figure 7E)Vhenthe ZAGDAUDAitration was repeated in the presence of QriM,

1 mM and 1.5mM ZndJ (Figure7F), similar titration curvesvere observedvith unchanged; values

of 0.05¢ 0.07 uM (Table2). In 2mM ZndJ, alargerincrease in the fluorescence emission intensity
was obseved together with aK; value of0.17 uM™. Overall, it was concluded that, unlikgsC
BODIPYDAUIAis able to bind to ZAGinc oligomers.

Modelling of ZAGzinc oligomer formation

Toclarify a moleculamechanisnfor the zincinduced oligomerisationf ZAG structures for theZAG
oligomers weremodelked, starting from the knowledge that the-bay scatering curve of ZAG fitted

its crystal structurgFigure 5C)By trial and erroran arrangement oZAGoligomersthat generaed
closeagreement between theexperimentaland theoretical s,,, vValueswas found to involve the
compactstacking of ZAG monongon top of each other in the same orientation (Fig8s. The
experimentalsy,, values were 2.70 S, 4.07 S and 5.20 S for the monomer, dimer and trimer; the
modelledvalues were 2.57 S, 4.08 S and 5.30 S respectively. This good agreement is wehevithin
error of £0.21 S for these compariso[86]. Previouslywe showed that the surface of ZAG contains
approximately 15 weak zinc binding si{@8]. The surface of ZAG is rich in negatiaiigrged acidic
Asp and Glu residues (Figud®). Zrf* adopts tetrahedral ceordination with proteins, typically
involving Asp, Glu, His and Cys resid{i8g], of which there arel8 Asp, 21 Glu, 7 His and 4 Cys
residuesin ZAG While the four Cysresidues are involved in intramolecular disulphide bridge
formation, all theAsp and Glu residues are located on the ZAG surfaceufebly the stacking of
ZAG into dimers and trimers is stabilised by the formation of weak zinc binding sée®xensive
interface formed between compactlyassociatedZAG monomersn which zinc crosslinkthese
surface Asp and Glu residudecause @jomer formation can be extended indefinitely such an
arrangement this stacking model provides an explanation for why ZAG is precipitatgd gt high
Zrf* concentrations.

DISCUSSION

Our investigations revealed new insights into the Zi@® and AGfatty acidcomplexesand
their functionalsignificanceThus we have developednaolecularmodelfor the stackingof ZAGzinc
oligomess from the modelling of the SAXS and AUC data, andish&ble toexplain how ZAGs
precipitated by excess zinc. Suimodelsuggests thatasthe Zrf* concentration increases, the ZAG



lipid-binding groove wilbe shieldedandinhibit the ability of ZAG to bind fatty acidhis deduction
accounts forour observation of reduced;s-BODIPYinding to ZAGin the presenceof increasing
Zrf*concentrations(Figure 7A)Notably the same effects were nobservedfor DAUDAFigure 7B)
This difference can be explained by the existencat ¢éast two distinct lipid binding sites the ZAG
groove, one for each dAUDA (unaffeted by ZA&inc stackingiind C,-BODIPY (inhibited by ZAG
zinc stackingMore support for the concept of two different binding sites is provided as follows:

() The interaction of DAUDA with ZAG is well characterizedArachidonic and
docosahexaenoic ats are able to displace DAUDA from the ZAG grd8%e 18]. The ZAG groove
containsfive tryptophan residues whose fluorescence is quenched and blue shifted upon addition of
arachidonic and docosahexaenoic aciHewever no binding datfor these fatty aals had been
reported in these studiegsand we have not investigated this hertn addition, #e-directed
mutagenesis has shown thatutation ofthe hydrophobicgroove residue¥’14, F101, 176 and Y154
and the positively chargedyroove residueR73 abrogates DAUDA binding to ZABy complete or
partial closure of the groovil9]. Arginine and lysine residuedsoact as tethers of fatty acids in
human serum albumin anb-lactoglobulin[38, 39] The ZAG groove contains lysine and tyrosine
residueswhich have nbbeenexaminedso farby sitedirected mutagenesis.

(ii) Ce-BODIPYindsto ZAGwith a k;= 0.06 M, which is slighthstronger than DAUDA (&
0.11 yM). DAUDA binds to human plasma apolipoprotein D wiimilar Ky value of 0.54 uM[40]
and likewisearachidonic acid with agkc 1 uM[41]. These Kvalues make itinlikely therefore that
the Gg-BODIPYinding to ZAG is a nespecific surface interactiorThis conclusion is reinforced by
the spectroscopic changes seen by fluorescence (Figures 68Cand

(i) Two distinct lipid binding sitesvere observed in the crystal structure of CDlopther
member of theMHC class-like immuneprotein family that present bacterial lipid based antigens to
T-cells[42]. The crystal structures difze human CD&-CDlemolecules show two main hydrophobic
R2YIl Aya 6Ol FiguseRBCNhith varyiRsiz€d&eaording to the length of the hydrophobic
chainsthat they bind [43]. Our resultswith ZAGshow a similarobservationwith this different
member of theMHC class -like immune protein family albeit using fluorescently labelled fatty
acids

In humans, ZAG expression is reducedasipa and adipocytes of patients witype 2diabetes and

is asociated with insulin resistand&, 8,44]. Levels of ZAG are increased in urine from patients with
type | and type 2 diabetes compared with contrfds 10] Similarly, pancreatic zinc is approximately
50% less in cadavers of diabetic patients compared withdiabetic cadaver$45] and increased
urinary zindevels areobserved in diabetepl6, 47]. The total plasma zinc level is about 1AM [48]

of which theoverwhelmingmajority is bound tohumanserum albumin as the main zimuffer in
plasmal49]. Bioavailable zinc in blood plasma is therefeesy low ataround 20210 pM[50], this
beinginsufficient to induce ZAG precipitatiolm contrast to this, lie total zinc concentration of the
mammalian pancreas is significantly higher than othelt tges [51] with zinc concentrations
reaching 1@20 mM in the interior of the denseore of beta cell granulg$l]. Insulin is stored in
the pancreaticbeta cell granules inrgstalline arrays of heamers containing two zinc ions per
hexameric unit[52]. Upon secretion from the pancreas into the blood streahe complex
dissociates forming monomeric insuliAlthough ZAG is not expressed in thancreaticbeta-cell
granules ZAG has been reportéd acinar and peripheral cells béalthy human pancreatislets[3].

It appears likelghat ZAGzinc oligomers are stored in the pancreatic beta cells in a manner similar to
insulin.Isletamyloid polypeptide or amylin, a neuropancreatic hormone involved in the regulation of
a range of metabolic parameters fostoxic pancreatic islet amyloid iype 2 diabeteg53]. Amylin
contains two zinc binding sitesene binds zinc tightlyvith a Ky value of1 uM and the other binds
zinc looselywith a Ky value of aboutl mM. Both zinc binding sites prevent amylin forming amyloid
fibrils [53]. We previously measured g+ 100 uM for he strongest of the weak zinc binding sites in
ZAG.We speculate therare that ZAGzinc oligomers participate irthe formation of pancreatic
amylinplaquesin type 2diabetesby sequestratindnigh concentrations afinc.
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In conclusiondivalent metal biming by ZAGs zincspecific.Zinc induces the oligomerization of ZAG
in the absence and presence of fatty aciflhe fluorescentabelled fatty acid -BODIPY binds to
ZAG while G;-BODIPY does not. The binding oFBODIPY to ZAG is reduced in thiespnce of
increasing zinc concentrationbut DAUDA binding ialmost unaffected. These data support a
progressive stacking of mononieZAG in the presence @it whereby the ZAG groove becomes
partially occludedto suggest the presence of two distt lipid binding sites in ZA®ur observation
may be relevant to storage of ZAG in the pancrdaswill be interesting to discover if toxic
pancreatic amyloid in type 2 diabetes contains ZAG as well as amylin.
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Table 1 Mean hydrodynamic radius (ff of ZAG in Hepebuffer. Samples weretitrated with zinc
chloride or barium chloriddollowed byexcess EDTA. Samples were examined in triplicate and the
meanR, valuewasreported with its standard error (SE).

21 > aZAG R, £ SE (nm) 21 > aZAG R, £ SE (nm)
+00mM Zndd 322+0.18 + 00 mM BaCh 3.22+0.18
+ 0.5mM Zndd 6.21 +0.30 + 0.5mM BagGl 4.00 £ 0.19
+ 1.0mM Zndd 7.19+0.34 + 1.0mM BaGl 4.44 +0.41
+ 1.5mM Zndd 8.05 + 1.07 + 1.5mM BaGl 4.63+0.22
+2.0mM Zndd 8.38 +1.48 + 2.0mM BagGl 423 +£0.36

33.17£9.70
+2.0mM ZnGH 4.00 +0.19 + 2.0mMBa({ + 4.41+0.22
7.5mM EDTA 7.5mM EDTA

Table2. Dissociation constants Jfor ZAG binding to DAUDA and&BODIPY in the presence and
absence of Zn@ITheK;values were generated from a n@ompetitive single binding site model.

Ka (LM)
[Zinc] (mM) DAUDA C,=BODIPY
0.0 0.11 +0.01 0.06 + 0.01
0.5 0.07 +0.03 8.70 +2.11
1.0 0.06 + 0.03 11.11 +2.18
1.5 0.05 + 0.02 15.38 + 2.32
2.0 0.17 + 0.06 22.80 + 721
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FIGURE LEGENDS

Figure 1 Protein purification of ZAGin the presence ofdivalent metak. (A) sizeexclusion
chromatographyof 6.2uM ZAG0.2 mg/ml)in the presence of 21M of sixmetal chloridesn Hepes
buffer at 0.5ml/min, followed by7.5mM EDTA TheZAG monomeeluted at 23.1min. The red line
indicates thesizeexclusion chromatographgun with 2 mM Zndl. (B) Nonreducing gradientt-20%
native PAGE of 6 @M ZAG in Hepeluffer, with additions of2 mM metal chloridequpper panel)
andincreasing concentratiosiof zinc chloriddollowed byexces€EDTAlower panel) (C, D Dynamic
light scattering of ZAG with additions of zinc aratium chloride respectively followed byexcess
EDTA

Figure 2 Secondary and tertiary structwchanges inZAGwith divalent metals. (A) UV absorbance
spectraof ZAGohetween 240 nrd00 nmin the absence and presence of 181 metal chlorides(B)
Plot of Turbidity (apparenfbsorbancgat 340 nmof ZAGwith increasing concentrationsf metal
chloride specified m the panel (C) NearUV and (D) FarUV CDspectra of ZAGnh the absence and
presence ofL.8mM metal chlorideswith the buffer baseline subtracted from each sampjgectrum
prior to correction for the effedof dilution. All measurements were made usi®@ UM ZAG in0
mM Hepes, pH 7,4n the absence of Naata highlighted using red line indicates thgresence
of ZnCJ.

FHgure 3 Sedimentation velocity of ZAG with zinc and barium chlorsd&hree sedimentationdata
and boundary fitsare shown for(A) 6.2 uM ZAGin Hepes buffertitrated with (B) 2.0 mM zinc
chloride and(Q 2.0mM barium chloride For clarity, only everthird scan is shown in the fitted data
plots. The ®dimentation coeficient c(s) distribution analyseof 6.2 uM ZAG titrated wh (D)
increasing concentrations of zinc chlorjdéollowed by excess EDJTAand (B increasing
concentratiors of barium chloriddollowed by excess EDT@) The goportion of ZAG monomer and
oligomers with increasing concentratisrof zinc chloride and bam chloride. The loading
concentration values were obtained by integration of the c(s) distribution gad@D rpm. Data
highlighted using aed line indicates thegresence o2 mM ZnCjor 2mM BaGland greenindicates
the presence of excess EDTA.

Figue 4. Sedimentation velocity of the fluorescent fatty acid;£BODIPY in the presence of ZAG
and zinc.The sedimentation boundary fits correspond(# B 6.2 uMZAG 6.2 uM G BODIPY and
0.5mM ZnG and (C, D 6.2 uM ZAG 6.2 uM G BODIPYand 2.0mM ZrChin Hepesbuffer. For
clarity only everythird scan is shownPanels A, C and Erepresent the fluorescencdetected
sedimentation velocity experimentsPanels B, D and } represent the absorbance detected
sedimentation velocity experiment®ata higlighted using aed line indicates thepresence of2
mM ZnClJ.

Figure 5. X-ray scattering of ZAG with barium chloriddA) Guinier plot of15 uM ZAG in the
presence ofincreasingbarium chloride concentrationsin Hepesbuffer. (B) Guinier analyses of5

UM ZAG in Hepebuffer in the presence of 0.5nM barium chloride compared witthe scattering
curve calculatedrom the ZAG crystal structuréC) Distance distribution P(r) pletof ZAGwith

barium chlorideto follow panel(A).

Figure 6. Fluorescence eifmssion spectra of G-BODIPYand GeBODIPYwith ZAG Fluorescence
emission spectra ofA) 0.03> aCBODIPY(B) n @ n n G-B@DIPYni PBS and methandiC 1.11
UM C-BODIPYIpon addition of1.11 pM ZA&nd (D) 0.04 > aC;;-BODIPYipon addition of20 uM
ZAG <= 488 nmand all fuorescencaneasurements wereorrected for the effects of dilutioand
Raman scattering
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Figure 7. Binding of G-BODIPYand DAUDAto ZAG in the presence of zin¢A) Huorescence
emission spectrat the excitation wavelengtke,.= 488 nmof n @y p 1B@DIPY idepesbuffer

upon sequential additions of ZAGB) Binding curve of GBODIPYwith ZAGin Hepesbuffer

containing OmM, 0.5 mM, 1 mM, 1.5 mM andraM ZnCJ. (O Fluorescence emission specaathe

excitation wavedngth<,,=345nm2 ¥ n ®y ¢ > Hepés byff@upon deguentialadditions of

ZAG (D) Bindingcurves of DAUD®ith ZAG inHepesbuffer containing OmM, 0.5 mM, 1 mM, 1.5
mM and 2mM ZnCJ. All fluorescence data are corrected for the effects of dilutido account for
the quenching effect of zinc 06,--BODIPYand DAUDAluorescencesdata points for all binding
curves were producedby subtraction of the fluorescence emission efch probe from the

fluorescence emission generated upon addison ZAG.

Figure 8. Proposed molecular association cZAGoligomers and its effect on lipicbinding in its
groove (A) PredictedZAGmonomer, dimer and trimer in the presence of zin8) Surface diagram
of the basal and apical surfacestbé ZAGmonomer,highlightingpotential zinebinding residues Glu
(red), His(blue)and Asp(green) Theremainingresidues are depicted in grefQ) Threedimensional
secondary structure cartoonf the structurallyrelated immuneclass | MHaIke moleculeCd1cin
complex with the pathogenic Mycobacterium tuberculosislipid antigen mannosyl m
phosphomycoketide (blusphere and a C12 alkyl chain (orangphere$ (PDB code30OV6) All
imageswere createdusing PyMOEkoftware
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