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Abstract

Aggresames are protein aggregatesoundin mammalian cells when the intracdlular protein
degradation machinery is over-titred. Despte they abound in cdls producing
recombinant proteins of biomedicad and biotechndogcd interest, the physiologcd roles of
these protein clustersand the functiona statusof the embeddedproteins reman basicdly
unexplored. In this work, we have determined for the first tme that, like in bacterid inclusion
bodes, deposition d recombinant proteins into aggresomes doeswoot imply functiona
inactivation. As a modd,

human [-galactosidase A (GLA) has been expressémd mammaian odls as ezymaticdly
active, mechanicdly stable aggresomeshowing hgher thermal stability than thesduble GLA
version. Since aggresomesire easily producedand purified, we propose thesgarticles as
novel fundional biomaterids with paentia as carier-free sdf-immoblized catayzers in

biotechndogy and biomedicine.
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Introduction

Contrarily to what hadbeenpreviously stated,inclusion bodes (Bs) producedby recombinant
bacteria are formed by biologicdly active polypeptides embedded in amyloid-ike
networks (Garcia-Fruitos et a. 2005; Dkalidis et a. 1991; Worrdl and Goss,1989) . The
unexpected applicaion of IBs as vesdile, functonal and biocompatible materials pavesthe
road for ther use asseéf-immobilized caadysts when formed by enzymeslike reductases
(GarciaFruitos et al. 2005), oxidases (Nahaka and Ndetzky, 2007; Nahaka et a. 2008a),
kinases (Nahaka et al.

2006; Nahalka and Patoprsty,2009), phosphaylases (Nahaka, 2008) andaddases (Nahaka
et a. 2008b), or as herapeutic agentsin potein replacement therapies when formed by
therapeutic proteins (Cano-Garrido et a. 2013; Seras-Franzoset d. 2013a; Seras-Franzosb
al. 2013b; Seras-Franzoset a. 2014; Vazquez et a. 2012). Mammdian cels insead o
bacteria are preferred factories for eukayotic protein poduction, becauseof their ability
to perform proper posttranslational modfications. In the late 90°s, Johnston showed
the accumulation of recombinant proteins in subcdlular structuresof mammalian cdls, named
‘aggresames” (Johnstonet a. 1998). Aggresomeformation has beersttributed to a cdlular
responséo misfolded, nonproteolyzed proteins that deposit aroundhe microtubue-organizing
center(MTOC) by active transporton microtubues. Their formation is preventedoy disruption d
the dynein-dynactin canplex, suggesting that dynein protein is the motor of this transport
(Garcia-Mataet al. 1999). Aggresomes showa suroundng cageof intermediate filament (IF)
proteins, like vimentin (Johnstoret a. 1998), andcontan proteasomesuburits, ubiquitin and
chaperones, consistentthvtheir formation in responsedo cellular stress Apart from the main
aggregatecprotein species, aggresometso corntain Hsc70, Hsp4Oproteins Hdjl and HJj2,
and the chaperonin TriC/TCP (Garcia-Mataet a. 1999; Johnstonet a. 1998; Wgley et al.
1999). However, the most consistent componentsf aggresomesre intermediate filament
proteins. Even though manyefforts have been devotedo reved formation mechanisms,
compasition and biologicd roles of aggresomes (Garcia-Magh al. 1999; Garcia-Mataet al.
2002; Johnstonet a. 1998; Johnstonet a. 2000; Junn e#l. 2002; Kopito, 2000; Kopito and
Sitia, 2000; Wgley et a. 1999), putative functionaity and biologicd activities of the proteins

embedded wthin them havebeenso far basicdly unexplored.

In the presentstudy wedemonstratefor the first time, that mammalian cdl aggresomesdike in
the caseof bacterid IBs, retain the biologicd activity of the forming recombinant protein. By
taking the human [J-galactosidase A (GLA) as a modd, we have obtained fully actve and
functionally and mechanicdly stable aggresomesghat perform very efficiently in enzymatic
processes. Theseallts are discussd in the contextof emerging nanostructurednaterials
that whenbeing fundiona and biocampatible, might have intriguing applicaions in biomedicine,
in order topackagefundiona proteins that, becauseof their post-translationa modificaions,

cannot be produced in bacteria as fundiona IBs.



Material and Methods

Produdion of recombinant GLA

The expressionvector pOpinE-GLA encodesa full-length version of the human GLA gene,
cloned into pOPINE plasmid (Berrow et d. 2007). The suspension-adapteHEK (human
embryonic kidney) cel line Freestyle™ 293-F (nvitrogen™, Life Techndogies, ref. R790-07)
was usedto produce GLA by padyethylenimine @[PEl)-mediated transient geneexpresson.

Details of GLA produdion and purification have beenpreviously descibed (Corcheroet al.
2011.

Detection of recombinant GLA in transfected cells

To estimate GLA accumulation into different cellular fractions, 1-mL samples of transfected @ls
were harvested(3, 4 and 5days after transfection), centrifuged (15 min, 15000 rpm)and
supernatants separatiEdm cdls. Cell pelets were resuspendedh 1 ml of 0.01 Maceic acid
pH 4.5 and disrupted by sonicaion. After centrifugation (15 min, 15000 rpm), supernatant
conaning soluble intracdlular fraction was separatedand pellet cortaining intracdlular
insoluble fraction was resuspended 1 ml of 0.01 M acdic acid pH 4.5. All thesehree
Ssamples were thenanayzed by SDS-PAGEand western-blot developed with a rabhit anti-GLA
serum &ga A H-104: sc-25823, Sant&ruz Botechndogy). Amourtsof GLA ineeachfraction

were estmated by comparison, after SDS-PAGEand western-blot, with known amountsof a

recombinantsduble GLA producedinourlaboratory. Samples and GLAstandardswere ranin

the samegel and processed aa set. Densitometric anayses were performed with Quantity

One sdtware (Bo-Rad Laboratories, _Inc). Recombinant GLA presentin the three

fractions (extracdlular, intracdlular sduble and intracellular insoluble) were usedto estimate

the “Totd” recombinant GLA produced(taken as100% of recombinant protein produced) and

then he vaues from each fraction were comparedto this “Tota” value to obtain the

percentages shn
inTablel. _

Aggresomeormation was aso checkedby transmission eectronic microsoopy (TEM). For hat,

a total of 110’ cdls were taken beforetransfection(asnegativeconrol)and at different times

posttransfection. After centrifugation (5 min, 1200 rpm),cdl pellets were resuspendeth 2.5 ml
of fixing sdution (paraformadehyde 2%, glutaradehyde 2.5%). After fixation (15 min, at room
temperature) sanples were storedat 4°C unti TEM anadysis. Samples were observedin a
JEM-1400 tansmission eectron microscope (J@l) with a CCD GATANES1000W Eangshen

camera.

Aggresome piification



At 5 days posttransfection, the soluble, secretedGLA presentin the cuture medium was
separatedrom cells by centrifugation (15 min, 15000 rpm)of transfected cutures. Supernatants
were removedand cdl pelets were usedto purify aggresomesThe protocd and “disrupting
buffers” previously desciibed (Garcia-Mataet a. 1999) were usedfor cdl lysis. Brigfly, cell
pellets were resuspended ith either 2% Titon X-100 in PBS, IPB buffer (10 mM Tis-HCI, pH
7.5, 5 mM EDTA, 1% NP-40, 0.5%leoxychdate, 150 mM NaCl), or RIPA buffer (50 mM Tis-
HCl, pH 8, 1% NP-40, 0.5%leoxychdate, 0.1% SDS, 150 mM &Cl). Snce GLAis a lysosand
enzyme (vth optima activity at pH 4.5),it is likely that incubation in an acidic buffer would
better preserveits enzymatic activity than IPB or RIPA buffers (with higher pH, deleterious for
GLA enzymatic activity). Therefore, a fourth “disrupting bufer” was included: IPB buffer was
modified by replacing 10 mM Tiis-HCI with 0.01 Maceic acid at pH 4.5. Thus, theéna “acetic
acid disrupting bufer" composition was0.01 Macetic acid at pH 4.5, sypemented with 5 mM
EDTA, 1% NP-40, 0.5%deoxychdate, and 150 mM KCl. Al disrupting bufers were
suppgemented with a proteaseinhibitor cocktal (Complete EDTA-freg Roche).Cels were
resuspendeih the correspondng buffer, incubated for 30 min onice, and thenpassedO tmes
through a 25-gaugenedalle. Solube and insduble intracelular fractions were separated
by centrifugation (6,000 rpm, 2min, 4°C). Supernatantswere €iminated, and pélets
containing aggresomesvere washed wh acetic acid 0.01 M, pH 4.5After wash, GLA
aggresomes &e centrifuged (6,000 rpm, 2min, 4°C), resuspendedhgan in acedic acid
buffer (usually 20-fold concentrated respettinitial cell culture volume), diquaed and storedat
-80°C until tested.

To compare amount®f aggresomes recoverdy using different disrupting bufers, equa
volumes of purified aggresomesvere analyzed by SDS-PAGEand further Coomasiestaining

and western-blot.

Characterization of recombinant GLA aggresames

Enzymatic activity of soluble GLA and aggresomes was assayeul,vitro, fluorometricdly as
desciibed by Desnick (Desrick et d. 1973) andMayes (Mayest a. 1981). Biefly, activity was
assayedising as substratémethylumbelliferyl-a-D-gaactoside (4MUG, Sgma Chemicd), at
2.46 mMin assaybufer (0.01 Macetic acid, pH 4.5). Reaction mixtures contained 100 pl

substrateand 25ul enzymesample, in which purifiedaggresomesvere dilutedinaceticacidin

order toassuregealingsfaling within the standardcurve range. Reections took place in
agitation (37°C, 1 hour), and werestopped vth 1.25 mLof 0.2 M glycine-NaOH (pH 10.4).

The releasdproduct @4-methylumbelliferone, 4-MU) wasdeterminedbyfluorescencemeasurement

a 365 and 450 nmas ecitation and emission wavelengths, respectively. Samples of

commercial product 4-MU (Sigma Chemica) ranging from 5 to 500 ng/mLin 0.2 M glycine- NaOH

buffer,pH 10.4 were usedtoobtainacdibrationcurveinorder ptransformfluoresaence readingsinto

product 4-Mlongaentration. Specific enzymatic activities are expressed asnpol

4-MU/h/mg protein.



To identify the man proteins detectedby Coomasie staining in puified aggresomes,
their correspondng bandswere cut outfrom the stained gels and trypsin digested. The
resuting peptides were analyzed (by “peptide massfingerprint’) by matrix-assisted lase
desaption/ionization (time-of-flight), MALDI-TOF, and heir sequences comparéa SwissPot
2011 03 dtabase

Size distribution of aggresomes was measurgd dynamic light scattering (DLS) at 633 nm
wavelength, canbined with noninvasive backscatter echndogy (NIBS) in a DLS analyzer
(ZetasizerNano ZS, Malvern Instuments Limited, Mavern, U.K.). Dispersions of purified
aggresomewere prepareddy sonication (2 min, 0.5 secondson/off cycles,room emperature),
diluted in acetic acid buffer, and measuredat 20°C \ithou filtering. Mean \due of three

measurements watsken as the hydrodynamic aggresomediameter. The sdtware usedto

analyzethe dataisderived from a deconvolution of the measurethtensity autocareation function

of the sample, using a nonnegatively constrained least squares(NNLS) fitting agorithm

(software provided by Mavern with the Zetasizerinstument). The“Meanintensity’ of the pesk

obtained (instead of the z-average number) was used as estimation of the agresames

diameter (in nm), since thez-average measize can besensitive to the presence

of even small popuations of big aggregates.

Purified aggresomesvere aso checkedby scanning eectronic microscopy (SEM). For hat,
they were depositedon Nuclepore] Track-Etchedodycarbonate membranes ith pore sizeof
0.2 um(WhatmanLtd., United Kingdam). Then, samples were fixed with 2.5% glutaradehyde in
0.1 M phosphatébuffer (PB, pH 7.4),washed4 times (10 min each)in 0.1 M PB, postfixed in
1% (wt/vol) osmium tetraoxide with 0.7% ferrocyanide in PB, washedn water, dehydratedn an
ascendng ethand seaies (50, 70, 80, 90, and 95%or 10 min eachand twce wth
100% ethand), and dried by criticd point drying with CO,. Samples were mountedon adhesive
cabonfims and coated wth gdd. Images were taken ith an EVO® MA 10 scanning
electron microsce (Zeiss) at an acceerating voltage of 20 kV and an EDSOxford INCA
detector.

Spontaneouseteasenf GLA from aggresames

The putative spontaneouserease of GLA enzymefrom aggresomesvhen incubated at 37°C
(that coud interfere in reusability experiments) was checkedFor that, aggresomes
were incubated at 37°C in agitation. At different time-pants, samples were taken and
centrifuged (15min, 15000 rpm)in order toseparate aggresom&sm sdubilized GLA that
coud have been releasd to the supernatantAfter centrifugation, supernatantswere
separatedind emaning aggresomes resuspendad ther origina volume wth 0.01 M
acdic acid, pH 4.5. Faly, enzymatic activity and western-blot of aggresomesand

supernatants were performed.



Thermal stability of soluble GLA and aggresames

Soluble GLA and aggresomeswere diluted in 0.01 M acedic acid, pH 4.5,aiquaed and

incubated at 37°C At different time periods, sampleswere taken and directly submitted to the

enzymatic activity test._In the aggresomesamples, putative solubllized/released enzymeand

enzymestill in the aggregated statgere notseparatedmeaning that measuredactivities were

the summaryof thosefrom both Eleasd and aggregatecenzyme Activity of the diquas was

comparedo that determined for aliquas kept dways at -80°C,used as reference

Reusability of GLA aggresomes

Before testing aggresomeseusability, they wereincubkated for 1 h at 37°C,in agitation. Then,
aggresomesvere centrifuged (15 min, 15000 rpm) todiscad GLA spontaneouslyeleased to
the supernatantAggresomes were resuspendeth their original volume with 0.01 Macetic acid,
pH 4.5. After that, eusability was evaluated by performing successiveenzymatic activity
measurements adesciibed before. After each eection cycle, aggresomesvere recovered
centrifugation (15 min, 15000 rpm). Supernatantscortaining the i eaction product vere
transferredto a tube wh 1.25 ml of 0.2 M glycine-NaOH buffer (pH 10.4). Theamount 6
product Eeasd was determined asmentioned before. Aggresanes were washed \wh assa
buffer and resuspendedgain in 25 pl. Then, fresh substrate was addesid nextmeasuement
was caried out and compared wh the first round (efined as 100%).



Results

GLA expressiorand formation of aggresames

Expression and accumulation of GLA into the extracdlular, and sdube and
insduble intracdlular fractions were checkedby SDS-PAGE and western-blot, showing a
progressive accunulation of GLA into thesethree celular fractions (Figure 1). At day 5,
the obtal, accunulated GLA reached>160 g/ml. From that, 150% correspondedo the
sduble from, secretedform of the enzyme, whe the rest emained intracelular, either as
soluble (10.6%) or insoluble versions (40%) (Table 1). Intracelular protein shows an
apparentmolecuar weight slightly lower than that of the secretedform (Figure 1).
Trypsin digeston of the band carespondng to GLA embeddedinto aggresomesand
peptide massfingerprint identified 12

sequencesnatching GLA theoreticd sequenceFrom such 12 sequencesiwo of them

(MQLRNPELHLGCALALR and NPELHLGCALALR) werelocaed within the GLAsigna peptide

(residuesl-17 and 5-17, espectively).

GLA expressionand accumulation into aggresomesvere vsudized by TEM (Figure 2).In
contrastto images from cdls before transfection (Figure 2, a and bjmages taken at3

and 5 days posttransfection (Figure 2, c tof) reveded clealy visible agregates

throughout the cytoplasm, not presentbefore transfection. Sinceadl sanples usedto

obtain TEM images(includngcellsbeforetransfection) were teaed simultaneously, with the

sameprotocd and reagents.and moreovercytoplasnmic proten aggregatesare ony

seean dter transfection (and herefore, after GLA expression) , the structuresidentified as

agaresames are notexpected to be anexperimental artifact. Such aggregatesare nat

homogeneousbut formed by the séf-assenbly of smadler, repeatedbuilding blocks,

conrsisting on sphericd structuresof 150-100 nm in diameter.

Purification of aggresames

The amountand purity of recovered aggresomes wadetermined by SDS-PAGEand western-
blot. Accading to densitometric anaysis of membranes,sanples obtaned with RIPA
buffer contained the lowest GLA amounts, whe the use of “acdic acid disrupting bufer”
alowed to recoverl.3-, 1.5- and2-fold more ecombinant protein within aggresomethan that
found with Triton, IPB and RIPA buffers, respectively. Presencef sdubilizing agentsjike SDS
in RIPA buffer, codd explain this fact, since some of the protein initialy entrapped whin
aggresames coud be sdublized (and herefore lost from the insduble fraction) during the
purification processlrrespective of the buffer used,protein patterns vthin such structuresare
essentidly the same(not shown), suggesting that disruption bufer doesnot significantly affect

aggresane purity and compasition.



Enzymatic and architectonic characterization of aggresames

Sincelarge protein aggregates are typicdly monitored at 350-360 nm, and in order b avoid any

interference in the enzymatic assay ealings due to thepresenceof such aggregatesan

absorbance spectoantrol (in the rangeof 300 to 450 nm)f 100fold dluted aggresomes as

performed, resuting in absorbancealues <0.1. Therefore, no interference from aggresomes

expectedvhen performingthe GLA enzymatic assay. BErformingthe GLA enzymatic assay 8ging

GLA aggresomes asanple showedthat aggregation and incaporation of GLA into

aggresomedid not resut into enzymatic inactivation, as showiin Table 2. Aggresomes purified
in “acetic acid disrupting bufer’ clealy showedthe highest specific activity, which is not
surprising since pHof this buffer is optimal for GLA activity. The specific activities for the more
active aggresomeand for soluble GLA (Corcheroet a. 2011) werel,095:33 and 1,947:259
pmol/h/mg protein, respectively. That meansthat GLAincaporated into aggresomesetains
156% of the specific activity of its soluble counterpart.Taking into corsideration these esults,

we chosethe "aceic acid disrupting buffer’ to purify fundional aggresomes usexxt.

Size of aggresomes wadetermined by DLS. When cheking thedistribution of sizesof our

samples,resultsshowedinall samplesthe presenceof one mainpeak €orrespondngtomore han90-

95% ofthesampleintensity),and thennsamecases,thepresaceof somempurities of higher sizes ,but

correspondng to very smal popdations (lessthan 5-10%)in the sample (data not shown).

Regarding the numberof decaysin the auto-correation functions, our data prformedadways

givingaunigue, singeexponentialdecayfundion,indcaiveofthepresence f@amainpopuation. After

thissingledecay, signalshowedinsomecasessamescdteringvery near otheXaxis probablyindicaive

of(andsuppating)the presenceoftheabovementioned impurities in the form of “big" aggregates.

Thepdydispersityindexesobtainedwere 0.446 +/- _
0.023, 0.616 +/- 0.018, 0.685 +/- 0.043, am@28 +/- 0.029for Triton, IPB, RIPA and “acetic
acid’ disupting buff ersrespectively, indicaivethat samples are sutable for the dynamic light
saattering(DL S)analysis.

Aggresames purified by using thedisrupting buffers previously described (Garcia-Mataet al.
1999) showed sizes arountl um of diameter: 792+/-111, 1037+/-38 and 915+/-97 nm for
Triton, IPB and RIPA buffers, respectively (Table 2), in agreement ih TEM
observations (Figure 2e and2f). Interestngy, DLS determination of aggresome9urified

in "aceic acid dsrupting bufer’ resulted in higher values (1698 +/- 29 nmin dameter), in
agreement ith SEM images (Figure 3).

The sphericd bulding Hocks detectedn TEM images were adso clealy visible by SEM &ee
Figure 3b), corfirming the “aggregate of aggregates’architecture of aggresomesStructures

seenginboth TEM (withintransfected cdls)and SEM protein aggregatesaready purified) showthe

same architecture: they seen to be formed by the codescence of smdAl aggregates




| (ofabout50nm),whichisdistndiveofaggresomesHoweverthe building blocksseenin SEM

are notas tghtly packedthat those seem TEM (compareFigure 2f with Figure 3b).
Compositional analysis of aggresames

Analysis of purified aggresomeby SDS-PAGEand further Coomasiestaining showedthat such

protein aggregatesare notcompletely pure. On the contrary,some other cell proteins co-

aggregate ith recombinant GLA dwing aggresomesformation, appeaing later as

conaminantsinpurifiedaggresomes. Ais dlowed us to determine the natureof someof such

contaminant proteins by cutting off from the stained g€l the bands correspondng to thesemain

contaminants. MALDI-TOF analysis was performed on the four predominant proteins (accarding
to Coomasiestaining) foundin puified aggresomesResults corfirmed that one of thesebands
correspondedto human GLA enzyme or its precursor. Finihg GLA precursor \thin
aggresomes waisot suprising, since some unprocesse@dLA molecues still containing the
secretion peptide might be trapped whin aggresomes. Chaperordsp70 was found
associatedo aggresomem significant amounts Also, tubudin (a protein marker for MTOC) and
actin (the monameric subunt of the cytoskdeton microfilaments) are important components fo

aggresames.

Spontaneousolubili zation of aggresames

During the first hour of incubation at 37°C, ~20-25% of the GLAInitidly entrapped vthin

aggresomes wasleased to the supernatantndcative of a spontaneougprotein solubilization

and ©Hesase. Afterwards, the aggresamal fraction remaned basically constant. Tis was
corfirmed by both thedecreasef enzymatic activity in the insduble fraction (Fig. 4a)in paral el

with the appearancef activity in the supernatantdorrespondng to solubllized enzyme) (Fig.
4b). Enzymesolubili zation during the first hour wasalso corfirmed by western-blot (Fig. 4c and

4d).

Stability and eusability of aggresames

Thermal stabilities of sduble GLA and aggresomewere comparedoy following their enzymatic
activity after incubation in acetic acid buffer, at 37 °C. A ealy higher stability of aggresames
was observedFig. 5a), asthe activity of soluble GLA decreasedapidly, with lessthan 5 %of
activity remaining after 1 day. However, for aggresomest8 % and 79 %f activity remained
ater 7 and 14 days, espectively. These esuts indicae that GLA embeddednithin the

aggresomesis ‘protected’” and more resistant to therma inactivation than its sduble

counterpart.Accading to our lesuts, solube GLA is very sensitive to hed-inactivation.

Therefore, putative released GLA from aggresomes even if not separated from aggresomes

10



beforetestng,isnotexpectedtointerferesignificantlyinthefina enzymaticactivityfoundor

aggresomes especidlyafterseveraldaysat37°C.

Regarding reusability (determined by successiveenzymatic assays after aggresomesecovery
from the reaction mixture by centrifugation), aggresomeare essily recoveredand, accading to
the resdts, coud be reusedat least in 5 corsecutive enzymatic assaysA 70% of enzymatic

activity still remained after 5 rounds(Fig. 5b). Snceaggresameshadbeenincubatedlhourat

37°C and thespontaneouslyGLA released eiminated by centrifugation before starting the

reusabilityexperiments, this drop in the enzymatic activity dong corsecutive assays is probably

due to loss of aggresomes during centrifugation steps.
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Discussion

Through the production of a mode GLA in recombinant mammdian odlls, we have
demonstratedfor the first ime, that mammalian cdl aggressomesetain at significant extent
the biologicd activity of the forming protein, similarly to what hadbeen observeih bacteria 1B
(Garcia-Fruitos et d. 2005; Garcia-Fruitos et a. 2007). Contrarily to the conventional view on
these protein particles, tis observation indicates that these protein clustersare not
exclusively composedby misfolded proteins but probably by functional folding intermediates or
by a mixture of misfolded and properly folded proteins. Snce GLA incaporated into
aggresomes shows

[056% of the specific activity of its soluble counterpart,the posshility of residua activity by
cross<ontamination with soluble enzyme dting puification should be discaded. Interestingly,
athoughit has beemever quantitatively determined, GFP aggresomeare fluorescent (Garcia-
Mata etal. 1999; Garcia-Mataet a. 2002; Shimohata et a. 2002), indicaing that the GLA

activity determined in the presenstudy is not apecuiar case.

Accading to sdubllization experiments, around20-25 %of the GLAinitially entrapped whin
aggresomess solubilized and eeasd to the supernatantinder mild condtions (as showrin
Fig. 4). Theprotein solubllized from aggresomeat ealy incukation imes showspoor herma
stability, and becomehea-inactivated (Fig. 4b) soon after its releasefrom the aggresome.
The enzymestill remaining within aggresomesiter 1 hour of incubation seemso form a core
highly resistant to sdubllization. Ths “‘bimodal” architecture of aggresomesmight be
fundionaly similar to that proposedfor bacterid IBs, in which a fraction of functiona
releasale protein coexists with mechanicdly stable, nonfundiona versions of the same
protein (Cano-Garrido et a. 2013). Probably related to such corformational heterogeneity,
GLA aggregatesre formed

by the assably of smaler, repeateduilding blocks corsisting on sphericd structuresof 50
100 nmin diameter (Fig. 3). This aggresomearchitecture, called “aggregate of aggregates”is
in agreement wth previous reports (Garcia-Matat a. 1999; loannouet a. 1992; Kopito, 200Q
Kopito and Sitia, 2000). Accading to this mode, aggresomebulding Hocks are
produced throughoutthe cytopasm by pdypeptide coaggregation into singe aggresoma
particles or building blocks.In cells, suchparticles have a eguar size (Garcia-Mataet al. 1999;
Johnstonet al. 2000), suwpating the ideathat a fixed numberof peptides aggregateform
thesebulding Hocks. After their formation, these particles are transportedto the MTOC,
where bhey incaporate into the fina, singe aggresomeElectron microscqy has corfirmed
that building perticles are loosely associated ith eachother and do notoalesoe (Garcia-Mata
et a. 1999 Johnstonet a. 1998). Asimilar model have beendesciibed for IBs formation in
E. cdi: for example, expressionof asparaginase resuted in the formation, within an
indvidual cdl, of a high numberof smal aggregates kich further loosdy associate amongst

themseéves to form bigger aggregates (Upadhyay et al. 2012.
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Analysisof purifiedaggresomesshowedthat suchproteinaggregatesarenotcompletelypure. On he

contrary, some impurities are co-purified with aggregated ecombinant GLA. The

presance of such contaminants that co-aggregate ihin eukaryotic aggresomess not

unexpectedind has beerpreviously desciibed in the literature. ChaperoneHsp70 wasfound

associatedo aggresomesdn this regard,it has beerdesciibed the Hsp70 ale in promoting

aggresomeformation (Zhang and Qian, 2011), basedon the Hsp70interacton with the
cochaperoneubiquitin ligase carboxyl trmina of Hsp70/Hsp90interacting potein (CHIP).

Disruption of such Hsp70-CHIP interaction prevents aggresormiermation, whereasa dominant-

negative CHIP mutant sensitizes the aggregation of misfolded protein. In another study, \&hg
desciibed the presenceof Hsp70 associatedo payQ aggregates producew yeast(Wang et

al. 2007). Alsg tubuin and actin are important componentf aggresomesThe presenceof

cytoskdeton-assaiated proteins in aggresomess not suprising: the large size of mammalian

cells, together wth the presencef the cytoskdeton, a structurethat coud restrict the motility of

particuate materia (Gershonet a. 1985), implies that non-difussional mechanisms are needed

to sequester aggregatesthm the cytoplasm and transportthem to the MTOC. Forhat

purpose formation of aggresomesust exploit the transporton microtubues (Garcia-Mataet

al. 1999; Johnstoret a. 2002; Kopito, 2000; Kopito and Sitia, 2000), esuting in the fact that

cytoskdetonrelated poteins, like vmentin, tublin, actin and others, are usualy found
intimately associated ith aggresomeslt has beershown thatsmall aggregates generatet!
the cdl periphery are transported wthin the cytopasm at a rateof 0.32 pm/min towards tle
aggresome (Garcia-Matwt a. 1999). A mode for microtubue-based ddlivery of protein

aggregatedo aggresomes has beelescibed (Kopito, 2000; Kopto and Stia, 2000). In

agreement ith our results, it has beenlescibed the presencef -tubdin, asan aggresome-

rdlated protein in  -synuwlein-containing aggresomes Ghiba et a. 2012) and in

perinuclea aggregate bodes formed by a truncated poten conaning expanded
poyQ stretches

(Shimohata et a. 2002). All these stdies corroborateour findings about thepresencef Hsp70
chaperoneactin and tibuin as agresomes—+€eated protens.

Findly, aggresomes showedrotection of the sequesteredorm of the enzymewithin the

agaresamefractiontowardstherma inactivationin sdution, and in our testng systemcoud be

reusedat least up to 5roundsof consecutive enzymatic assas (Fig. 5).

The proof-of-concept shown hereof aggresomes asmobilized biofundional particles coud be
in the line of the development of a new typeof biomateria, similarly to the appicaion d
bacteria IBs as protein release nanoparticles in tissie engineeing and substtutive therapies
(Seras-Franzoset d. 2013a; Seras-Franzosb a. 2013b; Seras-Franzoset a. 2014) .Snce
someeukayotic proteins are notproducedin ther active form when expressedn prokaryotic
systems,mammalian aggresomegoud be an alternative to packagefundiona proteins in
mechanicdly stable, protein redleasing hano-microstructured materials. GLA glycosylation itself
has beerdescibed as crucia to the enzymeactivity (loannou et a. 1998), hampering their
13



produwction in bacterial expression systemdn this context, it has beerpossble to adapta
purification protocd for aggresome the pecuiar functional demand=f aggresomesmiainly
its optima pH for catalytic activity). In summary,since mammalian cdl aggresomesetain the
enzymatic activity of their protein components, shownproved stability versussduble protein
versions,and can bepurified by function-friendy protocds, we propose these structuras a
novel type of carrier-freg sdf-assenbled immobilized biomaterial, with puative gplicaions in
biotechndogy and biomedicine. This strategy coldl be of specid interest for thoseproteins that,
like GLA, cannotbe expressedh prokaryotic systemsThe mode GLA usedin this work formed

enzymaticdly active aggresomesrepresaiting a_proof-of-conaept for such aggregatesas a

new type of carier-free sef-assembled immoblized biomateriad. However, in addtion, [-

galactosidases are aso of particuar interest regarding hkotechndogicd and biomedicd

applicaions, and GLAaggresomesoud have putative gplicaions in both biotechndogcd

(such asthe emova of raffinose oligosaccharides from severa legume-baseal foods) and
biomedicd fields (such asimproved methodsto deliver enzymaticdly active GLA in the field of
innovative enzyme eplacement therapies in Fabry disease patients).

14
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Figure captions

Fig 1 GLA kinetics productionin transiently transfected HEK 293F cells. Samples were cdlected
3, 4 and Sdayspost-transfection, and processed aimdicaed in “Materia and Methods”section
in order toseparatghe sduble, secreted “Extracd”) fraction from the insoluble (Ins”) and
soluble (“Sal") intracdlular protein forms. Samples from nontransfected 293F cdls taken atday
5 (abelled as“Mock cdls, 5d') were treated wth the sameprotocd and included asa negative
control. Legend: MW: molecular weight marker. C+:positive cortrol (purified, sduble GLA)

Fig 2 TEM images of HEK 293F cdls transfected vwth pOpinE-GLA expressiorvector. Images
correspondo cells before transfection (panels a, b), 3days panels c, d) and 5days panels e,
f) after transfection. White arrows pint out individual aggresomesdn panels 2d and 2f, closer

views dlow to distngushthe sphericd building blocksthat composeGLA aggresames

Fig 3 SEM images of purified GLA aggresomesPane a: SEMimage of aggresomesurified
with “acetic acid disrupting bufer” from cells harvested dayspost-transfection. In pand b, a

closer vew alows to clealy distngushthe sphericd aggresomebuilding blocks

Fig 4 Solubllization of GLA aggresomes. Spontaneasdubllization of GLA aggresomes as
followed by measuing the lemaining enzymaitic activity in the aggresoméraction (panel a) and
the simultaneous increase of enzymatic activity in the supernatantpane b). Smilar results
were obtained when following sdublization by estmating the GLA protein amountin the
aggresoméraction (pandl ¢) and in the supernatantpanel d). Data shownrepresents meati-
SEM of 4 independent samples tested eacn dugicae (tota n=8)

Fig 5 Stability and eusability of GLA aggresomesPane a: Stability of GLA aggresomesblack
circles) versussoluble, secretedsLA (white circles), wasfollowed by measuing the emaining
enzymatic activity of both materials when incubated in acetic acid bufer, at 37°C, for
the indcaed tme periods. Fane b: Reusability was evaluated by performing successive
enzymatic activity measurements'rbunds”), and further comparison with “Round 1" (activity
defined as

100 %). For bothtypesof experiments, data shownrepresents meatl- SEM of 2 independent

samples tested eacn triplicate (total n=6)
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