RESULTATS

4.3. REVERSIBILITAT DE LA FORMACIO DELS COSSOS D’INCLUSIO

El fet d’haver trobat que els cossos d’inclusié eren estructures dinamiques, en les que hi
havia una transicio entre la forma soluble i la insoluble, ens va portar a analitzar amb més
profunditat la reversibilitat de I'agregacio. Per aixd vam estudiar I'evolucié dels cossos
d’inclusié després d’haver aturat la sintesi proteica. La seva desintegracio i I'aparici6é de
proteina soluble demostra que I'agregacié en forma de cossos d’inclusio és reversible.
Aquesta troballa ens va portar a formular la hipotesi de que els cossos d’inclusio eren el
resultat d’'un equilibri dinamic entre I'agregacié i la solubilitzacio, desplacat cap a
I'agregacio, durant la sobreproduccié de proteina recombinant.
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Abstract Ioclusion bodies arc refractile, nivacclilar protcn
appregales wvwally olserved i baciedia wpon largeied pene
myrrexpressinn. Sinee thear ncenrmenee has @ muojor connamicsl
impacl in prolein production bhiv-processes, in vilro relobdineg
stratesries are imder continonmes cxploration. In this work, we
prove spontancous @ vive rolease of both foralactosidasce and
122 lailspike poly pepiides Trom incledon Iendics realling in Uheir
almost complete disintcaration and in the concomitamt appear-
ance of solulle, propedsy lolded nalive protens with full
hinlngiral wefivity. Simee, in perticnlar, the toikpike protein
exhibits an wievwally shw aml complex (oldieg  pailvay
imolvimg, deep nlerdigilaiion of [ledes sdrociores, ils in v
rcfolding indicates thar bacterial inchesion body proteins arc mot
wullupsed min an irreversillde onlobled siabe. Then, inchedon
hulies ran b ohernved s fransient deposite of fodiimr-prone
gy pepiides, vesulting feoo an wilalaoced equilibrion bedw een
in vivm prodein precipitution and refolding thot con be actively
displaced by arvcsting profcin synthesis. The obscrration that the
Tt imn ol lrig imcledon Indies & reversalile inovoo can be aba
rchevaot in the context of amylodd discases, in which deposition of
il bl Anowis of aggregaied protein milizles ithe patlwgewic
process. 83 2NN Federstion of Forapean Biochemios]  Soci-
elies. Tullished by Ebever Science BV, Al righis reserved.
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1. Db osthue i3

Inclusion bodies (IBs) arc major protein aparepates com-
mwmly esccurrng in reaanbananl. biwlerie when the capressaon
of plasmid-cocoded pencs is directed at high rates [1-3]. De-
spile somne physobegeal Gclors illecncang 13 Tonmidien hae
oo identificd [2], attempts fo provent protein agpregation are
i gemcnsl wnsweasssul 3] Thorelore, and ance polypoplidces
embedddedd i 1 ame devoid of amy baokopocl ety amd
thercliore wielulness in & biotechnologieal contcal, mclolding
procedumes for im vilen pooden Teconvery T poriliedd THs
are wider eontinuows development [ 7). On the other hand,
hancterial TRs are mieresling amd convenien! madiels Tor dy-
namic and streclural analysis of peotcin agorcpation. thal
bl sorve Loe betier wdersiamd Taodogical slmdions wiich
arc difficolt 1o approach cxperimentally, such as protein de-

*nmesproding anthor, Tox: (5d-95-5R 1001
Fetail - aniesni villaverdegialy o

mewilion moamayloil dissises. Despile This paolemiol inlenesl,
bacicrial THa, oficn viewed as an obstacle in bioproduction
prowesses, have heen in general pootly invesiigiled

Tn ihis work, we peove that bacicrial TBs are nod inerd
provean aggrewsbes thal dereo w0 parsimemons volomeine
arow by product scoumulation, but on the confrary, the result
ol i unbidienl couibbrwn belween me v projcm agy e
guticn apd solibilization. lntercsfingly, this equilibrinm can
b spomianconsly displisocd fwards protem refiddimy when
protein synthesie is arrested, a sivaticn that conducts fo an
almwst complaas TB disintegration and o ithe appearing of
[y swclive prodem Formse This Gl ome hove o sipmilicam)
impacl on picdcin rocovery when wsing bacteria as ooll fac-
lory. In additiom, il ollers new dbia abool The peneral mecham.
ses of protein agerezation amd an intedesiing mods] o it
prodem spgpmrepalnn amd solobilsalion i real Hme, o possahil-
ity thot could be relevant also in the confext of prionic and
cillocr sunyboid disvimec

2. Mlaberiaks uml eoseihands

R Harferial strome, ploonfds, procers and cubnee canditions

T D™ Frrderichine culd adesin 12D 8] and iia Dacs™ deriaie
BLYG woro wsad Tor pretoin prododion. Masmmid pl¥PILALT is a
PIT AT dervative thar, encodes o f-pulactesidese fosion harhouning
e WIL v poolc ol food sod moull dissass v (FRLDYV 2],
winee production is cmmlrilled by tha lamhda g and . vl pro
medern and the lcinperatore-sciilive CIYY fopierans Plasmid
plLEPA s g plnt? duivlive thal coosles g peoudo-wikl-Ly:
TEF protein [TSEA) with the full hiskogicnl activities of TSP [I0],
wilwre porewtnctien is nider dbe conieed of g, pronsder Praded icsn
ol hoth VPTLAC and TSP in 2 colf rosulis im I Greenatiom. Luria
Teertami (TR medimm [&] plos (6 pp'ml ampicillic was ased for cul-
tae ol reeombaesnl eclls, gmd dwdection ol pene cxpressien wis
uchicved by Lomporwbara apshifll from 38 G A29C Tor ¥PILAC and
Ty TP ICE sddition fapodo 1 easd] &t 90000 for TSPA AL dillersnn times
allir imluclivo ol s capacssioy, probam syulboss was amcslvd by
chirrampherical nddition (up to 2000 el Tn TSPAproedecing onl-
e, Incddin wers abar washod by ecidrilogations 1o reinewe 1PT0E
immaodialdy pricr e dhloramphanice] adibivion. Alwer dhloramphoni
ol nddition, pIVPITAC-rying cells were inoubated at 2850 1o
allow g proper Lddiog amd gctavivy of CIESTY peprissee. For saenc
im vive axporimamis, the sram JGTI, o ditye decnvaliva of MOATIO
[ 0] wens alan nsed

Proeedinies o niinerie and solonwine 1K annlgsic snside the edlle
wura afroasly dewribed [12] wsowll wi the 1 purifctien provsed by
repeqted deferpent treatment [I1]. Sinoe TSP TThs are rather smaller
Uy VLA s, o vivo apalvses weore doaw on 249 b- sl 3 beaged 1Be
ruspaclivily. Silublo amd imsoluble coll rectons wors anabysad by
FALTE and prolcing wers dedecded en Wiesicnn bild by vsing appanopri-
ahie sera. [FOalselosiduse aclvily was dolermines] socording o Mill-
er's methodd [I4]. TSP ncriviey ans determined by plquee coonting nn
eqsnlBnenl cobllires of Sodoomenlla f'.l[hllll:ﬂ.ll.ulf.'ﬂ.ll L aler ;I'I.'I.l:ﬂ'lll'l!'!_ ol

DO L-5T03 0 532000 & 001 Fedemtion of Furopean Rinchemicnl Srceties. Published by Flevier Science BV, Al nghts resereed.
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Fip 14 Prosepe ol VPLLAC o0 tbee peesdubde (black cackes, el seadel sl solulde §wbule coedvs, orglnl wsled ool actons (nun BE3S buacie-
rinl colfres. The wertical line indicates chlommphenicol additiom and tempernrre deewnshife. TT are densitometric writs. Te: fCialncrosidnse
aclividg in havienial ool enlfees proshssnp siber VPLHAL [acd sqoares, kel acale) or (000 fabile aqnans, nipld wake) (TG i a pavnde-

wikl Lypo [ paluctisiidasa nol lieming [Bs. Tho aclivity m 2 ¥PLAC produsing, ThpAL

siraim is alsy imdiculod (ebito rianglos, kil scalo). 11

nre Miller fogalactosidose units [I4]. C: Percentnge of cells aurrying either nope (back harsp, | (Bpht prev harsp, or 2 Ths (dark grey hars),
BLINpIWEILAC lrem W s cullvwe Lew o A mol B, D Vacsbon m e aversee vobawe of oy 1B, The imduclion oo i odi-

cabed in all the pamels

extructs and tailless FXY porticles for nsembling [10]. When requined,
eedle weure: dismupiod y svnicaiien a5 deacribed [ 19] Fosr an vilno anal-
weis, purilicd TE and ¥PLAC IDs (102 comomirad) frem 3 h
imdnced cultures, were incabated at nhout. 1.3 e of protein per mil ot
AT walk 20 cawevntrabed, scame vell vslesels Lroan gl -l
BLIG clls al ke axpomondm] growth phice. Those olls, wone alse
grevardn LH wedionm Al S0 as indicated alwee aind ghified 1o 300
al W miklle capoucatied plese, Prolcase welubitoes PRUEE (L 1 adl)
nund henzamidineg o 25 paml) were also ndded. As o oontral, THs
wers inedhaled nder e same eninditions with the cell-lees ilere
sl Fire lwrthor activity amalysds, wing Z hollor e VRILAC [ [14]
und TMES for TSF THs [I0]. Samples were taken every 1 min for
aclivily aalyes gs Joseribed aboave, aed sedubde sad meolobde protcin
Iracticmation. Proboins io tho vhigined reclions wora anabysod by
Westerie ad  In dhe Dgnres, reperesentalive: sxperinents are shown
[ iy of Dour noplicas.

A Rl

34 e ovive refelding of T8 prowin

Im a previons work, we e showm a0 dymamic ITamsilim
hetween soluble and insoduble Toems of [-palaciesidase Tusion
prdems in [-fommimgr celle, Thal mighl mvolve o sapmilicanl
lractivn of TE podypeptides and in which prodeelysis is con-
meclhed [16]. Simee il hidd mol e <130 sobeed whedher prodessl-
veis could be o mechunism of 1B protein selubilisation or on
the conirary, il ocurs aver adready soluhilscd poly pepiudes,
wi have studied frmlactosidase cozymatic activity and IB
volmetre cvolulime allor aercsting the synthesis of the [oga
lnetosidese fusion profein YE1LAC. Under these conditions,
bith sslulle profean (g, TAY amd [ gabsciosidase activily
{Iag. T} imcresse, concomilimily with a resfinctiom in the in-
soluble VPILALC fraction (Fig. LAy Nole that In & rosembi-
mani fogala osiclass, Thal ddoes nol apgpreile as s (prodein
COMB cieymatic acilvily Is capidly sl aler the arnest of
provem synthests (I TH) by depmcdalnm ol the solinhle
Code. Moneower, in BLIpIVPILAL colli a simuliancrw
clogrsese of HE wumber amd wvcnge vodume s alse obserecd
(Fige. LC, I, 2, top). Alogether, these reanlts stronghy sngmest
thal TH cbedded protcin = selulalised o0 sive esulting in
disintepration of 1B particles troogh their progressive voln-
i redwctiva. T acbdition, il least o Mescton of 13 prodcin
can reach the native conformation with fully biclogical activ-
Iy, proeving Uhal prodedslysis oocurs on poly peplides provivusly
relezsad by a prodeodylic-mdependen provess. The Bwzl Thal o

56

wn Thyp s, i which 185 e alsas formed (oo, shoawnd, [
anlactosidase netivity 5 recoversd as in the wild-tvpe (Fig.
18}, suggesis thad ThpA Bl prodcing anc nol entisl e hes
refolding process.

In an addiivnal approeach o ovaleate in vivo T evaludion
m b dilleren] expressnm syslem we mmilored TH evolulion n
cells prosducing P22 TSP proicin THa TSP s a homotrinenic
profem Thal  imdergoees & omples  lolding palhwigy
which wilolded ineimediates collapse as TBs under owerpao-
duclion condilions [17,18]. In additon, TSF has heaen exlen-
sively msed as a medel for the analysiz of meleonlor interac-
Bwons between agegregicd  polypeplide: [1¥9]) and ol prodcin
felding and wofolding patbeanys [20-24] The srrest of Ie-
ceanbamanl. prodcin synthcrs w18 ceerving eclls resulis, as in
the case of f-goloctosidase, in IB disintesration {Fig 2, bot-
lemny iz, 30k Lo o T3 a0 the insoluble ecll Thsction i

ITrevm

e also mesmilored, s oin the cse of YPTLAC, by a numeric
TB reductivn and a coneomitant vise of TS with full biclog-
mutl acinedly (g, 313 This maticales Thal The agymess led pro-
ein can b released Nom TBs in abscncee of prodein synthesis
amid Imamslermed To The soloble cell maciom e TSP mondomes,
thai, also in absemos of probein synibeais, can refold as Tully
aclive THF Irmers. Mode Thal a raqid imeresses in the irimeric
native form {Fix 3B} is acconnted by an initinl lost of the
mnmeaneric lorme freme the solobide coll Prwton (9. 3% wmd
that o rate transition in the folding pathway between | and 2
I coinciclem witle the apporing of mononeric Tormes Tron
1B particles, thot results aguin in a further folding rate tran-
sitivm al aboul 4 he Somee Tlding mienncdutcs aml degrada
I ITagmenls hive alss been observed in hlols {(nod showmj

Although it cannot be cacluded that T Rornied by odhe
prodeams el wmederyne allemative o less efliien] relohbing
proccasca, Lhe fael that twoe stractwrally dilferent proteins anc
meleased with g comparable elliciency Tom 1Hs reveal anoon-
capeciod contexl for protein aggrcgation in bacierial oells in
which T Tormatnn and growih muost be regarded e the resuli
of an unbalanced cquilibrivm betwesn protein synthesis and
aggrcgalon. Dumng production of misfolding prone proicins,
bettlenccks in the protein tolding assistant network would
cerluel lor aleposition of walolded amd misfidded  pedypep
tides, that would be progressrecly refolded upon chaperone
availabilivy, a silvation ilal is strongly lavowred when the
der meweny prrosleing production s arresded
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Fig. I, Micrographios «f ¥T'1LAC (Lep) and TSP (bidlom) BLIG producing colls, Numbors imdicate Limo m b wilor steppmg tho symibhesis ol o
combinrane proteins. The hlack har represenes 5 pem.

V2 im vitra refodding of M provee YP1LAL depradatiom proshie:t {Iragment W) 9] amad & eomoom-

Sorme componcnis of the bacterial felding asalstant netwark fant incrcase: of feealaciosidase cheyinatie activity by ncuba-
have heen idenliliedd, althongh Theit sgpeenbial mphicilon in Iwm ol pumiliesd 3% mosomie exiracts ol # ol cellk. A sml-
the cascade Tolding process is sl wnder explocation [25 27]. tancews rising of intact YPILAC is alw obserwed by high
Irrespeciinee of The spealic Diclors sdmpe on haclerial oells on sensilive devehping of blols (nol showm), bl The amaoaml of
TE predcin refolding, the possibility o indwes in it prodcin this spocics i W low For an accwrate delennination. [Cra-
soluhilisilion Irom proleim agpmegi e conld be ol imleresd inoa Liclevaficns aclivily is mol delecled when THs ame imenhaled in

varicty of purposcs. In Fig 44, we show o rising of a major suline buffer, althongh in some of these samples, low protcin
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Fig. 3 A: Meonitoring of TSP monomer ameunts after chlinramphenion] addirion (e O i msoluble (hlnck circles, left scole) and soloble
{wlmte andes, opbil seaked ool et B TSP scivily meadtored by plesse sesoue o e wodal cell lrsctens (blwck sguescs, lell seadeh sl TS
lourkl in acliva, mmoenc foms n tho soluble adl Fracton (while sqeares, mighl sealoh C Porcontago of colls @rrying vithar ema (hlack bars),
I flipht prey Forsh, o0 2 THs [dadk grey larg), in BE2WECTSPA rone the sane colinne a5 in A and B Baede ilad s A The detovtion of nsne—
ory i b mseluble odl fclion Jucs nol aoeessarily wuply el TEF & aclually mlbe oo Do as cauboklod ol By, sioec Do clee-
troipheretic nnolysis of msnlitble protein samples most. ke denatured befiore knding. TF: Voration in the mverape wolume of remaining TTes, The
initact ion e e indicatod B all the pancts

57



RESULTATS

TREBALL 3
. 10K) bl * H: 10 é
& ' 09 I
::- il 1 i, & %‘
-3 : L =
2w N 08 3
= &
2 40 5
3 g
g 40 o
= =
0 i
P
Tlme: )
S TUD B
LN e e B[ B
F a0 T ““-"’\‘ : 5
o - 500 O
s Lo
" LA}
& 401 L, ot
o . - =
£ L = E
20 . — =
|— ﬁ?iii'fﬁ”“ LT v b B
il
0 A0 0100 2]
o 2 i 4 ¥
Tirng {l

g 4. A BGalactosidasas aclivily (righl seala) nom VPILAC 113s
inculaicd with crde edl eoiracds [hbwd Arinmples) or with sadine
bullior {whitc trionges). Mrowin amounis (ol scuel m the imsolobks
iblack civdesj and seluble (white circles) cell frcrinns are nlse indi-
calerd Whereaa the imaohshle pecdsin cormeaponds 1o the inloed
¥PILAL, the spluble Mmection is maioly composcd by o mager dog
vacdation fragnicid of 90 Kl 9] B TSP Aoty aa nwtilorod by
mdoctivus ploecs meseud Do P27 ailkss patickes (el sealel, m
TEF 0= muechatod with erudo wll exiracls (Black riangles) or with
raling: haller Pwhilc irinpk=} Prodcin amoenis Jlefi eeale) in il -
silobde (hluck vircles) amd soluble (while cirdes) coll ractons wne
nlsn indicnted. Tofact TSP monomers are the mninm commpoment of
ke seduble vl Trdio

amonnts were evenfoally observed in the sohible cell fraction
ol somc sanples (nod shown). The mlagt e of the soelulb
cozryme in ool extroct-treated 1B samples iz bardly detectoble
i Dledis, wmd sinee the min degradibon ganenl s oo
present in pure [Bs [%], this indicates o rapid profeolysis after
e rehease of podyprepliches Trom geregalces, i agrocmenl. with
lhe Lile ladmg ol The eneommalic wclinaly. Um The onlther hamd,
about @00 of TB prodein is Jost in abowd 2 he Tn Fig 4B, an
amitlogrons imemease of TSP phage reacmng aclinaly is ahsemved
in TSP THs cell catract mistwics, simuliancouwsly 1oa kst wp o
T ol TR proteim. Apin, The lale decrease of TSP aclivily
and conccniration of solubbe TS indicates Twiher prodein
tlograskatim.

A Deecarecim

Binee carly slwdics on bagleral physiology, 1835 wene be
lieved to be compact protein amarepates of unfolded polyvpep-
tide chains, that being wnicachabb: by protcascs and chaper-
omes, remmam iner! omas proslmcsd inothe o=l [1,78] Dloavever,
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il his heen ohserved eneymalic sclivily asociled o some
clymc-basod Ths [2030] and abse the prescncs of native-
hike secimdary sircinre in I3 prodein [31]. Inoadidiom, 1he
tinding of diftcrent conformational states within 1B particles
132) his buen wery reconily confivmod by comlnnng scanning
clectron microscopy and kinetic modelling of in vitro 1B trvp-
e chwestwn I3]0 Those ohservisbioms mebicde thal as me the
case of nmylodd fibrils, 1B majght be formed by a range of
lirllimg  miemmcaliies raiher thial by conploicly  anfodded
chains.

v mmore anlrigamg s e elervaiion of & dysenie pro
lein ITimsitiom helween soloble and dnsolohle oell Felions
during volumedric TE growih in vivo [16]), that appearad o
bhe Imikexd 1 The proleody lic digesiion. Ry exploring this evenl
i hesily a frgalaciosidase Tusion (VPITAC) and P22 TSP, we
prowe here thit TR proath is the resull of anombalimeesd sogin-
libiwm beiwecn protcin precipitation and oell-mediated re-
Terlding and solulabisadion, ihad. can be sponianconsly noh
recied towards body disintepration by arrcsting the synthesis
ol b rocombmsand podypepinbe. Under ilos satmaden wnd
when [Bs had been already formed, their momber and volome
rapclly deercass m hving oclls (s 1 2 wmd 3k comcomaitni
with o transition of the target protein from the insclubl: fo
the soluble cell Traction and & picbein relolding prooes. (o
miin Tl lmchiomadily. Nede thal TSP Tnhting is a8 spec iy
Jong and eomiples nwolocular processs [L7] o reach doepe f-ahoct
mientigitilion helween subanils [35] In the view ol These
soaulis, il secms reasomable o spocelate thal compomenis of
the hacterial Tnldmp asisiaml netwirk are able 1o el ower
apmremates of misfolded protein prompting protein relense
wnd eormeed prodein fokling fromn 183 This sodubilison pro
cess s eclipsed when protein synthesis is directed at high rates,
bt boeomes evicionl when de s synibesis 1 wrencsicd . Dlow
cver, note that in both in vivo and in vitro sitoations, & smeall
prodean amuesent remanns nsolehle aflcr prodonged  expen
menls, a fncd Thal conkl be moagpreemenil wilh The oharvalion
of a heterogencity in the mokeular organsation of TB poly-
peplides sis Tevemlly desamibed T3] 1 s worlhy To nolde, Thal
wheicas TP TBs are homopeneously allectod by prodcin sol-
nhiliition  {14p. 3%, mecakilnml  species ol syreresmled
VI TALC secim to be helerogencrwly distiibuied amonz TBs
m The hiclerial collime, smee o small fraction of These pomincdes
displays cssentially the same volume in abscpoe of protcin
sypwihosis (Fige T3 Vs odsereainon coudd ncdseate that il
ferent polypeptides can be packaped in different organisation
pralicrns willim 1B pariies.

Independent approaches have proved that chaperoncs can
prevenl prodenn ggregadiom e differonl, ccllular contesis amd
also favonr in vines solubiliation frm agpregiles [rom diller-
cil origin [31 40, Howcever, a5 Tar as we koo, bacieial
midiesm hewbies have ol been explored o this omiext and
s transicnl nabwie e repeabod, despite heing catrcmely
rovmmn amed incemvenien! in recombiman! baderia. The
data pacsented here indkeate that TE Romation is nol a
clead cmed process i U predcin guadity network [$1] ol b
terinl cclls, but o fransient situation in which 1Bs oot as a
rescrvoir ol mmslildod polypepivde clans, over wineh el
compoencnts can still apply its folding assistant potential
Tloc Tt thiel, TH selulabisation can alse be done o vitne Dy
nsing ccll exmracts (Cig. 4), offers intriming possibilities to
solve of diminish one of the main bettlomecks in the we of
hancterian as a cell Gudory Tor lreipn prdems, omely TH -
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mutlicm. More mporiamily, the 20 Thal prodein agmregalion
can T reverted even Miom poodly strectuned clements such as
Ilis prompls [0 ddeeply aTulmise possibilidies lor Cherapen ic
approaches to amylodd discases based on the reversion of the
aggrcgalion process. This possability s spocially appealing
since the recent report that chaperoncs con act &8 nenrode-
gencralive noprossers | 33056] and modolaters of Gl rma

tion [37)-

drkmondeadyenreney Weare indeliod el Cleen, Vo Foreans Do 1oe e
mital asedislance and Dr. U, lanoys for gomerowdy providing siraim
FGTIT. This mnrk has been supported by grane WIOSEO50T (CTOYT)
aad by M® Fraoweas de Revically Foundalion, MUMC. &g saapis
ol a productoral fallowship from DAL Doraclomy, Spain.
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DESINTEGRACIO DELS COSSOS D’INCLUSIO QUAN S’ATURA LA
SINTESI PROTEICA

Com acabem de veure, l'agregacio
proteica en els cossos d’inclusié de VP1LAC i
TSPA és reversible. Quan s'atura la sintesi de
proteina recombinant, es produeix una
rapida desintegracio dels cossos d’inclusio.
Aqgui es mostra més detalladament com es
perd la proteina agregada dels cossos
d’inclusié de VP1LAC, LACVP1 i TSPA. Els
cossos de VP1LAC i LACVP1 es desintegren
més rapidament que els de TSPA, perden un
80% del seu contingut en 2 hores i el 20 %
restant de proteina roman agregada 24
hores més tard. Encanvi, els cossos d’inclusio
de TSPA es desintegren més lentament, pero
completament. La fracci6 de proteina
recalcitrant dels cossos de VP1LAC i LACVP1
gue no és desagregada, podria representar
una part dels polipéptids agregats entre els
guals s’han creat interaccions més fortes,
com podrien ésser ponts disofre.

Comparant la desintegracio dels cossos
d’inclusié de VP1LAC en les soques BL21
(Lon-) i MC4100, veiem que tenen un

100 O\ n
]
" P g
60 N

- R
Protelpa en cossos d'inclusié (%) 0
0
0 1 2 3

4

comportament similar, la qual cosa ens
indica que el sistema encarregat de
dissociar dels agregats deu ser independent
de la proteasa Lon. Tanmateix, la lleugera
diferencia entre les dues soques, d’'un 6%,
podria estar associada a I'absencia de la
proteaseaLon enBL21,0 alavariabilitat dels
experiments. Per altra banda, el fet de trobar
la mateixa fraccio de proteina més resistent
a ésser dissociada en diferents soques,
suggereix que depén de la proteina
recombinant.

La rapida desintegracio dels cossos
d’inclusié a l'aturar la incorporaciéo de
proteina als agregats suggereix que hi ha un
mecanisme cel.lular dirigit a processar la
proteina agregada. Una gran part de la
proteina desagregada és proteolitzada, i
una altra replegada (Fig. 4, article 3) Aixi
doncs, en aquest cas, I'agregacio proteica
podria representar un estat transitori de
polipeptids mal plegats que seran
proteolitzats o replegats.

7

VP1LAC en BL21
LACVP1 en BL21
TSP en BL26
VP1LAC en MC4100

Figura 1. Desintegracid dels
cossos d'inclusié de VPLLAC,
LACVPL i TSP de 3 hores produits
en les soques BL26, BL21 i
MC4100.Quan s'atura la sintesi de
proteina recombinant, s'observa
o com va disminuint la quantitat
de proteina agregada que forma
els cossos d'inclusio.

v

25

Temps després de |'aturada de la sintesi de proteina recombinant (h)
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4.4. ORGANITZACIO INTERNA DELS COSSOS D’INCLUSIO
BACTERIANS

Es van realitzar una serie de treballs per estudiar com s’estructura la proteina agregada
dins dels cossos d’inclusié. Per una banda es va analitzar la sensibilitat in vitro de les
proteines dels cossos d'inclusié de VP1LAC i LACVP1 a la tripsina. Combinant la
visualitzacio del procés de fragmentacié dels cossos d’inclusié per microscopia
electronica i el modelatge matematic del procés de digestié dels agregats, ens va donar
una idea de la seva organitzacié interna. Per altra banda, es van estudiar les propietats
estructurals de la proteina agregada en els cossos d’inclusié de VP1LAC i LACVP1,
mitjancant técniques d’espectroscopia, com fluorimetria i dicroisme circular.
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Aldrac]  The mdecolar srganisaliom of projen apgrepsies,
formcd mier phiysiclomical conditions, has been explored by in
vilewr irypsin Ureaineenl and eleclran nnceoscopy analysis of
hurterinlly proheess incheion hodies (18=). The kinetic moslel-
ling of protem digesdion bas revealed vacialde proten]ysm rales
dusring, prodense exposmre ol wne md compodilile will o sorToee—
restricted crosion of bedy particles bt with a hyper-sorfacdd
diinlegralion by scleclive encymalic wllack. Do ualdilion
differently resistunt specics of the |R prodeins coexist within
ihe particles, will hal-lives ikl differ amomig ihenyup ba 50-Fold.
Iuringe im vism profein incorporation thrompdms 13 prowth, o
proeressive inerease of proteolytic resistano: in all these specics:
is olemerved, indicalive of Rdding  tramedliees aml dynamic
reorzanisations of the body structore, Both the beteropencity of
ihe foldmg stale and il limedepemlen (olding brasitios
onderpone by the syeoreratesd poly peptides imficwte that s e
ool mere deposits of collapsed, iwerl moleculex hul plasiic
resrryvairs aof mvisfodied profeins that wonkd wllow, at least op bo o
cerfain exicot, fhoir in vive recovery amd fransfercmcc fo the
sarlulrle ol lracibm.

& N Federation of Evropean Biochennical Socictics,

Ky words - B-Clalichosidose; Prodein Falding; Aggressiliom ;
Froteolysis; Becombinant protein

1. Intrmulnietinn

Chaperones amid pridesses are mujor comnonenis ol The
cellular protcin qualily control syslom dovoled 1o prcwent
the ewnimrrence: oo Tmislnlided polypenlide:. In memmmeitian cells,
the protealytic escape of incormectly folded profeins promotes
thoir wreversible accemulation as nsoduble wmyboicl plagues
and the consequent development of severe depencrative dis-
vinscs ol growing impast 1] Ialenond prdcin speeies arc in
volved in such discases. llowever, a common, defined fibril
sircture 15 clservod npon aggression 2] irespociive of The
primary e iemoe andd The makive: Toldings mallern |7 3]

O the cihuer hand, inclusion bodics (TBs) are reliactile ag-
sremales of misloddesd, msslnble prodein commonly ohsemved
wpson dargcied scne overcapisasion in bacicrial eclls [6]. THBs
are ol homogeneois o protem composd lon. BMany cell Told-
Inp-assistan proleins and proteolyilke lagments of e nain
pelypepinde coanpaeent e Towmd conbedeed s vamalle Trac

*nmesponding anthor. Tox: (3955812001
F-rail - aniomi villaverd sgiaaly o

tons of 1 iotal protein combent [T 9] Deespite this heterose-
neily, Immeamission elecinm microseony has ollen piciored THs
as alnerphows agancpates lacking defined structwral vrganisa-
o [T Nere, by combinmmp scanning elecinnm msmosopy
and a kinctic modelling of TB prodcin digesiion during Uy psin
treidmenl, we hivee slearved uneepeciod archiceioral Do
of 1Bs and the cocxistence of distinct populations of aggre-
gabod projem with differon conformatimal sbes, e n
trimning results prove o partioular organisation of 1B proteins
thai, al daflcrema: of the meammdian cewnicrpart agzroesics,
can ¢xplain the in vivo dynomic transition berwecn pmaremated
and soluble pelypepiides reeenily olscrved in TE-fomming bac-
leria |11]

I Matvrial amll methads

) Ewteried st I|||'u'-.l\.l|.'.'\|"- cad multre ety

Tho Excherichin coif sloaun BLTY |12] was usod as LI lclory, sawac
the abeno of pootceso La stimulales [B fomoation [15) Flasamids
Pl ACYED amd pl WAL D[S 1 enovede T clagaely relaksd |'_l.|:|';nc1
prostwims m which the ot wnd meuth discasa vinas YT e protom
iw fisad to gither the cnrhocy or amino-termini of & calt f-polacte-
sl reaperdively I dbese vordoes, raneeriplien of The eieesdeng,
gy is dirceiad by the krmhila gy omd . Iylic: proomaators amd aon
irolled by the iemperainre-senetiee I8 ropreasnsr  Listin—HKeniani
oo |13 plous D00 wshed smpecldlin was vsal Lo tbe codlure of
recimbinant hactorie, Culivnes woro first geown wl ZR5CC amd 250 rpen,
Ad il bepinisdng ol il cxpeaniinl ploaee meeand 03 0,5 wniie]
lasks woro ransfomed b @ pra warmed bath al 4290 amd Tarther
imcnhated o 230 pm ar this remperntere ap o M b

II. I sempling and parifiociion

nliere anmpikes ol 15 mil wene periodically taken doning 1he pire-
ductiow, plugs, al 1, 3, 57 awd 21 Loalsr Wawporaluee skall, aud 1Bx
were purified by repented deterpent. tresrment ns fallaws Cells were
Iarieded by ecidrilmpation ol PRHHE g (al 93 God 1% nkin aisd
resasperilod i 2000 pl of ysis bwTor (320 mM Tris 1 pll & 1 mi
FOTA, M0 mb&T W), ples 30 pb of 100 mM prstense inkibitor
PRISE wend &l off 14 peefie] Iysserane, Aller 30 min o o bt
wl 3T omdor pontle apitativm., NEHE wias addied @t 196 (wiv) amd Che
mniiare inewhated al 490 for 90 min Thew, 3 gl D | (i a
1 impeinnd slosck ) mand 300k ol 1 MBS0k wore mdohiod apsd W posolioge
mixture wns forther incobated nt 3750 for %) min. Protein ngerepates
wers aejaraled by esideilnpation &l F2EHEse Gor 1Y mvdie Al 4000
Finally, [ wore washod enoe with Lthe sume bufTer wenbaiming 0,550
Triten M- 1{0 and ance with sterile PRS. After o fimnl centrifiepation nr
T2 Lo 15 mmi, polldls wurs sbooald al BP0 woldl soalweas,

I ¥ Prypode trevalmarl el wlvrdranpasrstic ool pin .I!I" TRy

Puridicd 1By eonlrinimg arowsd 15 ngl of rooombinant prolom
were ressperded im W pl of 7 boffer (0,06 5 SNaTTPCR, (04 W
B PO EEL B B B0 HE), pH IR and dncasharod
with trvpsam (e 100 pemih wl 377 Durinye 21 b mewhation., samples
wers periwdically willsdrasn and soghean teypsin inhibdor {Be 80 ppt
ool } wes gdded Lo stop the dipgesien, Alcrwards, sumpbes were stored
b HFC unlil Wiestarn bl amadvsic Smullanamas]y, mogulive con
irole were perfarmd with ke anne sampdes willenn sdding irgpen

D570 S 32000 2 2000 Tedermtinn of Purapenn Tirchemicnl Seceties. Al mights reserved.

FL: 5001A4-5723(00 1357 -1
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I'rgpaineircated 1Re were boiled for 10 nsin in denatoriag lofler 1005
oild Toas O pH &8, 6% B0E 2P plyecred, 10 aocncaploctbame b
phes & % wrea and leaded on 3.5% stadking and ¥4 polyaorylanride
el elecdraghor soparation pods Prodedn haieds wene dedecded by
immumnobhd, wing wnli fogalsclosidase pobychmal sorem. Pratom
wmoants mere estimuted by measnring hand arens with one<dimersion
Lutellist Quantilice™® sollvan: allvn gl solulion s

L4 Eieevromin micrascapy

Luridicd Is wore Daaed watl 2,550 plulaaabichrlc i plosplatc bodl-
or [Mas Iy 0.8 M, Napl PO, 0006 B pll B0 for 1 koat 47 Te
redvwens Lhe erasselinloer apent | snmpibs wore retained on o ivae leoguens
puarbraugy gl wasbeol Lwive will e s bullor, Allcrwards, ey
were dehydrated by conssoutive, § min woshing steps with increndng
erstecanl ral ivsng o cdlfeisol o wader (400 b M MYkl 1HER] Biloia]
wis mally ovaporatod by reaching the oriticl] mrint Frally, maom
hranes worre cosered with a 100 im0 Bayger posdd Tor s ferher ohaera-
Lo wesler @ seaaenrs peerossope Hilscly 5-570

T4 Mlwlellime ol VR parateia .'.I:l:l_l.-"\u'l'lm'

Prodsdvais ol 1B ietad, reoumbaant peotcins was mosdelled s lol-
lerws. Teeing ir) the non-fmgmented protein (in nhsolete densinnmet-
ke mikiia) &l dime oodipestions ol TH preedein seonrs coperinenially -
cording W the fidhrwing oon linmr diloreobial eyuation:

NN —  gNP Vpnl, gl [¥i]
Tt heternpenenus THs coniniming more than one profein species,
pamedy m, coospeaiio s descobed as Tollows:

Nt ="%"Nams ]

T gperille poramcicrs For cacls prodcin apecies are g, while il
Cracticas NS08 represcot Uee novies propes eos. The Dowetion, Jde-
scrihed in T 2 satisfies an m-order linear homogenerms differentinl
vgualion withy constam cocllicients, swel 5

VN N A g e ) — {3

TFrom numerical eviluntions of N7, 0N in ineermedinee degrada-
Rbow Biews, o L over-deloumieesie syslom of oogualivus was budl i
oriber Ly ostimsale the paramelors gy in Ry, 3. Details ol this procedun:
waill e desovibed clscwhers [Unbardd ¢ al | dn prcperatioir) The e
il estlienation of e denvatvees dinsely oo cxperimental data
led o nan-comsstent resals. Tor this renson, the derivatives in Tig. 3
wiers caplicillg cvahied frons Fap 1 This cleadly prodoesd a coneodls-
wr amd betlor detormimation of the dorivatives. Thus, By, 3 was aon
verted it the follewing frm

N v et} =0 (1

Fitallg, e neting proporions wers obinined b obang aisolles
bar wvir=dulceeumale svelom ol cyualions, sssovialod wilk By, 2,
for the complete set of meperimenml dam.

MO rareis et ol TFERS Dokt &7 NRKD] A8 T
I Resakts

¥ Protealytis stahility of T protobw

Isolated IBs, bmilt np by cither YPILAC or LACWEL
b wibictiorsnlase Tusion protcains, were suhomibicd oo vidn
proteolytic digestion by incubaticn with trypsin. For this
wmitlysis, we sl hodies obiamed oo wclls n o which e
combinsnt gene cxpression hod been indweed for differcnt
poriads Torming dilferenily awed 18s, spanning foan 1o
24 h Dwring trypsin treatment, loss of the infact fusion spe-
ek was lservel e all ihe cases (soo one cesmple i Fig. 1)
This waes comaomilanl with o Iransenl inorease of anli-f-pa-
laviosddase: immunorcactive degradation Tragments, degived
lrom a penlentybic ceaade, Tl is comparable o thal nb-
ssived i vive [13]. By plodting an inlacl prodein amownt wer-
sus Imme, a mm-constant deprwmialion welocily wies revealed,
bzing higher dwring the st minetes bul rapidly declining
wille e (g, 2 Provious proteolysis assays poerfomncd
nnder the same conditions [16] did mot sugmest any cozyme
lienitatwon responsthle o vimation e the prolcelss i In
addition, proteolysis of the deprudetion intermediates was
ceanplcicd aller B b (g, 1) wnder nearly comsdant rales (no
shown), indicative of a peculiar protease susceptibility of the
Tull-lengih foams of the prodcins.

Ilall-lives of These inlacl length [mms were muphly ap-
proached as In 20 by adjusting a simph: caopenential bow

Nle) = N |

S

and the obtained wvaloes arc depicted inm Fig 2 For both
prodiang, prodcase resistance morcased st the age of 1he
containing bodics. Interestingdy, while this obserred variation
worallicr constanl Tor LACYIL AL s rapicdly stalaliscd in
VPILAC, Surface dipestion has reasonably becn smgpested
fcer IH procin prodoolysis under i wilno prodcase cepuoson
1T, sl ecomsequen iy, TR inpodogy conld eventually inHiemee
digestion rate. However, Tor a swifaoe-reslricied TH ciosion,
the dramati: dillerenas in I vodime Tiomd when comparings
LACVTL and VPILAC TBa [17] would gencrate greater dis-
rrepimides in The nhserved Ralllives, Inosgbifition, the volumes-
ric growll of VPILAC TBs eomntinues wp 1o 24 h, as il also
ey T TACTYET TR 1T)L prowing that TH viodume is nod 2

key tactor in determining the depradation kinctics.

_min_ i it h . - ‘h
D 1 5 15301 2 4 6 24 . 0 1 6 24 ypa
- - = g« 20
=gt ST 11 1
- i o ) . O
.;,,,. Bden . i : & i

Fie 1. Wisbou Dol of wypsic-tevalod LACVET 18y (apod 5 Ll dillacol iocubsbvo o {uapresod woume acd b The e boand cooe-
spends to the fell-length TACYPL At the ripght side, Ths imcnhaored under the seme conditions nithoue protense. Tane W indicates minlecielar

weipll narkers whess Apparent macses are iindicaiesd by aniowes
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Fip 2 Bvadnlion of viacd TH fosien prodeene {LACYPL o & I~ 4 :
¥ELLAC i BY Jduwirs wypsus esposue. Dilveently sped  beslies nl _ |
were processed and are imdicated os follews: | h, circles; 3 b, trian- ] Al a a1

pha 4 I dinmonde; 24 b aqeancss Hall-lives calinmied frone B |
{in moin} aro also indicutod (or cach wspoomonl.

B2 Metermgeneity of T praiein siahiliiy

The results presented above sugzest that factors other than
1 topolegy, hke inbrimse protein stdality or molecalar o
ganisntion within 1Bz, would be main detcrminants of 1B di-
gestion dymmes, el Lo nvesiigaic inomoen delaal e
mechanics of protein digestion and the potative inflocnee of
beedy wolumc, digestion caperinents wers repeated Tor 5 h-
agedd VPTTALT TRs anad 5, 5 amad 24 hengresd T AV bowdies
Additivnal sampling of LACVE] Ths was of paiticular inter-
el hesnse of the Imesdependen) varalion ol hall-lik nb-
served in LACYT-buill bodics as discussed abaove (Fig. ).
Whlh This sl of dimbicied date, evoluiim of nlael prodsin
was madelled according to Bg. 1, and the relevant parameter
powas ohdimmeod For cach nadividual ceperimend (Fabile B In
principle, n Poisson stochastic process [14] would be expected
o sccvnd Tor the dwesion kinclics, Uhen, the probahiliy
denstty function for the time interval from trypsin addition
up ke bhe s incdecolar prodeolyine cvenl would be given by
ligp. 1, Tenderimg p—1

Horwewer, such hehaviow would imply a constand digestion
mile {19z 3, plol a), which is ohvinnsly inconssient with The
caperimienial daia (Figs. 2 and 31 An aliernative posaibility of
a cimeeniric Liver etosion (a0 sorGue-resiricied prodeslyic ai-
wack of TB protcin alse predicls & digestbon prodile that deos
masl lil with The experimentally ohliined kinetices (e 5, plo
b Alse, nofe that in this case, p would be 23 and that the
approsimaiod o owaloes Tor all the pedirmel cspennois an
indeed higher then ene (Table 11

Therclore, a e plumhble hypothess can e given by

Prulean greunl (denmmnsetoe units)

Fip. % Trigestinn rates of TH profein wersns protein amoont obinimed
loowe o theee poost eslopation of 5 bapol bedes for YIILAC
(meles) aml LACYPD (sguomes). Im adibitiom, axpeclod Takes an
sl Aaceanding o dillereid moddels of TH digestion, ey oo
slanl il (3, dasled buch, surlsoe-nslociod coosion (B, coolinoous
line) an<d mixture of protein species with comsmnt. but distinpuish-
ahle dipestionn rales, #e wodelled Tromn the coperienial data Tar
basth VPILAC feentiruows plot) amd LACYP] (Leshed plot). Mol
that dam af rern protein valee indicare the dipestion rate for the
ool proledse-rosisiael pradciy loon foumd m cads type ol 1B, gl
il is the tmvarsa of thi hall Tives of frackion 3 a5 mdicabad m Tahbl
I Thie resistant forne s e onigoee remainenp, on stiomively dipeaiesd
18 parbivkes.

assuming a lwtorogencows waleie of the TB protcin in which
miore Than ome dilTerenl prodem species (1, 2, 3 and <o om, wAith
incrensing protoolvtic susceptibilicy) would coexist. According
e s wdel, the composiinn of 135 s ansudely desernbed
by Cq. 2. Under protense expesure, cach of these species fol-
fovas an mchivichisl Potssen Gagineniabon process resaliing in
distingmishable bali-lrres. whose combinofion would render
the averaze bl s il o P 20 While e ba compo
neml syslem explyines qualilalively the demradation kimetics, e
sl of 1he caperiments, the minimal nwmber of protcin spe-
ey recquimad Loy sctually accanmib or the chserved diska i thmee
(Tahde 1}

A preficiend, These prolein species exhibil distimpgishable
prodclyiic sensitivity and they oocwr al dilfeien welar pro-
roriums (Tabhle 1), heingr adiln mmm dopliied experimenis
highly consistent. Exoept cxperiment 1 of 5 h-pged LACYEL
1885, 1 wlich only P profem Torms could caplan numen
cally the degradation kinetics, o third frocticn of o highly

sensilive fiveme (hadl Tile botween 1 oamd &5 ) s obsereed

Tabk 1
Provoim compieition and siahility in dilforonUly wpad 105
Praom Il ape (hl Exporimont ouwmbeor P Prorliin spocics

1 2 3

Heall-kilic Lot Hall-Lf LETITIHT] Hall-lif Ut

{enim) (el frmim) i) fTmim) (el
¥rILALC 5 | 1201 1 1.5 15 G55 %3 15
VPIT.AC 5 1 A2+ 000 L] i I F ™ L
LalvIl 3 1 2AL D37 1 T 1 I HLI 16
LACYD] 1 1 1.12+022 1 M 1.5 s mns 55
[ idmy | I: | 5040 1R nid el ry ] =3 4%
LAalvI 5 2 LEdLD32 Lix kS & 15 13 51
TACYFRI M | IR+ 05 4 19 1= 42 TES 1
(IR | 4 ! 5% 1 Ib 51 hh & (] 4 1t A

el ol eledenioad
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MM arric ot ol IFERN {aetors 400 (NN ] 201

Figo 4. Sewairy Jkvion microprapls of punlivd VPTLAC faged 5 L bolioney {A) oo alla Foawin ol Wwypsie westooad (B Soudar des s wons
ohluined with the smuller LACYED 10s mot shown) Thes piclwres aro roprosonlativo of o Tarpe numbor of axanminalions.

m Gl e, absnmidimpe more mACYPD {rom T8 00 &)
than in VPITAC {less than #%). The main compoment of
VIPTTALT hawties i amoimlemmeduile stable prolein fomm fichowl
08 of total 1B protein, while o highly stable species acconnts
lier Dactwocw 24 amd 33% of prodeine Inicrestingly, e leadl hic
of the more stable fTection increnses dramatically, althounph its
progeriaon o the 13 prodcin pocd remains nedy comstinil or
cven declines. This ape-dependent enhancement of fraction 3
shahility (hotween 05 and 5 fodd}coold be a mam contnbalor
ool The orang ively TncreieamE ITypsn mesislimoes ohsemeed
cornconitaniy with the ape of LACVP] TBs (Fip. X Lesser
bl 50l adelectahle siahilisatiom ol ractoms 1and 7 conld alkiao
bz pelevant.

33 Arcutectural aeslysiv of digeed 78

The muniel presenled above expliing socoesdully the dy-
namics of 1B protein degradation by the prescpee of ot keast
three prodein spocics el e digesicd . dilforent vides {Talile
1} Lewever, it does not provide information aboat if these
Travchiones e ol in belerogencous Ts o, allematively, they
sepregate into different body particles. To approach experi-
menbelly this guestion, parifcd 1Bs were ceamned  under
SEM aduring Irypeim Ireaimenl. Whils mon-ireiied hocies ex-
hibited a rowed-shaped morpholegy with & smooth swilace
(1 4A), prodemse exposune memerales proedinmd  Tymenia-
ton lines that sub-particulaie THs amd cloased sub-body
spherical smad renwl-shomed pieces (e 2E) thal Torther disep-
s Al longer incubation tines (not shown}, This olservation
corlirmed thil The proteolyis allasck s onod seeliee restrocicd
and indicated that protease activity has o sclective Impact on
1 sorlveni cxpescd sorface. I awddaiion, the ediamed origes
arc compatible with a profein composition,
regardig prodeelyine stehility, thil ool depemdent on sur
face accessibility to protesses. lotercstingly, this fragmenta-
ton pattern & seen in the vast majorily of the observed par-
T, snppeding thal s baill ol hemmaspenecnsly mesisiami

66

polymepiuies, il They cuaur, are mre ammem, H-proshiscings bae-
ieria

4, Distussion

Mdthough poorly studied ot & mobeoular level, bacterial 1Bs
e heheved o e e, woncrgamsal aggreges o compleicly
protein that protect the embodicd polypeptides from in wivo
prodcelplic altack 6L 1 lewover, a wembcr o imdcpendent ob
semvalions semionshy challenge This aswmplivm. Firddly, under
cerlain conditions, cneymatic activity is fownd associated o
emyme-hased TR namiiles even aller sirinpen) wicshing | 19,00,
Since the specilic activithes ranged Nioan ene-third [19] 10 al-
misl The e vidues [N tham Thal of soduble enomme, The
st of correetly Tolded polypepiides in TBs, rather than a
mere conlaminaliom, shonld e considered . This s imoagpmes-
ment with the inding of pative-like secondary stmctore in 1B
predcan |21 amd the soggestion of diflforent prodcing cenlorma
tions within bodies [11), that are preatly influenced by chem-
watl and pliysical paramcicrs doring 13 bakibing [22).

O the other hand, unexpectedly short in vive half-lires
fiwve hoen doseribcd Tor both keose age negaied | 13] and toe
Il provlesin |23, heing even lower Than Those ol the solohle
cownicrparts. T this linc, prodcin release and degradaiion
Iromm hamlby-like provieinieeous simciunes il abresdy been me-
periled B0 ocarly stedics [24.25) Wery rccently, we hawe ob-
server] exiremely sl prolein releass rom oyloplamic [k
ol [i-galactosidase Tusicn protcing [11] and oiher recombinant
prodeans (G cloal, mannesenipl me prepacebon], durmg
volumetric IB grewth in Living oclls [17). Thi= tinding proves
s ampuorland dyminmic ransiion belween soluble and ey
ble polypeptides that would be in aprecment with 8 more
Nexihle rowdel of the TH sirciure,

In this context, resnlis presented bhere stronply sumgest that
mowe Usan one single protcin specics with distinel protcase
siceplibility enexist {Tihle 1), thes icomimimg Lo decliming:
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M Crerrie of ol JEFEN Tatdars 477 [ARIR) P=XT

depmbation e of I3 proem (P 2 omed 3) Sinee i
[Fealacivsidasc, like in [Hactamas: [10] and lkely in st
ool The proleins, proleice sensilivily depemdds om prolein oom.-
formation [2627], differcnt folding states of 1B profein mamst
b prsent i LACY I sl W PTEAC D Do isddiiom, o Lo
dependent incrense of half-lives in all the protein fracticns
cliwring bedy bieibdoeg, Cabde 1) s s ive of sirciural i
sitions sccnrring within LACYPL [Bs during protein aconmn-
Lt Sanee degradainm dises nol oconr throngh serfiee oo
sicn (Figs. 3 and 4y, differcotial protease scnsitivity canmot
cly he caplonmmed by solsirole coposare, and delemnmanis
mire cowmplex Thim the smple surfioe Topologry wonki be
aciually modulating the digesiion dymmics. The sehevant puer-
renlipe o highly sensilive prodein {Gihle 1) amed The appearing:
ol decp lragmendation lines (Fig. 4) swepesd an lnvasive oype
sim aclivily selectively allacking dedined proleimn sciors. Ao
Trome the heleioseneous TH proicin com posdiion ilscll, poo-
ease mvisveness coudd be Gevourncd by the bigh bevel of 183
voiduge provionsly revealsd by density annlysis [28]. Aocord-
wgly, parmcicr p froan g, Do be odserecd as oo nomeerical
indicator of the 1B erosion topology. For valoes close to 203,
il owernlel wdaie sorfase crosion, cheas o 1, loanogencoes
profeas: diffusion within single species bodies. apd for p val-
wen alound X owhatl i in Fael the aciual case (Table 1) &
rslimisedl provdense resslimoe geneniling oovmplex, hyper-air-
laced T strwclwics during bady disinbegration thal pesmit
edlicienl emyme penetmilion. The relese ol professe-Tesistanl
pscudo-spheiical pariicle (Fiz, ) and the meivally caclusive
pallemn ol TH pronwth in the hicleri] oyloplism |17 conld alko
b in nprocment with an 1B constroction process in which pre-
inggregalod ]:u||.|1-.'ir| pitrinchos wilh Jrreiisnss resslianl cores cun
bine to form one woigue higher order body clement per ocll.

The diskae proscnicd bere, logether walh vthcr poblshcd side
observations, show [Bs as highly dynamic, Sexible and scli-
crrganiscd protoimaceenes structiones Toemed by Belcrogenconsly
mislohied polypeplides, thal supmesrl bodh immer prodeim lodd-
ing transitions but also an active prodein eschanse with the
stluhle cell Iraciion

Ackrewivelrenmeniy: We are wdilied (o ) Clocs aud ¥, Foraes Lo
cxvallonl wohmce] asdstomea and M. Mari for 3OM rainieg, This
wirk has Becis sappriod Dy Coranl HEERLFETS QYT aiwd e B
Framuvsm Jv Hovialla Foundation (Spain). ML, Las boon o o-
cipient of a dootoml felleewship from TTAT, Toarcelonn, Spain.
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In Situ Proteolytic Digestion of Inclusion Body
Polypeptides Occurs as a Cascade Process

Rafael Cubarsi,* M. Mar Carrid,T and Amtonio Villaverdet!
Vet i cde, Bagalasius L eemarmpmbont, amal Ll etosmn ot e § femicbivoa i Mg oeabigdasinn. L ndac il Al ot Ao e,
Belloterra, (8TYY Barcelona, Spain; and “Departament de Maremarica Aplicada § Telemdtica,

Tinivarnital Politdeaine d2 Catalieaya, Raralona, Spain

Irrrived Iedmnsry 14, 2001

Mislvlded proleins undergo a prelerent degradalion
ruled by the housekeeping hacterial proteolytic sys-
e, bul upon precipilalion as inclusion bedies Ui
stability dramatically increases. ‘The susceptibility of
aggregated polypeptides fo proteolytic attack remalns
essenlially unexplored in bacleria and also in eukary-
otle colls. We have srudied hoere the i ridre proteolysis
of f-galaclosidase Iusion proleins by irypsin breal-
ment of purified inclusion bodles. A cascade digestion
process sipmilar to bl oceunrring ie vive las beeo ob-
served in the inspluble fractlon of the digestion reac-
tion. This suggests that major profease farget itos are
nol eilher lost or oewly generaled by prolein precipi-
tation aied thar fhe digestion occinrs ie sife probably
wqn sl venl-caxposed surfaces of inchasioo bodies, T ad-
dition, the sequence of the proteolytic attack is influ-
caced by prolein determinants olber Ui sandoe acid
sequence, lhe early digeslion sleps having a dramalic
inflienee on the furthor eleavage sisoepribilny of the
inlermediale depradalion Iragmenls. These vbserva-
tions indicate unexpected conformational changes of
inclusion body proicios during: their site-limited di-
geslion, thal could promoile prolein release Irom ag-
gregares, thus partlally aceounting for the plasriclty of
g vire prolein precipilation and solubilizalion in
bacteria. & 2000 fcalimi: Prss

Kevy Words: f-palaciosidase; protein misfolding; in-
clusion bodies; protenlysis; aggregated protein.

The housekesping proteolytic cell systems remove
misfolded polypeplides from the cell oyloplasm, proba-
bly commscied (o the incapabilily of chaperones (o prop-
erly inleracl for Lhe assistod [olding. Uhe sigoals Lar
peling: such proteins for cither chaperone  meloldiog
allemply ur profeolylic attack remadn wnlowwn (1)
Huwewer, nusfulded proleins can alse approgale and

*T'o whom correspondence showld be addressod. Fax: 34 033815011

12 mmils Ariord ¥illvenbefansdoes.

(WG 25N S55.00
CopyTlght H1 A0 b fwadczslc I'ress
ALl rizhite of reproduction Lo Ay Barm poserved.

conseguenty scowmolale in the cell, resollng (rom o
kinwelic unbalance belween dipestion and precipitation
pathways. In turn, probein sggrepation miphl redoce
the availabilily of the insolulle protein o prolcases
thms enhancing ils slabilily (2). While in bacleria, Lhis
lact alen resulls in Lhe generalion of relractile proiein-
acems parlicles named inclosion bodies {THs) 3], in
marmanalian calls, prolein precipi Lalion can darive inlo
i sl of related degenerative dissases of growing con-
cern (4} Lhal are presurnably linked o the slow or mall
pratenlyric rurmover of misfolded prorein. Hecant atud-
ies on protein refolding reveal a deep implicarion of
chapernne activity in the separarion of aggregated
pobypeptide chains (5—H), proving a signilicant suscep-
tihility of insoluhle polypeptides tn snluhbilization. Tn
recombinant hacreria, the arrest of protein synrhesis
allows the alomost complete cdisintegration of bacterial
1B and the pocorrery of funetional, peoperly folded pro
tedn {9), rovesallng that e dese ageresates are not a
deacl cned of an lrveversible preclpitation process,
Apeat from the anticipatoed therapeutle potential of
chaperone overexpression to proevent o dissolve in rive
proteinaceous agsresates, the protealytic suscetiblty
of insolulile protein is also of inleresy woonders Gad e
mlevalar fealures conoecling misfolding and proteol
yuis, Additionally, controlled proleolysis of insolulde
pulypeptides mipht cventuadly represent an allerna
Uive approach Lo cemove pathwopenic deposils of prolein.
Despile in bacleria il has been proven thal Toosely
appregated proleins relain prolease susceplibidity (10),
viry Lille is koow aboul the dipestion mechanisme of
insoluble protsin upon precipitaton as THs, where
tighter hydrophobic inleractions ocoor belween un-
folded chains. Tn this work we have kinelically sax-
plored the aliack of bacierial T proteins by rypsin
and Lhe subssguenl generalion of degradation lrag-
menis. This approach, thal has revealsd an in vine
cascade digestion process very similar Lo thal ooourming
om soduble projein ie vive, indicales Lhe mainlenance of
prolease iargel sites in inchision body-embedded pro-

4 fv‘“‘?
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tein and their availability [or a sequential deavage,
that appoars t be also responsilble for a chaperone
Liwleperdent process that roleasoes saluble: polypopticles
from aggregates.

MATFRIAI 5 AND MFTHODS

Protein production awd 1 purificaisa, Phaserids )1 ALY sl
pIVPITAL derive Do e engeerabore imlucibile espaessiong vecln
]1“ ANNZ (R} and dsmend e I'||'I'\1I""|"." rrlated B vilactosddass Nsden ]
T (1F, T3] pahas o corestiioiively F:-mlill-:x'll Larnbchia G0 1Bwerereesen
sitive repeossor. The high expression level achicwed by the usc of pe
and p Tylie pomaoiers and The Tow proteln digestion caies inothe
pruleacss T deficienl. Eecherickic eoti stain BTED (14} promeste aeeu
muilarion of signilicant amownts of both proteins as Lks (11} Luria-
Fireriand {11 rmecdome (18] ploes TN e aimipdedlline s peseed
ol e plessanid containing BT21 cells Tetailed poosdu s o leac
terial culture and temperature up-shitt can be found clsewhere (0)
THs werme purr lieed 5 B aller fanhoactiom of recomdsnsmi geane examession
Imy letenpgenl Lrealoeend, TNase digesUion sod repeaied wasding (1)
frarn Pean Endvgpeendent Batch prodocton processes

Trypain dipastion, protein fractiaariog and digsetion proosss caal-
weiv.  DPuriliogd WPPTEAL el PACYET s abibiesad alles b bl ne
combinant gene exprossion weore resuspended in 300 pl of £ buffer
{06 B Mgl P00, 04 M Mal I V0, D MOKET, Mphil, -
THLEL, pH AT o ivmoabated witls TOD pggfonl Liypsin al, 3790, AL
diffcrent times, samples were withdranvn and the digestion stopped
by acdclingy, AIHF il saybicssn irypedn smd dmormediately Freesdng,
Wihen necessny, soluble amd Disoloble protsin aclions were seps
ratlid Doy wmmdrlToganion ol G0 pl sl o S50 amd 4777 for 15 min
Aller bdling dhe sarmabes oe 10 eedr o demainaringg, bollee (125 b
Tris~Cl pll 68, &% S5, 208 ghyeerol, 1% B-mercaptacthaned] plus
B A e, ﬁlg-::\.'llrlrl [:-mﬁll-:'lt; WAL .:|r|:1|_-r'-;|'r| in We=icrn hlkd 'I:-:,-'
chepeeriom ol [ gabischeibisie frrmanoresss e Tamds, aliee PAGLE in
3.5% seacking and 7% scpacation gels. Blot images were obtained in
st Meawlenn Piwkard ressdielive scanner amnd medewvanl bands woere
apsanidified by wsing Quantily Chwe soliware Toan Bie Rad, Tata G
o independent cxporiments were usod for the modeling

Numerivel aralyeiy amd medeling (he cosvade digesliaon provezs,
Aceanching, fondhe sonalecalar meesses o redevami mds, the pagnilaion
ull TR prrulein spvies was acganieed in Use Tollowing geoaps of oem
[Emanls I et ihies h||_>lhnr Hewr] g, nl 1 L, rl:-rr\c:'\.'[lnrlrl-s 1 ihe:
intaed meen (rvsdeel peeiein, As previseeily deserl=ed B, 20 heterages
neous nature of full-leagth 13 protein was detceted, and more than
anc: dilferenl profein clieses wlih abselone desdiome cic ondis 30 e,
&Aoo N, Al Giene 2 wouled ooexisl TTider prolease espusus,
the fragmentation of these specdes follows an independent Poisson
g 1) resulidng i dlistinpguoisiusllae aquseled Byes, Acenmilding s
Uiz aonmbeed, Uhee soenpaesi o of man Teageoenbed TR is desoribed as s
midxinrr: ol racpoanend lal denstiy Toneiiomes B thespeac e Do {niereal
arpr o 0hes eligesstdem eveni:

E LR | I P P B m

Wil s s cmmrpiememl enisdore esplaine aqpualilaiively thae 1 depras
alalinan Rinetics, Tor st ol dals analysis Tion indepeadent esper
mazril, hee mdnlrmad noeenbuer of prodeln species ceapined o acially
apananal Bior | B ol rwed] alakia wiss thoese (. 3).

A second group of components corcsponds o partially de-
il raclodd ||!-J'Ir\tlll"|rl im e raasing order of mealecnlar rmevses, ¥ il
WLl WL i AL Uais Teweel, thee presencs ol orime II|u|| 15
specics of full-lengrh protein in 185 betore proteasc addition was in
geriorisl Thal I|1‘i|11l|.¢:111‘i|'|.!|:l|':' Tan Lisect, Ul fami bs | prredasio somemimi ol sy
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ol Ve prowstesimn Trsageriemis weats ormch ovees: (s st ol dnssel iostein
it Uee flesd lewel, whsee Uhe supegosition nudsl was apgslied. The
]'Ir\tlu_l'l":'{'\.'l'.'\t! |'|||}I":'{|1I:lrl [EPSE AR in awree Thewe dicestlom, Tmrm
highier by hwer redesaalior meess Leweds, aamd Dhae pavslvin aamemmi ol
cach componoent increascd by rocciving protein cleaved trom wpper
Teweds, amd dherrased 'I'u_',.' o=l fn1|_=;rr||'nln|1 msdarlal lweand Toewnr
leweels al geomding L o Poisson process, Thus e kinelics of Uhis
cascade process can be modeled according o the following differen-
il eopemaliom

a=1

= E Pl — g N AT E=n+ 1,

ANk
't

R |

whiors Hne coamsizmi o, (e Tsaciiom ol paal cin waning, Fraan hevel § D
§ por unit of time) and g, are nonnegative. Lo aoy lovel, the chacac-
Ierlstr paramet er Tor each prodedn oompaeneni s he pariial ddgesion
rale g inverse ol the especled il falthoughe seoetimes e Dl il
¥ — Ll was uscd as componcit desoribing parameter). The con-
siaml s fradwesd in g [2], weso odssimiod Toome prootein e s & Q80
i 1,....; | m ol aillsrenl Lires, by =adlvingg o linwar overdelsr

mmilnaie sysieen o cepeabions. The declvative was compied Trom s
Phvrese gedenl esslierusiomsl T he derivaiive (V7] archaslhimeerde s o
swstems of cquations were solved from an iterative weighted Least-
snuares maethid, swmrding, o the algoeithme presdnnsly describiesd
(18}, Taw obilaio vwini e variance peranelers, weiglils were evalu

arcd from the inverse covarianc: matrix of cxporimental croors

HESULIS

Casede proteciveis of 18 profeing, TACVP1 and
VPITAC are fpalaciosidase fusion proisins ol dhe
same molecular mass {139 kDa), in which Che TWTA
VI capsid protein bad been joined cither o the cn
gy carboxy or amnine lenning respeclively (1Z). Un
der evverprocduction conditions inan E. cofi Lon™ back
grounel, both proteins prodoce Inclusion bocdies whose
kinatic formartion and linal srrucrure are distingoish-
able by analytical methods (15, 19} Thrng rypsin
exposuTe of purified s, a progressive dipestion of Lhe
apprvpaled protein ook place, resollng in o Gme
dependent evolulion of iomemaoorcae lve, Jow moleoular
wioedght protodn fragmeats concamnitant with a doecrnsase
in the amownts of the full length forms of the fusions
{Fig. 1). Alrhaugh an important background of immo-
nnreactive material alsn appeared in snme of the lanes,
mainly al sarly times of VE ITAC TT digesiion {THg. 1A,
bottom), discrete bands were evident, Lheir inlensily in
the Dlobs Geding during expesure o lypsin. Aomong,
thesse: agucls, those corrosponicling to protein fragments
of apparent molecular masses of 128, 1146, 98, 90, and
G4 kTka for VPIT.AC, and 128, 116, 114, 1060, 90, and 64
kTa for TACVPL, were repearedly detected in several
samples. Therefore, Lhay mmsl represent. bolile necks
wilhin a cascade digestion process in which sysiematic,
sile Limted cleavage evenls on defined prolease Lacgel
silvs peoerale some stable prolein Iepmenls, This se
quential protein cleavage s conficmesd by the tlme
depondent evolution of protein fragments in which
transient increases in the amount of snme degradation
inlermediales were observed (Tig. 1)
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FIG. 1.

Weesbern bluls revealing [ galaclusidass: inmmunoneaciive paobeing during Gygesin Usabosenl ool porified TRs (TILAL in A aimd

FADYDP An 1B Madeonlior mewrkaers were Toadel Anthe el Tanes, Thae ﬂlm::lllm Hrme b5 Indicated am the I ol each Tamez, A0 thies batloen, thic
arwaun i fomn ol o e pmoiein spedivs is indicaled as amouomls relistive b ose ol okl pestvin kmcs oA, Dol v, he backgroomd Tnomd

betwoen discrete bands along the lane is also represcoted for VPILAC 1s, cclative o the wotal donsitometric units of bands plus the

kg renind frsell {in hliack syenbals).

Al the exeeplion of 88, 90 and 68 kDa-lfragmenis of
prowin TACVPL all the digestion fragmenis ol
LACVLE] and WILLAC were alrvady preseol in Lhe [B
particles. Since under i vive overproduclion conadi
touws, protein fragments cmbeclded in LB are at least
mainly geperated by proteolysis of soluble protedin fol
lowed by further precipiration of the digestion products
(20}, the similar reperioire of prolsin bands indicales

thal im virrs Urypsin degradalion of aggrepalsd proiein
followes & palisrn similar (o thal ocoorming in vive, al
the cxceplion of few specific deavapes, However, il
cannol b completely excluded that LACYETL 88, 90,
anwd 59 kLlka pepticles could also e produssd faovive but
at lower amounts, o alternatively that they eowld b
poorly incorporated info TH=. Tr is norewarthy that rhe
L1E and 114 kTa TACVEIL frapmenis, thal are nol

174
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FIG. 2 P'ooledm semenmils, reladdee do ioial [Irl:lll":|l'|. irt it snlohle

aell Fratiom ol rypedn foessiend VEPTEALD THs. Uinly (hese srasl]
amounts of intact VEILAC black symbals) as well as the 116 kla
fgyray syerihnds] and B0F ke (while symibwds) Teigumaenis bane heen
saen in Wesbern Dlols, Mo solulde prodein has Desn aelecied i

VPILAC Is incubated in buffer In abscnce of trypsin (not shownl

preeducesd in pifro, wWoers extremcely resistant to the typ
sin artack, heing srill detected after prolonged incuba-

tion {Tig. 1T

Solubility of 1IN digesiion prodacts. Soluble and n
snluhle protein was fracrinnated during rrypsin artack
of purified VP1T.AC T particles. As shown in Fig. 2, no
snluble prolein was delecied balfors Lhe addilion of the
profease in THs in suspension. TTowever, immediaisly

alter starting the digesUon provess, small amoonls of

intacl protein were ansicoty feood in (he soluble coll
fraction, The full length peoteln was lately replaced by
major degradation products {Fig. 2], heing rhese few
speries the only components of soluble profein fraction
deiscled during Lhe digestion process. Thess prolsins
are fmmd al very low amounis, represenling a meaxi-
muun el LOS% wilke respeel Lo e Lolal proteio (st oo
1 min}. Uheir dypamic evolution is (e soluble Iracton
siggests that the soluble protein releasod during 1B
disintegration could be more protease sensitive than
the aggregared polbypeptide chains. Tn addition, these
nhasrvations alsn indicate thar the time-dependenr
evolulion of proisin fragments presenied in THig. | in-
violves insoluble probein, and el the cascade prolein
dipeston vecurs dn site on 1B particles. 15 a pooradlel
caeacle digestion process of soluble protoln docs also
ocedlr, it would oot e detectable: wnder these digestion
comditions.

Muodeling the in situ coascade digestion process of 10-
eathedded profein.  Partitioning results presoimed in
Fig, 2, proving that the cascads process absoreed dor
ing in virro T8 digestion {Fig. 1} corresponds to insolu-
ble T protein, olfer an unexpecled model (o invesligals

WICICTREMECAT ARNTY BT IYEICAL RESFARUED DO RLINICATH NS

kinvlically the proleolylc attack of insoluble protein.
Lo approach this wnexplored aspect of protedn diges
tion, the scguential appearing of lower molocidar mass
degradation fragments was modeled for both VP17 AC
and TACVPIL. Figure 3 represents the flow diagrams
ohiainead for both proteins. Thres differenily sLabls in-
izl polypeplide species were delecled in Lhe slariing
prolein malerial, in abprrovanienl wilh provivus ama'llysj,b
of Baclerial 1B architeelure {15). While the digeston
process of the unstable fractions (and the nose stable
fraction of VI*ILACY cannot be cdetermined, probably
berause of the important amooant of heterngenenas pro-
Igin Lhal is disiritmted along the lanes it Lhe blod (THg.
LAY, a1 cascade, mulli-stepped process is evidenced Tor
the most recalvilrant specics. The én vitrg dipestion of
VILLAC involves the appearing of 128, 116, 80, and 6%
kL& dntenmccates, wlidle an acditonal 100 kL frag
et §5 eviclenesd doring LACYLT digestion. lntoerest
ingly, a 98 kTla VPITL.AC fragment and thres T.ACVP1
degradarion intermediates generarad ia vive and pre-
cipilaled wilhin T pariicles {of 128, 116 and 114 kTa
respeciively) are nol produced during trypsin (real-
ment (g 3). Alse, sune of these LACYE] upments
{of 116 amd 114 klda) shewr unusually high half Lves,
by even detectable after 24 h of protease treatoent
{Fig. 1Ti}. This fact, that is not ohserved in VP1T.AC,
can only he arrribured to a different folding srare of
both fiesion proteins, Lhal, having the same aming acid
sequence bul aliermative disposition of Lhe pariner VP
and ¥ galaclosidase proteins (12, 13), exhibit dislin
puishalle struclural  properbes  hal allecl, aunong,
othey featurees, the digestion pattern and the stability
of derived fragments,

NISCUSSION

Bawterial inclusion bodics formed wpon recombingnt
proe oyorexprossion aee guile homopeneows in prolein
composition (19, 21, 22), apparently clue o & high speci
ficity cluring  intermolecular baclrophaolbic  Interactions
{#3). TTowever, snme chaperones like Thp are alsn presanr
{#1} being prohahlby trapped doring the precipirarion
evenls. Aparl fromn the fll-length recombinant protein, il
iy also commaon o observe degradation fragmenits of dil-
ferent moleoular masses (25, aoad Vg, 1), These peplide
fragnents sooin T e the rosult of & dynamie oquilibrion
betweon proteln aggresation amd solubilization ducing
the vnlumerric groasth of T parricles, rhar allows =it
limired protentysis trough transient protein ancessihility
o cell profsases (20). The inmcatad polypeptides inchode
species of discrele molamlar massss, ooresponding (o
slable depradalivn products, bul alse peplides with ex
Uremnely hetermeeneous molooular messes Uhal peocerale
an boportant backarowwd, In VIP1ILAL 1IBs, this reprc
soquts about 104% of the Dnnwnoresctive materdal (g,
1A). This hackground becomes spectrophorometricallby
unidetaciable al abol. 30 min of rypsin irealment of TH

A%
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A B
[139 kDa ] 139kDa | 139 kDa 139 kDa ! 138 kDa | [138 kita J
{18 %, [2-4 min] 40 %, [B min] Ju %, [27 mini] 32 %, [2.5 min]| 36 %, [12 min]| 32 %, [135 min}
4% . 100 % 100 %
] 100 % 28 kDa
—_— kDa ! )
128 kDa %‘3‘%‘[25 il 11 u, [13 min] |
[13 min] TH% 84 %, [>1440 mini] I
[112 kDe, 15u,|
[[*1440 min] 100kDE g
[50 min] J
9E kDa 100 %
[25 rain] A %
| oo kDa
— o | 00 % | | e e |
1m%¢
< &4 kDa
[5 min] | [ 450 m_l_n_]
00 %, IW%L

" Complete” .
. digestion -
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FIC. 3. Modeling of 115 digestion for both VPLLAC (A and LACVEL {13 185 Percentages indicase the fractions of diffescie spocies n the

i sl T saarrmpabes s el s |'|| thixivib b Boelweeran dillerenl dhigesiiom qust inseys. Mmnbers fn besckols rogmoesend e espseci ol Bl e ol

wach prulein spcivs.

particles, indicaling (hal. protein fragmenls are Lhen ei-
e vompletely digested or degradded ol steable inter
mcdiales concenbraling as barads of Doercasing inlensily.
The proscpce of this lnter band msterial makes the oo
merkeal modeling of the clesvag: cascade more difficult,
resulring in saome unankved steps (Fig. 3). TTowever, hoth
tha iramsient incresse on some of Lhess inlermediaies
TFig. 1} and the global process modeling (Tg. 3) reveal a
subseyuent appearing of increassingly shorlened species
and herelore @ seguendiol exposure of Wy pesin Gagel
sites cluring 1B inculstion with the protoase, Lterost
ingly, the described cascade process ocows o the nsolu
hla fractinn of the digestinn mixrore, while the anluble
fracrion contains hardly derecrahle amoonts of prorein
Tig. 2). Tn absence of prolein synlhesis, the presence off
replacing protsin fragmenis o Che TR fraction canmol be
arrounted by a dyoamic egoiibeiu belween soluble aod
insaliible: forms anwd pectercntial cigestion of the sololsle
jeotein, as prolbslly ooors in blosynthetically active oolls
{A0). O the contrary, rthe sire-limited rleavage is direcrad
an TN polypeptides, generating progressively shorrer
fragrnenls thal remain irscluble and probably retadned
in Lhe particles during (heir progressive disinlegralion
M high protease sensilivily of some 1B proteins hes
sz sugzested by cxporimental data (26), Also, looser
ageregates of VITLLALC winderge ain g wive site Lindtocl
digestinn generating srahle fragments wirhin the inanl-
uble cell fraction {10). Tn this reporl, we have obeerved

a sequential, sile-limiled digestion process thal implies
3 (o LACVIL) ue 4 (for VIPLLAC) detectable slops
before e complele protein digeslon (Fig. 3), voly in
volving insoluble 1B protedn. Since the activation of
target sites for sive lmited protealysis roquires confor
mational modifications in the protein (27, 8], rheas
conformnational changes must ocoor fe vites during
irypsin digeslion of T particles. On Lhe olher hand, L
is already known thal o restricled cleavage evenl can
modily the vonlvrmabtion of soluble protein, s dea
matically affecting suscoptibility to further attack
promeases (28), The data prosented hoee indicates that
a surh conformarional evenrs ean alsn take plare
within protein aggregares. Tn this context, the release
of small amoumls of soluble protsin observed during
the digestion process (Tig. Z) could be nked (o the
degradalion of more sensilve prolein species, allveling
the: molecilar covieoument of stable popticde chalos
allowing their solubllizaton, Alternatively, the dis
criminating ernsinn of the T particles mediared by the
heterngeneity of TH protein conformarion {15), could
promole a mechamical release of TR material Lo Lhe
solible fraction during body fragmenialion.

Drespile bacterial [Bs have been oflen considered as
huomopeneows, inerl deposilions of insoluble protein,
seaceral depondent obscrvarions reporting cozyvoatic
activity associated to 1B paarticles (29, 30), high voldagse
arcessible to rhe sobvent (31), native-like secondary
struclure of agpregaled T prolein (32), dynarnic hei-
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cropencily in 1B prolein erganization (1%), refolding
potential of 1B protedns {9, 20) and bath in vive anc i
pitro reversibility of 1B tormation (4) inclicate an e
pected molecular plasticity within these aggregates.
The resulrs presented in rhis work indicare thar ar
leasi a signilicant fraction of TR prolein is susceplible
o sequential, sils-limiled proleolylic allack, with a
cascade aclivation of prolease Larpgel siles, s L eoours
in soluble protein by a conformation dependent way. In
adclition, minor amownts of stable protein are roleasocd
from 1Bs incubated with protease but not o dts abscnos
(not shown), being rhis a possibiling for an alrernarive,
chaperome-independenl mechanism ol fn vive T disin-
Legralion.
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APROXIMACIO A LES PROPIETATS ESTRUCTURALS DE LA
PROTEINA AGREGADA EN COSSOS D’INCLUSIO

INTRODUCCIO

Coneixer l'estructura que presenta la
proteina agregada en els cossos d’inclusio
pot ser important per a entendre com es
formen els cossos d’inclusié i per avaluar la
potencialitat de recuperar la proteina
nativa. Estudis preliminars proposaven que
els cossos d’inclusié estaven compostos per
intermediaris de plegament en estat
desnaturalitzat compacte o en estat de
“molten globule” Aquests dos estats
presenten un elevat contingut en estructura
secundaria i algunes interaccions terciaries,
formant estats intermediaris entre la forma
nativa i desnaturalizada, amb residus
hidrofobics exposats al solvent que els fan
propensos a I'agregacio. Aquests dos estats
es diferencien en que I'estat de molten
globule presenta una estructura quasi
nativa, mentre que el desnaturalitzat
compacte no (Mitrakiicol., 1991).

Hi ha alguns treballs posteriors que han
analitzat I'estructura secundaria dels cossos
d’inclusio, com és el cas dels agregats
d’interleukina-1(3, analitzats mitjancant
espectroscopia d’infraroig (FTIR). Aquests
mostren una estructura secundaria molt
propera a la nativa i I'inica diferencia
observada és un increment en el nombre de
ponts d’hidrogen de les fulles beta, el que
indica que les fulles beta estan
empaquetades per unions més fortes en els
cossos d'inclusié que en I'estructura nativa.
Aix0 suggereix que hi ha una topologia
diferent en la seva estructura
supersecundaria, és a dir, en la manera en

com interaccionen els sudbomins proteics,
entre els quals s’afavoreix la formacié de
ponts d’hidrogen entre les fulles beta inter i
intramoleculars (Oberg i col., 1994). Els
cossos d’inclusio de B-lactamasa, produits
en diferents condicions i diferents
compartiments cel-lulars, han estat
estudiats per espectroscopia de Raman i
s'observa que presenten una estructura
secundaria pertorbada, en la que
incrementa el contingut de fulles beta a
expenses d’helix alfa. Aquesta pertorbacio
és meés acusada quan els agregats es
produeixen en temperatures elevades, pero
no es veu afectada per la compartimentacio
subcel-lular (Pryzbyecienicol., 1994).

Aixi doncs, la formaci6é d’interaccions
intermoleculars entre fulles beta sembla
gue sigui un denominador comu en els
processos d’agregacio in vivo i in vitro (Ellis i
Pinheiro, 2000), pero les dades que es tenen
sobre els polipeptids que intervenen en la
formacio de cossos d’'inclusio son escasses i
variables, i es desconeix si la proteina
agregada en forma de cossos d’inclusio
presenta propietats estructurals comunes.

Per aix0 vam creure interessant fer un
estudi estructural de la proteina
recombinant que forma els cossos d’inclusio
de VP1LAC i LACVP1. Com ja s’ha descrit
préeviament, aquests presenten diferéncies
morfologiques i de composicié destacades,
essent els agregats de VP1LAC més grans i
amb una composici6 proteica més
homogeénia i els de LACVP1, més petits i
heterogenis (treball 2).
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Per altra banda, en estudis previs haviem
observat que els cossos d’inclusié sén
estructures dinamiques, formades per
diferents espécies polipeptidiques amb
diferent sensibilitat a proteases, que varia al
llarg del seu creixement, el que indica un
dinamisme conformacional (treball 5).
Aquest treball analitza cineticament els
canvis estructurals que pateixen els
polipéptids que formen els cossos d’inclusio
de VP1LACiLACVP1 durantel seu creixement
en el citoplasma d’ E.coli, utilitzant tecniques
espectroscopiques de fluorimetria i dicroisme
circular i analitzant la susceptibilitat dels
diferents agregats envers agents caotropics.
Aquests analisis es van realitzar al laboratori
de bioquimica de la Dra. Debora Foguel, on
vaig realitzar dues estades curtes durant la
tesl.

M ATERIALS | METODES
1. Produccid i purificaci6 de
cossos d’inclusio

Els cossos d’inclusié es produeixen a la
soca d’Escherichia coli Lon- BL21. Els
plasmidis pJVP1LAC i pJLACVP1 codifiquen
dues proteines de fusié molt relacionades
entre si, portant la proteina VP1 de la
capside del virus de la febre aftosa a
I'extrem carboxi 0 amino- terminal de la (3-
galactosidasa, respectivament. Aquests
vectors d’expressio termoinduibles estan
regulats pels promotors pgp i p_ del
bacteriofag lambda. Els cultius creixen en
medi ric (LB) a 28°C i 250 rpm i quan entren
en fase exponencial s'indueix la produccio
de les proteines recombinants per
temperatura, transferint-los a 42°C. A partir
d’aquest moment es recullen mostres de
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100ml cada hora, durant 5 hores i a les 24
hores, per a purificar els cossos d’inclusio.
La purificacié dels cossos d’inclusié es fa
a través de repetits tractaments amb
detergents després de la lisi cel-lular. Les
céel-lules es recullen per centrifugacio a
123969 durant 15 minuts, es resuspenen
amb tampo de llisi (50 mM Tris-HCI, 1mM
EDTA, 100mM NacCl, pH 8) i s’hi afegeix
lisozima i I'inhibidor de proteases PMSF
(Phenylmethylsulfonyl fluoride). Després
d’haver incubat la barreja durant 30 minuts,
a 37°C amb agitacio, s'afegeix NP40 (1%) i
s'incuba a 4°C amb agitaci6 suau, durant 30
minuts. Seguidament s'incuben amb
DNAasa i MgSO4 a 37°C durant 30 minuts
meés i es recullen els agregats per
centrifugacié a 123969 durant 30 minuts.
Finalment, els cossos d’inclusié es renten
per centrifugacio dues vegades amb tampé
de lisi més 0,5% triton X-100 i es
resuspenen amb tampéd fosfat fins que
s'utilitzen. La proteina total dels cossos
d’inclusié es quantifica amb el reactiu
bradford (Bradford, 1976), havent estat
previament desnaturalitzades per urea.

2. Analisis de fluorimetria

2.1. Seguiment de la fluorescencia del
triptofan

L'emissio de fluorescéncia té lloc quan
un electrd excitat retorna a I'estat basal
emetent energia en forma de llum. Les
proteines tenen aquesta propietat gracies
als fluorofors naturals que tenen, que sén
els aminoacids fenilalanina, tirosina i
triptofan. De tots ells, el triptofan és el que
contribueix més en I'emissié de fluorescencia,
ja que tant la seva absorcié d’energia a la
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longitud d’ona d’excitacié com la intensitat
d’emissio sén considerablement més altes
gue els valors que presenten la tirosina i la
fenilalanina (Lakowicz, 1986). El seguiment
de la fluorescéncia que emeten els
triptofans ens dona una idea de I'estat
estructural en qué es troba la proteina, ja
que ens informa sobre la seva exposicio al
solvent, i comparant-ho amb la proteina
nativa, podem detectar canvis estructurals.

Per analitzar la fluorescéncia del
triptofan dels diferents cossos d’inclusié
purificats, es preparen les mostres a una
mateixa D.0O.a 280, de 0,4,i s’obté I'espectre
de fluorescéncia de cada mostra, excitant a
280nm i recullint I'espectre d’emissio de
300 a 400 nm. D'aquest espectre s'obté I'area
total de fluorescéncia i la maxima emissio de
triptofan, que prenem com a valor
representatiu de I'estat conformacional de la
proteina.Els espectres de triptofan s’han fet
en un espectrofluorometre ISS K2 (Foguel i
col., 1995).

2.2.Seguiment de I'espatllament de llum

L'espatllament de llum és una mesura
optica que ens dona un valor d’agregacio
donat que mesura la quantitat de llum que
és rebotada al xocar amb una particula
agregada. Quanta més agregacié hi hagi,
més quantitat de Illum espatllada. Les
mostres que s'utilitzen per a analitzar
I'espatllament de Ilum sén les mateixes
utlitzades per obtenir els espectres del
triptofan i s'obtenen excitant les mostres a
320 i recullint I'espectre d’emissié de llum
incident a 90°C, a través de la intensitat de
llum integrada entre 3151 325 nm.

2.3.Unio de la proteina agregada al ANS

L' ANS (bis 8-anilinonaphthahalene-1-
sulfonate) és una molecula que exhibeix poca
fluorescéncia en soluci6é aquosa, pero que es
torna altament fluorescent quan s’'uneix a
regions  hidrofobiques  estructurades
(Horowitz i Butler, 1993) i per aixo s'utilitza
per a prevenir I'agregacié o per a fer-ne el
seguiment. La uni6 a 'ANS es detecta
excitant les mostres a 360nm i recollint
I'emissié entre el rang de 400-600nm (Silva
i col.,, 1992). Per a mesurar la intensitat de la
unid s'utilitza l'area de l'espectre de
fluorescéncia. La concentracié d’ ANS que
s’ha usat en totes les mostres és de 5 mM.

2.4. Analisis de dicroisme circular

El dicroisme circular (DC) és una tecnica
d’espectroscopia que mesura les
diferéncies d’absorci6 de la [llum
polaritzada, circularment a la dreta i a
I’esquerra, per a cada substancia de la
mostra. S’ha vist que els espectres de
dicroisme circular de la zona entre 260 i
180nm, també anomenada regié amida,
ens donen informaci6 sobre I'estat dels
enllagcos peptidics i és molt atil per a
identificar I'estructura secundaria i
detectar-ne variacions, ja que es coneixen
els espectres de DC caracteristics per les
estructures secundaries de tipus hélix alfa,
fulles beta paral-leles i antiparal-leles,“turn”
I altres, que es mostren a la figura 1.
L'elipticitat és la unitat del dicroisme
circular (es defineix com la tangent del radi
des del menor al major axis eliptic) i
s'utilitza per a donar un valor quantitatiu
de cada tipus d’estructura.

I
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Les mostres dels cossos d’inclusio
purificats resuspeses en tampa fosfat, a una
mateixa absorvancia a 280nm (0,4), es van
col-locar en una cubeta de quars de Imm i
es van obtenir els espectres a una velocitat
d’escaneig de 50 nm/min., a una resolucio
de 1 nmiuna sensibilitat de 50 mdeg.

80000
60000 + = g-helix

= fulla beta
40000 A random coil

Elipticitagy 4

~20000 A

=40000 A

-BO0G0 : =
1490 210 230 250
Longitud d'ona (nm)

Figura 1. Espectres de dicroisme circular tipics d'hélix a (amb un
minim a208 nm i un a 222 nm),de fulla beta (amb un minim a 218
nm) i de “random coil’

3. Pressid hidrostatica

Les mostres dels cossos d’'inclusio
purificats i resuspesos en tampo fosfat es
sotmeten a una pressié hidrostatica de
40Kpsi, que s’aplica de cop, mitjangant una
bomba de pressié que va afegint etanol a la
mostra, tancada al buit dins d’'una ampolleta
de vidre amb un tap de plastic moldejable
(veure treball 11).El seguiment de I'agregacié
I I'estat de la mostra es fa mitjangant el
fluorimetre connectat a la bomba i aixi es
recullen espectres de triptofan i
d'espatllament de Illum durant la
pressuritzacio.
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1. Seguiment dels espectres
de fluorescencia del triptofan

Les dues proteines estudiades, VP1LAC i
LACVP1, tenen un espectre de fluorescéncia
similar quan estan agregades en els cossos
d’inclusio, la qual cosa podria indicar que
presenten una estructura tridimensional
similar (Fig. 2).

La B-galactosidasa salvatge, en estat natiu,
presenta un maxim d’emissi6 de
fluorescencia de 340,75 = 1nm (Feliu i col.,
1998), i no sembla variar quan aquesta és
fusionada amb la proteina VP1, formant la
proteina VP1LAC (340,5), com es veu a la
Fig. 2.

L'espectre del triptofan de la proteina dels
cossos d’'inclusio és forca diferent de quan es
troba en el seu estat soluble. La proteina
agregada presenta un maxim d’emissio del
triptofan bastant menor, amb 8nm de
diferéncia, i aquest canvi suggereix que els
triptofans es deuen trobar més amagats en
els polipéptids agregats. Tot i que els dos
tipus de cossos d’inclusio estudiats, VP1LAC i
LACVP1, son morfologicament diferents, els
polipéptids que els formen no semblen
presentar grans diferéncies estructurals, ja
gue els espectres de triptofan respectius sén
molt similars.

Com es veu a la figura 2, la proteina
present als agregats no sembla patir canvis
radicals en I'espectre d’emissio del triptofan
durant les primeres fases de creixement dels
cossos d'inclusio, pero si després de 24 hores,
guan augmenta considerablement el maxim
d’emissié de triptofan. Aquest augment
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indica que la proteina que resta en els
cossos d’inclusio al cap de 24 hores de la
seva formacié presenta un estat
conformacional diferent al de les primeres
hores.

/;
A
340 -
)
33
M.E.T.

333 4
3% . . . . . /A

1 2 3 4 5 25

Edat dels cossos d'inclusié (h)

Figura 2. Maxima emissi6 del triptofan dels cossos d'inclusié de
VP1LAC (cercle negre) i LACVP1 (cercle blanc) a les primeres 5
hores i 24 hores. La maxima emissio del triptofan de la proteina
VP1LAC en estat soluble es mostra com a referencia (triangle gris)

2. Analisi de Il'estructura

secundaria dels COSSOS
d’inclusié durant la seva
formacio, per dicroisme
circular

Els cossos d’inclusi6 de VP1LAC estan
compostos basicament per la proteina
recombinant intacta (90%), mentre que els
de LACVP1 presenten un 70-80% de
proteina recombinant, repartida entre la
forma intacta i el fragment de degradacio
estable “B-galactosidasa-like” Per analitzar
els espectres de DC d'aquests agregats s’ha
de tenir en compte que encara que les
proteines coagregades representin un
percentatge baix en l'agregat, poden
intervenir d’'una manera important en el

A CI VP1LAC c VP1LAC soluble

)y 0 ‘ - _mg

Eliptici
Eliptictdt ( P

-20
w w0 20 2w @0 50
B Longitud d'ona (nm)
CI LACVP1

) o °

>

Elipticitdt ( « -16

» -18

20 . 20 Elipticit

210 220 230 240 250 260 0 1 2 3 4 5 25
Longitud d'ona (nm) Edat Cossos d'inclusi6 (h)

Figura 3. Espectres de DC de la proteina VP1LAC soluble (B) i dels
cossos d'inclusio purificats de VP1LAC (A) i LACVPL (C) de les
primeres 5 hores i 24 hores de creixement (negre, 1h., verd, 2h.,
vermell, 3h., blau, 4 h.,rosa, 5h., gris, 24 h.).En el panel D es mostra
I'evolucid de I'elipticitat a 222 nm dels cossos d'inclusid de VP1LAC
(triangles) i LACVPL (cercles) per veure I'increment del senyal
durant les primeres hores i la seva pérdua a les 24 hores.

senyal de I'espectre.

Els espectres dels cossos d’inclusio de
VP1LAC i LACVP1 purificats indiquen que
una part de la proteina de la mostra conté
estructura secundaria. L'espectre mostra un
minim atipic, als 225nm, que es podria
explicar com un artefacte produit pels
agregats de la mostra o per la preséncia
d’anells aromatics, que desplacarien el
minim tipic d’helix a (222nm). El senyal de
DC de les mostres dels cossos d’inclusi6 de
les primeres 5 hores de la seva formacio
incrementa amb el creixement dels
agregats (Fig. 3). Com que el DC mostra
estructura secundaria soluble (els agregats
no dénen senyal), el senyal detectat en els
cossos d’inclusiéo podria representar la
fraccio de proteina més susceptible a la
solubilitazacid. El fet que la forma dels
espectres siguin iguals (Fig. 4) i augmenti el
senyal durant aquest periode de temps,
indica que la forma plegada existent a les
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mostres es podria estar estabilitzant, aixo
significa que I'equilibri que hi ha entre la
forma desplegada i la plegada esta desplacat
cap a la forma plegada. Tanmateix, en els
cossos d'inclusié de 24 hores la senyal de DC
disminueix significativament, la qual cosa
suggereix que la proteina esta més agregada
(Fig. 3). Per altra banda, I'espectre presenta
un lleuger desplagament cap a la dreta, que
també podria estar relacionat amb el
fendmen de 'agregacio.

Elipticital

220 4

T T T T T
210 220 230 240 250 260

Longitud d'ona (nm)

Figura 4. Els espectres de DC dels cossos d'inclusié de VP1LAC
(Iinies discontinues) s’han multiplicat per un factor (linies
continues), per a sobreposar-los i veure si presenten la mateixa
forma. Es veu que els espectres de les primeres 5 hores tenen la
mateixa forma, pero el de les 24 hores (linia vermella) presenta un
petit desplacament.

3. La unidé dels agregats a la
molecula ANS indica canvis

estructurals durant el
creixement dels COSSOS
d’inclusio:

El fet que la proteina agregada s'uneixi a
la molecula ANS indica que presenta
regions hidrofobiques ben exposades. La
molécula d’ ANS emet fluorescéncia quan
s'uneix a regions hidrofobiques. Per tant, la
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intensitat de la fluorescéncia de I’ ANS es
pot utilitzar per a detectar la quantitat de
parts hidrofobiques que presenta la proteina
estudiada, les quals poden intervenir en les
interaccions intermoleculars que porten a
I'agregacio.

La grafica mostra com augmenta la unio
de I’ANS amb els cossos d’inclusié durant el
seu procés de creixement, indicant una
major quantitat de regions hidrofobiques
exposades, que seria compatible amb
I’estabilitzacid de la forma plegada, que
suggereixen els espectres de DC. Els cossos
d’inclusié de LACVP1 presenten una unio
més debil a ANS que els de VP1LAC i
'augment no és tan acusat.

Una vegada més s'observa que els cossos
d’inclusié de 24 hores presenten diferéncies
estructurals respecte els més joves, el que
aqui es reflexa amb una menor unié I’ ANS.
Aix0 suggereix que la proteina en els cossos
de 24 hores presenta menys regions
hidrofobiques exposades, el que podria ser
degut a que la proteina estigui meés

5,00e+5
Y A Pz
3,75e+4
3,50e+4
3,25e+4
3,00e+4
2,75e+4
2,50e+4
Uni6 Proteina-Bis-Ans (A)
2,25¢+4 - —e
2,00e+4
—0
1,75e+4 A
T T T T T T
0 1 2 3 4 5 24

Edat dels cossos d'inclusio6 (h)

Figura 5. Fluorescéncia de I'ANS quan s'uneix als cossos d'inclusio
de VP1LAC (cercles negres) i LACVP1 (cercles blancs), de diferents
edats de creixement.
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agregada.

4. Dissociaci6 dels cossos
d’inclusié per urea

4.1. Els cossos d’inclusid vells
mostren més sensibilitat a la
desnaturalitzacié per urea que
els joves

S’ha analitzat el patro de dissociacio dels
cossos d’inclusié de LACVPLiVP1LAC,de 2i
de 24 hores amb urea, incubant les mostres
dels agregats purificats amb concentracions
creixents entre 0 i 8 M d’urea. La dissociacio
dels agregats es detecta amb la caiguda de
I'absorvancia a 320nm i I'espatllament de
[lum (Fig. 6), que ens ddna una estima
d’agregacio, i l'activitat i I'espectre de
triptofan (Fig. 6), que ens informa sobre el
plegament de la proteina.

Els cossos de LACVP1 i de VP1LAC de 24
hores mostren una major sensibilitat a la
urea, aixo es reflecteix amb la rapida
caiguda de I'absorvancia a 320nm i
I'espatllament de llum, que mostra la
dissociaci6 dels agregats. Els espectres de
triptofan mostren la desestructuracio de la
proteina, que també es reflecteix amb la
pérdua d’activitat enzimatica.

4.2. La proteina soluble és més
sensible a la urea que la
proteina agregada

Per a comparar I'efecte de la urea sobre
la proteina nativa i I'agregada, s’han fet
corbes de dissociacio del cossos d’inclusio
de VP1LAC de 2 i 24 hores i de la proteina
soluble incubats a concentracions creixents
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Figura 6. Dissociaci6 dels cossos d'inclusié de VP1LAC (triangles) i
LACVP1 (cercles) de 2 hores (negres) i de 24 hores (blancs) al ser
incubats amb concentracions creixents d'urea. El panel A mostra la
caiguda de I'espatllament de llum normalitzat amb el valor inicial. La
baixada de [I'absorvancia a 320 nm déna una estima de la
desagregacio dels cossos (B),acompanyada amb la pérdua d'activitat
enzimatica (C).En el panel D es mostra com canvia la fluorescéncia del
triptofan durant la desnaturalitzacid per urea.

d’'urea (entre 0 i 8M).

Seguint la unié de la proteina amb I'’ANS
durant la desintegracié dels cossos, es
detecten els canvis estructurals que pateix la
proteina durant la dissociacié dels agregats,
diferents dels que pateix la proteina soluble.
Curiosament, s’observa que la proteina dels
cossos d’inclusié passa per diferents estats,
abans d’ésser desnaturalitzada completament.
Amb petites concentracions d'urea, s'observa
un augment de la unié amb I'ANS, la qual cosa
suggereix que la proteina adquireix un estat on
grups hidrofobics que estan interaccionant
formant grups (clusters), estan exposats al
solvent, aquest estat és caracteristic de
molten globule. A partir d’aquest estat, la
proteina es desnaturalitza rapidament, amb
concentracions d’urea més elevades. Aquests
resultats indiquen que la proteina dels cossos
d’inclusié pot estar en forma de molten
globule (o "globule fos”). La urea fa que les
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proteines s’hidratin, que pugui entrar solvent a
la mostra, la qual cosa deu fer que augmentin
els grups hidrofobics tipics de molten globule i
per aixo hi ha una major unié amb I'ANS.

Aqui s'observa que els cossos de 24 hores
tenen més sensibilitat a la urea i es requereix
menys concentracié de l'agent per a formar el
globule fos previ a la desnaturalitzacio.

A diferéncia de la proteina dels cossos, la
proteina  soluble es desnaturalitza
directament, ja que no presenta interaccions
entre residus hidrofobics exposats, que hagi
de trencar primer.

Comparant com varien els espectres de
triptofan dels cossos d'inclusié amb la proteina
soluble després d’ésser incubats amb urea,
s’observa que la proteina soluble pateix un
canvi molt més destacat, variant 10 nm el
maxim d’emissio del triptofan d’'una manera
cooperativa, a diferencia dels cossos d'inclusio,
en els que sols canvia 2 nm i de manera no
cooperativa. Aixo pot indicar que la diferéncia
conformacional de la proteina nativa respecte
la desnaturalitzada és molt més acusada que
respecte la proteina agregada, aixi doncs la
proteina agregada deu presentar una

oA . Figura 7. Seguiment de la
" 4 unié de la proteina dels
o 4 cossos  d'inclusio  de
AR g : ‘\SO VPILAC (cercle) de 2h
-'S_g (negre) i 24h (blanc) amb
o Ny la molécula ANS, durant la
00 ¢ seva dissociacio per urea
s B ‘ _ (panel A). Els triangles
46 grisos mostren la VP1LAC
> soluble. En el panel B es
342 \ .
MET o A compara la fluorescéncia
3 del triptofan dels cossos
336 . o 0 d’inclusi6 amb la de la
O o N
Be g Teeve ° proteina soluble.

332
0 2 4 6 8

Urea (M) conformacié

intermitja  entre
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I'estructura nativa i la desnaturalitzada.

CONCLUSIONS

Els cossos d’inclusid sén el resultat de
I'acumulacio de polipéptids sobreproduits,
gue es troben en un equilibri dinamic entre
I'agregacio i la solubilitzacid, desplacat cap a
I'agregacié quan les condicions de
sobreproducciéo son optimes (treball 2).
Aquest treball mostra que la proteina dels
cossos d’inclusid presenta un dinamisme
conformacional durant el seu creixement,
gue pot estar relacionat amb aquest equilibri.
Els resultats obtinguts semblen indicar que
durant les primeres hores de formacié dels
cossos d'inclusid, la proteina que es troba en
un balan¢g entre la forma plegada i
desplegada, es desplaca cap a la forma
plegada. La fraccié de proteina que dona
senyal en els espectres de DC podria
correspondre a la proteina dels cossos
d’inclusié que es troba en un estat transitori
entre l'agregaci6 i la solubilitzacié. El
desplacament d’aquesta fraccio cap a la
forma plegada, podria significar que durant
aquest periode de temps, augmenta la
tendéncia cap a la solubilitzacio. Els cossos
d’inclusié de 24 hores no segueixen aquesta
tendencia, sin6 que sembla que estiguin
formats per una proteina més agregada (Fig. 3 i
5),aix0 ens suggereix que podrien representar
el resultat de I'equilibri entre I'agregacid i la
solubilitzacié, que amb el temps sha
estabilizat, quedant la proteina meés
compactada en els cossos d'inclusié. Per altra
banda, en estudis anteriors haviem vist que els
cossos d’inclusié de 24 hores sGn mes
resistents a la proteolisi in vitro que els cossos
més joves (treball 5),la qual cosa és compatible
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amb aquests agregats més compactes.
Aquests resultats també sén interessants
perqué es veu que la proteina dels cossos
d’inclusio de VP1LAC i LACVP1 es troba en
estat de molten globule, el que s'observa
clarament amb petites concentracions d'urea

(Fig. 6). El fet que resultats anteriors ja trobin
estructura de tipus molten globule en els
cossos d’inclusid, i que aquest estat sigui
molt proper al natiu, déna esperances
positives per a la recuperaciéo d’aquesta
proteina agregada.

83



RESULTATS

84



RESULTATS

4.5, PAPER DELS COSSOS D’'INCLUSIO EN LA BIOLOGIA DE L'ESTRES

CEL'LULAR

Al veure que l'agregacio en forma de cossos d’inclusio era un procés que podia ésser
revertit en el citoplasma cel-lular, ens va semblar interessant identificar quins factors
cel-lulars n’eren responsables. Les proteines de xoc térmic, xaperones i proteases porten
a terme el sistema de control de qualitat proteic a la cél-lula, i per tant estan implicades
en I'agregacio i la solubilitzacié de proteines. Per aixo es va estudiar la formacio i la
desintegraci6 dels cossos d’inclusié en una série de soques mutants deficients en les
xaperones DnakK, GroEL, GroES i IbpAB; les proteases ClpA i ClpB i el doble mutant
DnaKClpB. El fet d’observar que els components de la resposta a I'estrés cel lular estan
implicats en la formacié dels cossos d’inclusio, ens mostra que es tracta d’'un mecanisme
quiat per la cél-lula per afrontar les condicions adverses provocades per la
sobreproduccié d’'una proteina recombinant.
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Alstract

Bclerinl inclusion beddies (183%) are relmciide agiregnies ol prodense-resisinnl mislolded prolein thal wlien gocur in
recombimanl biectorie upon gretuibons overespressien of clomad gomes, In botcchnology, the Tormtion of s
represenls o muin obsincle Lor predcin prodoclion since even Lnvouring hish profein yvields, (he in vitre mecovery of
functional protein from insoluble deposits depewds en technically diverse and often comple re-folding procedores.
Um e nther lemad, s represenl s ecealings imauded o sepproach the o sivo analssis ol prodean fokbinge amd 1o explone
agoregation dynamics. Recont findings on the moleoalar erganization of cmbedicd polypeptides and cn the Kinetics
el mglusion sy Toamztion bave reveeled an woespocted dyamesm of these prodcin aggrogeies, om which
polvpeplides are sleadily melensed in living cells (o be luniher relidded or degraded. The close conneclicn between in
viver protem Tukling, mggegation, selobilsaton amd prodeolyie digeston offers an micgated view of the baclzral
prodein auehily comirnl syslemn ol which s might be an imporbm) compmen! espectlly in recombaminl ol
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1. Infrodoeting andd they were mol surroundded by oany delined
auperticial layer. This obscrvatiom was initially

The lermation of amorphous  profcinaccous seen i g talher boelevanl cellular response ju-
granubes n Excheriohio coff was lirsl desenibed o diend under nom-physiclogical conditions, How-
colls prowing in the presence of (he aming acid ever, Lhe unplementation of DNA recombinanl
analomee canavarmne (Prouly el al, 19793 These technologios and the generation of recombinant

aranulcs woere deposits of abnormal ool prolcing bacicria For prowcin production revealed protcin
procpilaion as o common Gedure dunng the

e pression of § clongd aenc (Marsion, 195
" Comcmpoutog aullon, Tel: +MATBLIMG ba; 3 Svercxpression ol a clancd genc (Marstan, 1366)
S13E] 2H 1 On the other hand, the resulong agreregmales,
&aniell seddrere: nodonisillnrerdemahes (A villarerds). ngimed inclugion Bodics (TRg), arc a main obsiacle
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for the prodoction of recombinant profeins m a
soluble, Tusctivoal fopm (Buchoer apd Fudolph,
15T}

Agpropation of rocomlbnant prolcing s proba
bly due w s bmanng amount ol chaperones
when recomlxingng pong capression s direeied al
huph levels (Hinas amd Baley, 1993 Thommees amd
Bancys, 139 Lorimer, 19966, Lnder (hese con
ditions, 1 which ovp-physiclogical amounts of
profeing are procoecd, the intermoleemlar sssoo-
alivn of exposed bvdeophobic surlaces belome e
profcin folding can be completed can condnoee o
e deposition of [eldioy olecwediabes (B el
al., 19%6), meonly when they are resisianl Lo pro-
tenlylic depradation Corcherg o al, 15896}
While bacienia are gepebeally prepared o me-
gpond in fronl of adwerse natural  conditiong
such ws mald protan denaiursion under high
temperatares (Sehrnder ot al, TU9E; Mogk o sl
1999, oo palucal meschamsoes Tavouriog propses
firleding hawe boon identificd amaomg the alandane
slress pespoases  oippersd o0 recoibianl cells
(Parscll and Saoer, 198 Kosinskn of sl TS,
Wild w1 al, 1993 Avora and Pedersen, 1995
Anclerson el al, G Ans el oal, 1998 [ larewm
amnd Beodley, T80 Gill ¢o al, M), 2001, How
over, Lthe cxprossion of some heal-shook penes
chgeding, chaporones and  prowcascs has oon
sibeniificd 1 response woprotan overprodocion
(Croft and Cmoldherg, TUES) Allen or sl 1YY,
Boioas, 1996 Ilodlwenn aod Bigas, 200 Jurpeo
of al., 2000, ot these stress proteins are clearly
pol sullicient by prevenl IT formealion.

Despite the obwions biological interest of hac-
ferial modcls fo mgnifor i vivg rolcin agereea
fomn,  the Tormeaion of 1B has been maandy
repandod as a parameier 1o be controlled in the
complex conlext of the bactenal cell Gactores
(Haockngy, 1984 In dhiz repard, TR Formiation
bos ool beeo associaled (o pacticular proleion se-
auencis, bomg this fact, an addimional ohstacls
b predict (be yvield of o wiven prolein oo oew
prosdnction  process. Howover, siooessial profcin
eopineering by dizecled molaion or peoe Tusion
has resulicd i enhanced solubabioy (Kanas oo al.,
19497 Miraki and King, 1997 Chrgnyk ¢ al,
990038 LaWallic oo al, 1993 Wetsnel and Chrunvk,
182494, Forreor and Jawssi, T8, cspecially when
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attcetmg the oxrent ot hydrophobic rogions
(Murhy eroal, 1995 Alse, nadurally occurming
f-loclaumase mulaols shown hipher solubdity aocd
thereliore cnbaneed biological adivitics (Sideraki
cof al., KTy Finally, protein engincering  can
evenlually eobopce the yvield of W vilre relulded
prodcin Trom pyrilicd  TRs (Raiwenhedl o oal,
2y Howewer, the modification of the targor
prodon does mol oller universal siraleges o pre-
veul ID [orwelion sioce oy eoploeerioy ap-
proach mest e adapied o particular
iy peyprides.

This general unprediciabihiey of solubbiy b
alser of proleclyli stabilily Jor a piven proleio s
thon detimmyg the trial-and-crror landseape of re-
combinanl prodon produciion m baciena Lrom
a coplele dilferenl approach o overcomwe apg-
arcgation of rocombinant profcing, (he oo Cxprcs
gion of chaporonc-cneisding genes can inimise
LB Tormaion. Althougph nosome cases the solu-
ble yield can be siponlcaotly eobopced, s ap-
proach renders irrepular resulls when comparing,
difterent. polypeprides (Crilbert, TOU; Wall and
Plucktbg, 1995 Georpiou apd Valax, 199
Holfimgnn and Kingg, in prossl, The imporiant
mmmber of  co-nperating,  folding assistant. ool
prodvons {Schware ol al, 1996 Thomas oo oal,
1997 Wickoer el al, 1999), can accvunl for us
restrictod sucocss, Only a resiricted  noemibor of
cell proteins can he casily en-prodoecd  along
wilh the recombinant proten, while probably, a
lapper sel of chaperones s aclually lmitiog Jor
it folding. The simulfancons  oo-cxprossion of
soveral chuperone-encoding genes renders o gen-
eral poud resulls (Caspers e al., 1994 Nilubama
cloal, 199, 2NN, bt again the improvement of
splnhility and the specific chaperone(s) entical th
provent agremaion vary draumaieslly upon the
larpel recombisonl  prolein (Mishibora el al.,
WM, O the ether hand, several covirgnmgnigl
conditioms such as high tomperatnres and media
aciliication  oleacly  stimulate I focwaloen
(Chalmgrs of al, 198 Stramdberg amd Enliorg,
19 Then, the manipalaton of media compao-
sattone {(Bowrden and Creorgiow, [990; Moore o
al., 1993) apd the slobal cootrol of cullure aod
fong caprossion conditions {(Schein, 1991 Weick
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ot et al, 190N} can also offor possihilitics o
s T Dornmiion,

Infercstimgly, THs have heen also ohseraed as a
convenicnl source of relatively pung polypeplide,
prowided elMcient protem relolding protoecols can
b swoccsslully applicd o purilicd THRs (Clark,
998, In this context, 13 formaion can ke Da-
voured Ty culturing at high femperaturcs (Hello
bust el al, 1989, by using  prolease-delcienl
atrams (Corchero or ozl 19N and thromgh the
Tuston of apprepaliop-proms dowsios (ddever aod
Chilleodr, TS, Then, snluble protein gan e oh-
Latoed o vilew thwoupl diflerenl stiealepies Uhal ace
urler conbnuwous  methodolomes]  developooent
(Lilic oo oal, 1998) and have io be adapied io
parbicwlar polypepiules (Parkar o al., 2000; Ward
cloal, 2HIY Thig implics (he sonsidoration of all
the key parameters w be sodjustied e the sequen-
tial steps of the refoldmg process (Clark, 20607}
Mder slobal oplioosation, e yield ol aclive
profoin nmsually ranges hotwoeon 00 and SiFEG
CAvura and Ehaoma, 1996 Jio el al, 1994 Dalas
of al., TOUS Fjima or al, T99% Habo or al., 2000
Palra el al., 2EN of the el IT protein, bul
hipher recoveries ave also beang achieved, reach-
ing in somc gass abool 83 (Wandenbroock ¢
al, 1993 Dlellmean el al., 19%5; Cardormone o al.,
1995 Khan ¢ al, 1989%, Bunitha ¢ al, T0
Fchm o al., 20000

Blore rocenthy, new insights in protein thlding,
refoldiog aml agprevation o baclecia, anspen:
animals and enltored ecll moedels have dramat-
cally shilled the coocepl of prolein appresalion
regarding its hiological relevance and resversibilimy
(Coloubingll ¢t al, T899 Mok of al, 19849
Warrick ol al., 19999 Krobsich and Lincdguose,
WHMY, Kaecmi Bslarjani and Bonecr, 2H0E Mo
chowskt ol oal, 2000; Charmchael e al., 200060
Mriamant ¢ al, AEML Tomavase ol al, 2T In
e conteal of U arsiog conformsliomal diseases
{1 obson, TN and the prosamed adaptive role of
sowme prive-like proteios (True aod Liodygumst,
2N, A mere derailed investigation of hacterial
IBs (row both structural aod kioelc poiols of
view can oller unexpeeied ways lor & beller com-
prehension of (he mochanics of profcin ageroea
omn andd  ce-smrepaion oamd the role ol
chaperoneg in Doth proocsses

L IR location, morpholory and inner organisation

Bz are commgnly Tound in g Tacterial cylo
plasm, har sccrctod profeins Doe [-lactamase can
slsoy appreeaie o the penplasmic space (Ceotmou
cloal, 1868 Bowden and Goorgiow, 19580, The
sy analysis of 1B in their eclhilar locs-
o bl also aller punbeaiion, have rovesled o
porvus stooctues aod o seperal cyliodeical aocd
ovoid shapes (Bowden ¢ al, 1990 Carrio ¢t al,,
Tef, 2000y, “The topology of TH sarfaee vares
Irom rough W smwolh (Bosden el al., 1991, b
(e lmnited puomber of worpholopical studies does
nl allowy (o correlaie shape and serlfaos propor
tics with featnres of the recombinant protom.
[owerver, the porous simaclure 5 agreemen
with dengity analysiz data (Taylor oo oal, 1956)
and & high lesel of hydration foumcd in TH particles
(Dehora Foguel, personal commumeanon). By
ciubiiing scapniny eleciron mucroscopy aodd e
kingtic analysizs of 1R vryplic digestion, a olus
tered, snhamit organisation of the 1B packaged
prodon has been revealed (Carmo el al., 20000,
This observation, e low oumbser (voe or evealu-
ally twod of TR particles ingide the oolls (000 oL
al., 19} amd the compatibility of & first-order
kineties lo gocounl Gor 13 prolen agereeiiion
(Il e et al., 206000 could idicale (hal pre-
ageregates might join to a higger seoding particle
that unclergo (urither growih, The Gormadion of
such apprepation ouclel wophl be hen an excu-
give ovond, ino g proocss Uhal could e analopous 1o
that observed inoookarypotico cells (K opita, 200600}

Um the other hand, Bologesl sciviey has been
detecied assoctaled o epeyie-based IDs (Worrall
and Goss, 1989, Tokallidis oo al, 1991, Carvie ¢l
al., nnpubdished  resalisy, Althongh doarmg 18
purificaiion, conbamnaiion wilth moner amounis
ol suluble polypeplides cammsl be completely ex-
cluded (Georgiou and Valas, 189, this ooing
cent finkbing i [8s Tormed by chillerent types of
ereyises wdivales e presence of propecly Tulded
mdoeulcs with Tull aeccssilility o ihe solweng
This possihility is actaally sapporfed by the strme-
tural snlvses of embodicd protein proving a high
level ol secondary stouclure bul alse o palive-like
giructure (Ohorg oo al, 19945 The indications of
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different profoin confonmational  suares within
IBs (Duwden el al., 1991 Caroe =1 al, Z00HE
{Umbars or sl M) suggest a contormarnonal
Mexilvilivy of TR polypeplide chaing and in the
archibeeiure of the whole 1B paricle. Morteower,
the recent olscreation of TR prodcin relolding in
achively producing recombinanl bacienia, ocour-
ring simupliancously o prowin aparcgation (ar
we el oal, 1999 Cacow amd Villaverde, 208113,
indicated that 1Bz are under & permanant recon-
slruction process wvolviong boll prolein comss
and oatenme. Imowvivie, in the ahsenee of de novo
protein syolbesis, IBs ace (hen disiolepraled oo
Few howrs resulong inow deleetable merease of
the solulde progein and the cormgsponding rige of
brdogicsl actvity (Carnio and Villaverde, 20017
This prowcs (hal at Toast an imporiant IFaclion
ol 1B prowin repeoans swilable Tor reloldimg ai-
tempts and  cvenmallty tor  profeolytic atack.
Then, IR [urmation can be seen as e resull of
an onhalancod coguilibrinm hefweon aggregation
and solubdlisaltion ovewcrioy o e recombimanl
ciells, that can alwo acconnt for the release of
protew v IBs observed o staliooacy-phase £
colf cullures (Carmie e al, 993 s waould
then  represent  rescrviirs ol (rolease resistant
projen that steschly scowrmulaies, unil chaper-
ongg: and  prolcascs arc again awailable cither
Tor suecesslul protean Tolding or for prodcolyss
(Fig. T

L IB proicin composiliog

In recombingnt Focold oolls, the dargel prolcin
1% the mun [B componend (Kinas amd Baley,
19497 Rinas of al, 1893 Valax and Ooorgiou,
[9903%; Carmio el al, 1998 Hlowever, minor
amounis of other ool prodcing are alse Fownd in
vaciable  copcentrativns.  Agparl (rom cosla-
mants derved from incomplete porification pro-
vemsey (Deorpiou and  Valax, 1999 aod
nmnspesific ao-procipratiom of anrclated  polypep-
Ledes (Bisas aod DBaiey, [993), loldioy assistanl
prodens could be also entrapped im0 185 duning
apprepation o the tarpol polypeplide,  Aamgng,
thern, smeall kel shock prodons ThpA and Lhpld,
that arg imnvglved in prodcin lplding and ool gur
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vival wvnder thermal stress (Laskowsks or sl
19 Thomas amd HBancyx, 199K Kitsgaws of
al., 2N, are abundant (Allen eroal, 192}
These chaperones, conld be ome among the firsts
coellular binders o maslolibesd protens acing as
ageremaiion  conirollers (Venger ol oal,  [5E)L
However, 10 15 ol clear i Lbpa& and 1bpld (and
sy oiher  [B-conbuned  chaperomes), are jusi
rappisd dunng (he apprepaion process or if o
adediiion, they mught have a rode i the movive
I3 comsiruciion and ode-consiruciion  Processes.
Inieresingly, Ibpa anmd Thpld are found al dil-
Ferent extents n 1Bs depending one the reswdusal
solubality of e apprepaliog recombimaol prolew
(Iloflann ool Rioas, 200}, suppesiog Gl
hetr preseace o IDs wophl be loked o e cell-

ppeddialed prolein provessiog

PR W R
TRANSLATION RS TISAL BRI
~7 Fox PROTEQLYSIS
¥ g o=
PROTEIN FOLDING o oy o
| oo PO
LA N LA = ¥:
ﬁ |lﬂ-=mm=I|
oyl AGGREGATION
| QUALITY CONTROL | g

Fie L Lodemeated apslel of pooten Lobhioe, daecabon g
aggregalion in revembinamt Taloria, Aler senbhesds, reanmld
it predeing are assisred inotheir foalding, proecsse re rench the
pabve vomloneisen, The ol qualily conliol svelem delivers
leklmg-recalcittand miermediaies L proleases Tor dasiruction,
bt moie sinhle proccing apgrepate as IRe hefore dipeeticn,
Higmals Lo discriminale prleiees For Chess b proccsses anc s1all
mmknorat. Alsn, elements from ke gqqualily condral sysiem
penmiy: I poodypepisles B Duaileg Loblre atlownds o oan
tleralive pracess, Call prodeins mighl be actively mvolved i
prodein depesition and 18 fonmarion
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Fig. Z Relative amsrunts of the recombimant protein YVEPTLAC, svvomolated in I dpane] Ad, as prsdocad in the wald type (wl) &5
cd) RICAUHE R, 1 ] Afarp R ) AU anad B e T R e 14 chaRNT rad AT rpsd 0w fEneR ) anad i the isegenie g R
pielant MHIT1T (OECTLI00 Al - R (Dl and Baoeyn, 18 1B waae poedicd Dollowang preveosaly dhsaalsa]d poscod uees
(Carmie =l al., EL From % b heal-midoced coliures. Tor protem quanibilication. pure THs were demnlured and submibled 1
s and farrher swsmaszic bne staining, Dhpd and Thp® were determined in cambinarisn. Pancd B shoe the pereentage of
resisnbinant pradcin rcleased o Dhe [ 1T aller arresting (he rocombinant protein synihsis with chloramphanive] as deseritrad
(Carmie el al., #2000 T are densilommedric umits, All ibe experiments were perfommed ol least in leplicale.

4. Role of small hest shock proteins (lhpA and
DepB) in IB foromi i

The [vnmaltion of IDs woan £ celi IbpAD
sirain has been invesigaled dunng the prodocien
ol (the misliolded prone [§ palactosidase  Tusion
proden VP ILAC (Corchero ol al., 1996, [nieresi-
ingly, 1Bz wore actually Formed in (hig sirain, Tl
a smeller amount of recombinanl prodon was
fommal im the inscluble el fraction when eom-
pared wilke the wild type cells (Tie. ZA%. Siove e
anhabde VPTLAC traction did not inercase eom-
conlantly (ool shows) aod 0 s has been ge-
ported  thar profenlysis negatively influenees 1B

Foermgtion (Coreherg oo al, 19940, (he absenes of

sl kel shock protems maght Baour the prote-
alylic atiack of VPILAL Tofore iis apgpropation
On the oiher bl 13 disiniegraiion also pakes
place im the ThpABR  siraing alihowgh 3t a Tower
rale oo b the wild type stirain (Tie, 2B, Thess
resnlts, while showimg that Thp profeins are posi-
Uvely volved bul dispeosable [or ID lormation,
alzo prompt o sugegest thar they conld be oin-
violved o the o vive prolein release oo TDs
Lowever, the reloldimg potendial of 13 proions 5
nil cxclusively dependent on (hese chaporongg
The presence of Ibp prodons m YPILAC 13
witg then explored in (he wild (ype strain 3z well

as on different murants deficient in chaperones
and proleases beloopioy W e Clp Guoaly (uamsely
ClpaA, ClpB oand ClpP) These polypopides are
closely iovolved o the gualily conteo] of cecowdi-
mant profeins { Wickner oroal, TUWEDC In parficnlar
ClpD, o co-operativn wilth Dok, wosbil bave o
key role in the dissnlution of protein agaregates
(Henn- ancd Crodowbanedl, 20000, The prosence of
both YPILAC and ThpAR prodcing in IBs iz
shown o lige 3 Mode that despate the dilferen
Tewed ol ingoduble VETLAC Npond in theso siraing,
L3 Ihp prowins are detecied imall the cases fwith
the cxooplicon of the TpAR mgland), Inicrest
mgly, the tatie IbpAIRVPILAC 15 constanl n
thige of the osied straing (Fig, 31}

Llowewver, the IBpAIRVPILAC ot s sagnili-
canlly bupher o the ClpA strain (Trie. 3B). To
turther cxplore i this mercase in the 1B trapping
raliy could be extended o olber chaperooes, (e
ctfeet of the cdpd mitation om the co-procipitation
of DinaK aopd GroLL, thal o vive mieract with
YVPTLAC (Bocls ot al, T9R), was shdicd. As in
he case of Ibp proteis, the olpd mwolalion eo-
hances the moldr prescnee of both Dnakl and
CirolL o VPILAC [Bs (1ag. 4.

ClpA iz an ATPasc involved in prolcolyiic
cegrackuiion (Hosking ol al, 998 Singh oo oal.,
WM, and i can aol independendly as a chapor
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Fue A Aaoonls ol clgpcroare: Daog ke {paed] A g GookL pumd By pelated G ke Golad acvoanbaeeand pesdour VETLAC pussaul oo
TH= Purilied TRs were kuded e SDSPAGE and Murther geciroblailed onie mitro-cellulozs Gliers 1o mmunadelecl Tmak ndd

tarnll . chaperonee as deseriboed (Boels of al, 1veen,

omie of eo-operaling with the protese ClpP (We-
bixr-Ban o al., 1R Roid o al, 2007 Sinee, the
clpd® mwulation does ool wcrease Lhe preseoce of
main chaporones in IHs (Figs, 3 amd Ay, theseo
resulls suppest (hal he chaperoos aclivily of
ClpaA may he imvnlved inthe carly steps of profein
Folding amd also that iis absenos could regell in an
enhanced Bnding of Ihps, Dnak ad CGrolL o
VIILAL, ollowed Ty (heir frapping, onie THs
Adldivonal expeniments wouwld Be reguired Lo et
this hypoihcsis
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Oine the other handd, these reswlis also prompl o
propose that the prescnee of  co-procipitating
chaperomes o bacterial IBs 5 wporianily allscied
by thi: chocking prints i the guality aonfrol
underpone by (he recowbipanl proleu poior W ils
dopisition. Again, this is in the eomtext of the TH
lprmation as 4 proccss inleprated in (he wholg
enechanees of the coll assasted proden Goldmg amd
depradation, Maa prosenied hore suppon that TH
(orrmaiiom 15 the resull of an exiremely complex
and dynamie provess infloenecd Ty Tolh (he e
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firldding snaeeess and the extent of profenbysis, in
which mwuliuple cell proteins acve probably -
vidlviel, In scbdinon, 1Hs can now be regarded as
caliemely  plastic  siruciurcs,  being  Iransicnt
proden reservorrs ralher than the dend ends of
pisuccesslul Tolding pathways
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