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RESUM

En aquesta tesi s’ha caracteritzat la ruta d’iri@zacio de I'onconasa, una ribonucleasa
que és citotoxica per a cel-lules tumorals i qudr@sa en fase Il d'assajos clinics per al
tractament del mesotelioma maligne. Aquest fet dvdiap a que I'onconasa sigui considerada
una proteina model entre les RNases citotoxiquissresultats d’aquest treball indiquen que
'onconasa entra a les cel-lules per la via depgnde clatrina i del complex AP-2 i que
seguidament es dirigeix al compartiment dels enudesode reciclatge a ligual que la
transferrina. Aixi mateix els resultats demostrem® @questa és la ruta a través de la qual
aquesta proteina exerceix la seva citotoxicitaindrement de la concentracié d’'onconasa en
aquests endosomes, resultat de I'expressio traiasité la toxina tetanica en aquestes cél-lules,
té com a resultat un increment de la mort cel-lutalicant que els endosomes de reciclatge sén
el compartiment a través del qual 'onconasa pahdiocar al citosol. Aquesta destinacié
intracel-lular sembla ser especifica per a 'onsana diferencia d’altres RNases, que segueixen
la ruta de degradacio lisosomal. En aquest tretaafibé es mostra que la neutralitzacio del pH
endosomal incrementa notablement la toxicitat dieclbnasa, probablement degut a qué facilita
la seva translocacio6 al citosol.

Per altra banda, en treballs previs del grup dercacs’havia descrit que la variant de la HP-
RNasa anomenada PE5 malgrat no escapar l'acci®Rbpresentava activitat citotoxica i era
transportada activament al nucli cel-lulawitro. L'import nuclear de proteines té lloc a través
de seqlencies especifiqgues que les permeten uaicees receptors anomenats importines, els
quals les transporten a través dels complexes daspouclears. Aquestes seqlencies
s'anomenen senyals de localitzaci6 nuclear (NLSJes més caracteritzades son les
corresponents a NLSs monopartits i bipartits. Essiitats d’aquest treball de tesi demostren que
PE5 interacciona amb la importinamitjangant diferents residus basics entre elssghiaha la
Lysl i els triplets d’Arg 31-33 i 89-91. Tot i quauests residus es troben allunyats en la
sequencia, es troben propers en l'estructura tedgional d’aquesta proteina i la seva
disposicio topologica té una gran similitud ambNLS bipartit classic.

Una altra estratégia utilitzada per a I'obtenciévéeiants RNases citotoxiques és la seva
oligomeritzacio, procés que es dona de forma naemada BS-RNasa i esta descrit com a
responsable de la citotoxicitat d’aquesta riborasde En el nostre grup de recerca s’havia
obtingut I'estructura cristal-lografica d’una vantiadimerica de 'HP-RNasa, anomenada PM8,
que constituia un dimer per intercanvi de dominieihinal, tot i que en solucié aguosa
predominava la forma monomerica. En aquesta tésinsbuscat les condicions en les quals
s'afavoreix la formacié d’estructura dimerica efus. S’ha provat que a 29°C i en un tampé

que conté 20% d’etanol una fraccié important dertdeina apareix en forma dimerica sense la



preséncia d'altres oligomers de mida superior. tttesura dimérica, també s’ha estabilitzat a
partir d’'una variant de PM8 anomenada PM8E103C,|pentroduccié d'un enllac disulfur
entre les dues subunitats. Aquests dimers es sifflab mitjancant cromatografia d’exclusié
molecular i estudiat per una banda la seva adtivii®toxica i per l'altra el procés de
dimeritzaci6. Pel que fa a I'activitat citotoxida,variant dimérica PM8E103C no presenta una
activitat citotoxica significativa. Aquests restiitgpoden ser deguts a qué I'entorn citosolic, on
les RNases exerceixen la seva acci6 citotoxicaepta un caracter reductor que podria induir
la dissociacié del dimer i per tant el monomer ganpodria ser capturat per I'RIl. Per altra
banda, en I'estudi del procés de dimeritzaci6, slbgerminat la constant de dissociacié del
dimer de PM8 (5 mM a 29°C) que és dos ordres daitoa@gnferior a I'estimada per a la HP-
RNasa nativa. L'analisi de la dependéencia del ma®dimeritzacio respecte a la temperatura
mostra que, al contrari del que succeeix amb la dB¥mologa bovina, en disminuir la
temperatura, I'equilibri monomer-dimer es desplegp a la forma dimérica. Aixi mateix, els
resultats obtinguts indiquen que primer té llocpabcés de dimeritzacié i seguidament la
separacio del domini intercanviable respecte detidioprincipal. S’ha caracteritzat el procés
d’'intercanvi de dominis a partir de la variant PM8BC i s’ha comprovat que el domini
intercanviable es troba majoritariament disposdiresd’altra subunitat del dimer. Aquests
resultats suggereixen un model per a la dimerifzdei PM8 diferent del postulat per la RNasa
A. En aquest model, primer es forma la interfigeumdaria i després s’estableixen interaccions
entre residus de les dues subunitats que estahilék péptid xarnera en una conformacié que
afavoreix l'intercanvi de dominis.

A més, en aquesta tesi, s’ha analitzat el patrtsedeament de poli(C) i d’'un tetranucleotid
per la HP-RNasa. Els resultats indiquen que I'enminactua de forma aleatoria sin6 que
prefereix el trencament de substrats llargs i qguesix un patr6 més endonucleolitic que la
RNasa A. L’enzim trenca especialment enllacos ftiékier que estan situats com a minim
entre 9-11 residus comptats a partir d’'un extrentadeolécula de substrat. Amb I'eliminiacié
de dues carregues positives a I'extrem N-termiRdli(K6) es modifica el patré de trencament
del tetranucleotid generant una proteina molt mémwecleolitica. Per contra, I'addicié de
carregues positives a la supeficie de la proteimda cara on es troba situat el centre actiu (R89
i R90) sembla crear un nou lloc d’ancoratge dezit@nper a substrats llargs. Finalment, també

s’ha caracterizat cinéticament una variant diméegtieiHP-RNasa (PM8S8E103C).
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SUMMARY

In this thesis the internalization pathway of orecem has been characterized. Onconase is a
ribonuclease with antitumor activity at the presenin Phase IIl of clinical trials for the
treatment of malignan mesothelioma. It is considerenodel protein among cytotoxic RNases.
Here, we show that onconase enters cells using/Afathrin mediated endocytosis and it is
then routed, together with transferrin, to the ptoerecycling compartment. In addition, the
results show that this is the route used by onet@perform its cytotoxic activity. Increasing
onconase concentration in the recycling endosorei®y detanus toxin light chain expression
enhanced onconase toxicity, indicating that thismgartment is a key cellular structure for
onconase cytosolic delivery. This intracellular tdegion is specific to onconase since other
RNases follow the default pathway to late endosdigsmxsomes. Neutralization of endosomal
pH strongly enhances onconase toxicity, probablfabifitating its access to the cytosol.

On the other hand, our group has previously desdrdn HP-RNase variant, named PES5,
which shows cytotoxic activity although it is sebieito RI. It is actively transported to the
nucleusin vitro. Nuclear import of proteins is determined by specequences that allow them
to bind to receptors, namely importins, which t@ors the proteins through the nuclear pore
complex. These sequences are termed nuclear laatizsignals (NLS) and the most
characterized ones correspond to monopartite grattiie NLSs. The present results show that
PES5 interacts with importia through different basic residues including Lysd &me arginine
clusters 31-33 and 89-91. Although these residuvesseattered along the sequence, they are
close in the three-dimensional structure of theginoand their topological disposition strongly
resembles that of a classical bipartite nucleaalipation signal.

Another strategy to obtain cytotoxic variants cetssin its oligomerization, a natural process
that takes place in BS-RNase, which is responsiblés cytotoxicity. We have previously
described the structure of an HP-RNase variantehaRPM8, which constitutes a dimer by the
exchange of an amino terminal domain, althougmimagueous solution it is found mainly as a
monomer. In this thesis, the solution conditioret flavour the dimerization of this variant have
been investigated. It has been found that at 29%C20% ethanol buffer a significant fraction of
the protein is found in dimeric form without thepa@arance of higher oligomers. A new variant
of PM8, called PM8E103C, has been created in wthehdimeric structure is stabilized by a
disulfide bond between the two subunits. Both dsnerere isolated by size exclusion
chromatography and their cytotoxic activity and thieerization process were investigated.
PM8E103 was not cytotoxic likely because the cytosdere RNases exert their cytotoxic
activity, is a reductive environment that can inelubie dissociation of the dimer. Thus

generated monomer can be inhibited by RI. On therdtand, the dissociation constant of the
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dimeric form of PM8 has been measured (5 mM at P3€ing this value two orders of
magnitude lower than the one estimated for natieRiNase. Analysis of the dependence of
the dimerization process on temperature shows tindike RNase A, a decrease in the
temperature shifts the monomer-dimer equilibriunthte latter form. Also, it is shown that a
previous dissociation of the exchangeable domam fthe main protein body does not take
place before the dimerization process. The domapping process has been characterized
using the variant PM8E103C. In this variant thehexgeable domain is completely located on
the other subunit. Our results suggest a modeih®rdimerization of PM8 that is different to
that postulated for the dimerization of the homolag bovine pancreatic ribonuclease. In our
model, first an open interface is formed and thamersubunit interactions stabilize the hinge
loop in a conformation that completely displaces #yuilibrium between non-swapped and
swapped dimers to the latter ones.

In addition, in this thesis, the pattern ofgoliucleotide formation by HP-RNase has been
analysed using poly(C) and tetranucleotide as satiest The results show that the enzyme does
not act randomly and follows a more endonucleolptttern when compared with RNase A.
The enzyme prefers the binding and cleavage ofdibagbstrate molecules especially when the
phosphodiester bond cleaved is between 9 and l&otigtes apart from at least one end of the
substrate molecule. Deletion of two positive chargs the N-terminus (Arg4 and Lys6)
modifies this pattern of external/internal phosgheter bond cleavage preference leading to a
more exonucleolytic enzyme. Addition of positivémimes on the surface of the active site face
(Arg89 and Arg90) seems to generate a new bindteda large substrates. Finally, a dimeric
variant of HP-RNase (PM8E103C) has been kineticdiyracterized.
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Introduccio

1. CARACTERISTIQUES GENERALS DE LES RIBONUCLEASES

1.1. Definicié

Les ribonucleases (RNases) son enzims que cataligtetrencament dels enllagos
fosfodiéster dels acid ribonucleics, tant en lardegcido no especifica de I'RNA com en
nombroses formes de processament especifiqueslitirisnts tipus de RNA (Mishra, 1995).
D’aqui, es pot intuir que son un grup d’enzims extadament heterogeni, tant pel que fa a la
seva estructura com per la funcié biologica quéditzea, i que es troben presents en tots els
éssers vius. Tot i que el terme ribonucleasa Bagtigeneralment per a designar proteines amb
activitat ribonucleolitica, existeixen acids nuctigue presenten funcions similars, com és el
cas dels ribozims i de les ribonucleoproteines, t&Nasa P (Deutscher, 1998; Deutscher,
1993).

1.2. Classificacio

L'establiment d'un sistema de classificaci6 adegpat a aquest grup tant ampli de
molécules no és una tasca senzilla. A fi d'orgamitgrupacions més o menys homogeénies es
poden utilitzar criteris bioquimics, funcionals wohutius. La dificultat en I'establiment d’'una
classificacio general rau en el fet que una mateb@nucleasa pot acomplir més d’'un dels
criteris a utilitzar per a I'establiment de lesealises agrupacions. Aixi doncs, les ribonucleases

es poden classificar:

* Segons lactuacio de l'enzim sobre el seu substed. poden diferenciar en
exoribonucleases, quan catalitzen la formacié deamocleotids a partir d’'un extrem 5’
0 3 lliure de la cadena d'RNA o en endoribonucésassi catalitzen ['escissio
d’enllacos fosfodiester de l'interior d’'una cadelaRNA, produint oligonucleotids.

e Segons la seva especificitat per substrat. Perbanaa distingim les ribonucleases
inespecifiques, que catalitzen la degradaci6 dépias de molecules d’RNA, com és el
cas de la nucleasa &erratiai la nucleasa estafilococcica. Per l'altra, lee guesenten
especificitat de base, com 'RNasa A, que hidralles cadenes d'RNA a I'extrem 3’ de
residus de pirimidina. Per ultim, les ribonucleasespecifiques, que reconeixen
caracteristiques concretes (de sequencia o d’asta)en el seu substrat, i que estan
implicades normalment en processos de maduradi®Né, com ara 'RNasa lIl.

» En funcio del lloc on els enzims duen a terme V& $&Cid. Les ribonucleases es poden
classificar com a extracel-lulars si actuen fordadeel-lula que I'ha sintetitzat, o com a
intracel-lulars si actuen en el seu interior i estaplicades en el metabolisme de

I'RNA. Les ribonucleases extracel-lulars solenisespecifiques i de massa molecular



Introduccio

molt baixa; al contrari que les intracel-lularse g@stan implicades en el metabolisme de
I'RNA cel-lular, tenen una elevada especificitar gebstrat i sén estructuralment
complexes.

Tradicionalment, les ribonuleases de mamifer it@alvertebrats s’han classificat en dos
grans grups (Sierakowska i Shugar, 1977), les vbleases dépus secretori les detipus no
secretori La nomenclatura no fa referéncia a la capacitajuists enzims a ser 0 no secretats,
siné que té relaci6 amb els organs a partir deqleds es van caracteritzar i purificar les
primeres ribonucleases. Com a tipus secretori es definir les que eren similars a la
ribonucleasa produida pel pancrees, i com a tigusetretori les que eren semblants a la
purificada a partir del fetge o la melsa. Degla eonfusié que generava I'ordenacioé precedent,
Sorrentino i Libonati (1997) van proposar utilitzalr termetipus pancreaticen comptes de
secretorper classificar classificar les ribonucleasesigentitat de seqtiencia, d’estructura i de
propietats catalitiques amb les de 'RNasa A, nadlgue es trobin en teixits i fluids diferents
als pancreatics. La designaci6 tileus no pancreatienlloc deno secretorfa referéncia a
ribonucleases que es troben en diversos fluidsteiits diferents al pancrees, caracteritzades
per presentar identitat de seqiiéncia i propietatsliiques similars a les de 'RNasa K2 de
rony6 bovi o a les de 'TEDN humana.

Per ultim, en funcié del nivell de conservacié d@gigncia i estructura, sobretot en els
residus que intervenen en el procés de catalisia €stablert una sistematica de les
ribonuclesases que engloba grups evolutius relatsoin base a aquesta darrera classificacio,
els enzims dels quals es parla en aquest trelbrafiefo part de 'anomenadauperfamilia de
'RNasa A (Beintemaet al, 1988), categoria que compren endoribonucleasemigina
especifiques, tant de tipus pancreatic com no paticy amb ponts difulfur en la seva
estructura, la triada catalitica His-Lys-His (veaartat 1.4.), i una distribucié filogenética
restringida als vertebrats (Beintema i Kleineidag98).

En els vertebreats, els enzims pertanyents a larfaupila de la RNasa A es troben
ampliament distribuits en diversos organs i flulls. seus membres presenten diferents patrons
d’expressio i mostren activitats catalitiques ddesrenfront de substrats de RNA especifics. A
part de la funcié digestiva, dels membres del tipascreatic (RNasa 1), es desconeixen encara
moltes de les seves funcions fisiologiques (veupartat 1.3.). Fins al moment, s’han
caracteritzat 8 families diferents pertanyents aleat@a superfamilia en humans. La
nomenclatura proposada inicialment (Zhou i Strydd&93) es basa en I'estructura primaria de
les proteines i va incloure inicialment cinc faesli Posteriorment I'agrupacié es va ampliar per
I'addici6 de la familia RNasa 6 (0 RNasa K6) (Rdsag i Dyer, 1996) i, més recentment, per
les families RNasa 7 i 8 (Harder i Schroder, 2002anget al, 2002). A la taula 1.1 es

presenten les 8 families conegudes fins al moment.
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Taula 1.1. Classificacié de la superfamilia de ribaicleases en humans

Familia Descripcio Tipus

RNasa 1 Ribonucleasa pancreatica (HP-RNasa) Péincrea
RNasa 2 Neurotoxina derivada d’eosinofil (EDN) Nmpreatic
RNasa 3 Proteina cationica d’eosindfil (ECP) Nocpeatic
RNasa 4 Ribonucleasa aillada de plasma huma Mixt
RNasa 5 Angiogenina (Ang) No pancreatic
RNasa 6 Ribonucleasa K6 No pancreatic
RNasa 7 Ribonucleasa antimicrobial aillada dettepitelial No pancreatic
RNasa 8 Ribonucleasa aillada de placenta No pdiwrea

1.3. Funcions de les RNases

Tal i com ja s’ha comentat, les ribonucleases tamepaper central en el metabolisme de
I'RNA i es troben en tots els organismes exerdimicfons diverses i sovint vitals (Deutscher,
1993). Molts organismes secreten ribonucleasetapde digerir 'RNA de I'entorn cel-lular en
productes que puguin ser absorbits per les cd:llter a molts microorganismes i plantes
aquesta funcio és essencial, perqué la dispoatbilé fosfat inorganic representa el factor més
limitant pel seu creixement. En altres casos, ilesnucleases poden estar involucrades en
processos de replicacio i transcripcio, ser resguas de transformacions postranscripcionals
de I'RNA, prevenir l'autopol-linitzacié en plantas participar en mecanismes de resposta
cel-lular a virus o microorganismes (Schein, 1987)a taula 1.2 es presenta un llista de les
diferents funcions conegudes de les ribonucleasrs,com exemples representatius dins de
cada grup.

El contingut de ribonucleases en una cel-lula def@ha seva sintesi endogena i de la
internalitzacié dels enzims presents en el medaeet:lular, secretats pel pancrees o per altres
glandules (Bartholeynst al, 1975, Reddi, 1975). Una mateixa cél-lula potbarria contenir
fins a 20 tipus de ribonucleases diferents alhamlb especificitats superposades, provinents
tant del seu medi extern com intern. Alguns d’atpienzims poden ser components de
complexes supramoleculars, funcionant de maneradic@ala amb altres enzims (Deutscher i
Li, 2001).

Les ribonucleases intracel-lulars sén les que gigeth en la maduracio, processament i
recanvi dels diversos tipus d’'RNA cel-lular, amia wievada especificitat de substrat, tant en
procariotes com en eucariotes. L'estricta regulaéguestes ribonucleases és essencial, donat

que el metabolisme de 'RNA és essencial per ptessié génica (Deutscher, 1988).

Pel que fa a les ribonucleases extracel-lulaffsineio fisiologica es desconeix encara en la

majoria dels casos. Pel que fa a 'RNasa 1, s'dacgpe intervé activament en processos
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digestius, sobretot en herbivors remugants, corangegjiiéncia de la gran quantitat d’'RNA

d’origen microbia que s’ha de degradar en l'intd&tquests organismes (Barnard, 1969).

Taula 1.2. Principals funcions de les ribonucelaseselecci6é d’exemples representatius

Funcio Ribonucleasa Organisme
RNasa A Bos taurus
RNasa T1 Aspergillus oryzae

Digestié RNA extracel-lular

Nucleasa d&erratia
Nucleasa estafilococal

Nucleasa P1

Serratia marcescens
Staphylococcus aureus

Penicillum citrinum

Maduracié RNA

RNasa Il

‘Complexe de trencament’ per al processament en

I'extrem 3’ de pre-mRNAs eucariotes

Escherichia coli

Bos taurus

y RNasa E Escherichia coli
Degradacio RNA

. RNasa HlI Escherichia coli

intracel-lular ] ] ] ]
Exoribonucleasa especifica poli(A) Homo sapiens
. Nucleasa anticod6 Escherichia col

Apoptosi )
RNasa L Homo sapiens

a-sarcina Aspergillus giganteus
Defensa ECP i EDN Homo sapienss
RNasa 7 Homo sapiens
Aspermatogencia i BS-RNasa Bos taurus
immunotoxica RNasa 4 Homo sapiens
) Angiogenina Homo sapiens
Control de creixement o

S-RNases Nicotiana alata

Tanmateix s’ha comprovat que diversos membres dsufgerfamilia de la RNasa A
presenten accions biologiques especials, a baridanugle paper degradatiu que classicament
s’ha establert per aquests enzims. Aquestes rileases s’agrupen sota el terme ‘RISBASES’
(Ribonucleases endowed with special bioac)iofi3 Alessio, 1997; Irie, 1997). Aquestes
proteines es caracteritzen per ser en la majoigacdsos proteines basiques, tenir un peptid
senyal i ponts disulfur a la seva estructura. Aggagp inclou, entre d'altres, les ribonucleases

gue presenten propietats citotoxiques (veure apajrta

1.4. Mecanisme de catalisi

El mecanisme de catalisi s’ha estudiat sobretotegpBNasa A, perd malgrat aixo, totes les
RNases pancreatiques ja que presenten un pH dfactdptim al voltant de 8 per a la
degradacié de RNA, prefereixen com a substrat @dIgn relacié al poli(U) i s6n capaces
d’hidrolitzar nucleotids 2',3'-fosfat ciclic. La Ri¢a A catalitza el trencament dels enllagos 3'-
5'-fosfodiéster de les cadenes senzilles d’RNA anifant una reaccié en dues etapes (Figura
1.1a). La primera etapa €s una reaccio de tranflasfid des de la posicié 5’ d’'un nucleotid a la

posicié 2’ del nucleodtid adjacent, generant-se xineen 2’,3'-fosfat ciclic i un extrem 5-OH
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lliure. Durant la segona etapa es produeix la higdrdel grup fosfodiéster ciclic, generant-se un
grup 3'-fosfat terminal. La base en la posici6 & kkenllag que s’escindeix ha de ser una
pirimidina (citidina o uracil) mentre que la basela posicié 5’ pot ser tant una pirimidina com
una purina tot i que l'enzim mostra una certa peafeia per purines. La reaccio de
transfosforilacié es produeix a una velocitat msperior a la de hidrolisi i presenta una
naturalesa reversible.

En el mecanisme de catalisi de les RNases (Figdts intervenen principalment els dos
anells imidazol dels dos residus histidina del ieeactiu (His 12, His 119). En la reaccié de
transfosforilacio, la His-12 actua de base, despinit I'oxigen-2' de la molécula de substrat
facilitant I'atac sobre I'atom de fosfor (Findlay al, 1961; Usheet al, 1970a; Usheet al,
1970b). El grup imidazol de la histidina 119 aatoa a acid protonant I'oxigen-5’ facilitant el
seu desplacament i debilitant I'enllag P-O5’. Bmdaccié d’hidrolisi, la His-119 capta un proto
d’'una molécula d’aigua i facilita la hidrolisi deenllag 2’,3'-fosfat ciclic, mentre la His-12
protona el grup O2'. Durant el procés es forma ammex intermediari de fosfat pentavalent

que esta estabilitzat principalment per la LysBdrkakoti, 1983; Wlodawer i Sjolin, 1983).

a)
1 2
. ?PR(HZ Transfosforilacié 0\ /0"' Hidrolisi ?H
| 0=p—0-
OH 4 \o N
R-OH OH
————_-}_A H20
—_—
Pyr
%27 N\, y HWROH  F§ Pyr HoG Pyr
? P ¢ °
=p—0" — - |
0 '|° o 0=p—0 0=p—0-
ORI oR' OHI
D)
(His-119)
) H
(His-12) [.=kn. /0 His-
/._( HN_ _NH—0 \ (His-12)
c—— \F \/\P/
NH o o N \u
/QB
PRIMERA ETAPA SEGONA ETAPA

Figura 1.1. Mecanisme de catalisi de les RNases.

a) Esquema de les dues etapes de trencament dA (RNroduit de Cuchillet al, 1993). b) Esquema dels
desplagaments electronics originats durant la isa@tid-base segons el mecanisme catalitic adcaptaalment
(reproduit de Cuchillet al, 1997).
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Estudis sobre el mecanisme de catalisi de 'RNag€ukhillo et al, 1993; Thompsormet
al., 1994) indiquen que no és correcte consideragdaci6 com un procés sequencial, amb la
formacié d'un intermediari associat a I'enzim, sin@e més aviat s’hauria de parlar de
processos catalitics separats, fins al punt quesdacié de hidrolisis practicament no es
produeix fins que no finalitza el trencament ds s enllacos 3',5'-fosfodiéster que I'enzim té
disponibles. Per aquesta rad, els autors suggereixe seria més acurat catalogar I'enzim de
transferasa i no de hidrolasa (Cuchdtoal, 1993).

L'enzim pot associar-se tant a desoxiribonucledtiols a ribonucledtids, pero només pot

hidrolitzar els darrers, ja que el grup 2'-OH deiltsa és necessari pel mecanisme catalitic.

1.4.1. Interaccio RNasa-RNA

L'RNasa A exhibeix una clara preferencia per angigtines en la posicié 3’ en relacié a
I'enllag fosfodiester a escindir, hidrolitzant elbstrat poli(C) aproximadament 20 vegades més
rapid que el poli(U). Tanmateix, I'especificitat dereaccié de transfosforilacié no és absoluta,
ja que I'enzim també es capa¢ de catalitzar laatkgié de poli(A), per bé que amb una
eficiencia 16-10" vegades inferior a la que degrada poli(U) (del@wrél i Raines, 1994;
Sorrentino i Libonati, 1994). Paral-lelament a atgespecificitat primaria, s’ha observat que la
composicié dels nucleodtids adjacents té una grmeimcia en I'eficiéncia cataliticakd/Ky,)
d’aquest enzim. S’ha descrit una especificitat sdatia per la base del nucleotid en posicié 5’
en relacié a l'enllag que s’escindeix, seguint dier A>G>C>U (Follmannet al, 1967,
Rushizkyet al, 1961; Witzel i Barnard, 1962 a i b). La segorepatde la reaccio €s molt més
especifica i només s’hidrolitzen els ésters fosfalic que tenen una pirimidina com a base
nitrogenada (Cuchillet al, 1993; Noguést al, 1995).

Estudis estructurals, cinétics i de modificacidngaa han proposat i demostrat I'existéncia
de diferents subsetis en el centre actiu de I'erquin uneixen per diversos punts d'interaccio
els fosfats (p..p,), les bases (B.B,) i les riboses (R..R,) del substrat poliméric contribuint a
la seva correcta disposicié (Richards i Wyckofff 19(Figura 1.2). pés el centre catalitic que
interacciona amb el grup fosfat de I'enlla¢ fosémdér que s’escindeix,;Bés el seti principal
especific per pirimidines i Bés el subseti d’interaccié amb la base que ocupmsicio 5’ de
I'enlla¢ que s’escindeix. Els treballs on s’ha d#&tila participacié dels diferents subsetis de
I'RNasa A han estat revisats per Cuchdtaal.(1997), Gilliland (1997) i Noguést al. (1998).
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Figura 1.2. Representacio esquematica de la interaié d'un fragment d'RNA amb I'RNasa A. B, Ri p fan
referéncia als subsetis de fixacio de les baskeses i fosfats respectivament. Els mononucle@®igsrimidines
interaccionen a BRip; i els 3'-AMP a BR,p,. S’indiquen els residus que podrien participarcada subseti.
Reproduit de Parég al, (1991).

L’eficiencia catalitica de I'RNAsa A s’incrementanh la longitud de la cadena de
I'oligonucleotid (Irieet al, 1984a; Irieet al, 1984b). El coneixement que es té de I'estrudtura
localitzacié dels subsetis d’'unié a fosfats, aigmcde les propietats cinétiques de I'enzim,
demostren que la millor eficiéncia catalitica okada pels substrats d’elevat pes molecular
s’origina per la uni6 mdltiple i cooperativa delbstrat amb I'enzim (Cuchill@t al, 1997;

Moussaoukt al, 1996).

1.4.2. Accions sobre RNA de doble cadena i DNA-RNA

La RNasa A és practicament inactiva en RNA de dahldena (Barnard, 1969) en les
condicions fisiologiques que estabilitzen I'estuwat secundaria dels acids nucleics. Sota
aquestes condicions pero, la ribonucelasa bovimingg proteina homodimérica que pertany a
la superfamilia de la RNasa A, (BS-RNasa, Matowetelll, 1973) presenta activitat enfront
RNA de doble cadena i enfront a complexes poli(@)(p) (Libonati i Floridi, 1969) i cadenes
hibrides de DNA-RNA (Taniguchi i Libonati, 1974)alCdestacar que dimers de la RNasa A
obtinguts per liofilitzacié (Libonati, 1969) sonpagos de degradar RNA de doble cadena i
hibrids de DNA-RNA (Libonati 1975a). Malgrat tog tapacitat de degradar RNA de doble
cadena no depen necessariament de I'existéncia @'stnuctura dimerica ja que la ribonucleasa

pancreatica humana (HP-RNasa) que presenta estrustunomerica té la capacitat de degradar
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tant RNA de cadena senzilla com doble cadena edi@ons fisiologiques (Sorrentino i
Libonati, 1997; Libonati i Sorrentino, 2001; Sortien et al, 2003). Els determinants
estructurals d’aquesta activitat peculiar s’haibait a la desestabilitacié local de I'estructura
secundaria dels acids nucleics induida per I'eniguest efecte s’ha relacionat amb el nombre
i disposici6 de carregues positives dins de 'HPaB&i la seva interacci6 amb el substrat
polianionic de doble helix (Sorrentimd al, 2003).

1.4.3. Propietats alosteriques

Tot i que la BS-RNasa és capac de trencar enlideadinucleotids com a substrats de la
primera reaccid, on s’obté una cinetica tipus Mattaa(Piccoliet al, 1982), en la hidrolisis de
2',3'-fosfats ciclics (productes de la primera @ad substrats de la segona) s'obté una corba
cinetica d'aspecte diferent. A baixes concentragi@h substrat indueix cooperativitat negativa,
mentre que a elevades concentracions aquest nmeibstrat genera cooperativitat positiva.
Aguest enzim presenta cooperativitat mixta, amipnamunciat esglad en la corba de saturacio
de substrat, localitzat en el rang de concentracesire la cooperativitat positiva i negativa.
Aquestes propietats alostériques només s’obsermeta dorma que presenta intercanvi de
dominis de la BS-RNasa (veure apartat 2.1. dettadoccio) i aixd s’ha relacionat amb la
possible existéncia d’'un centre alostéric locdlitza la zona del péeptid xarnera (D’Alessib
al., 1997).

Mitjancant estudis d’interaccié enzim-substrat (Bdio et al, 1986), s’ha proposat el
seguent model del mecanisme alostéric de la BS-&Riscoliet al, 1988):

a) A baixes concentracions de substrat, I'ocupdtit dels dos possibles centres actius fa
que aquest prengui una conformacié de transici6 maetiva l'altra centre. Aquesta
cooperativitat negativa fa que s'observi la meitatla reactivitat enzimatica, malgrat que els
subsetis no catalitics romanen actius.

b) A elevades concentracions de substrat, es ppodnesegon canvi conformacional que fa

possible que el segon centre catalitic s’activiiegant-se aixi la cooperativitat positiva.

2 . RIBONUCLEASES DIMERIQUES

2.1. Dimeritzaci6 per intercanvi de dominis

Moltes proteines han evolucionat de la forma monmma&ap a la forma oligomérica. Els
determinants estructurals que provoquen l'estgboieric sGn molts cops dificils d’identificar
ja que solen ser la suma de molts canvis petitsbtass. Malgrat tot, I'analisi estructural
d’aquests oligomers, pot ajudar a comprendre cgdnsaquests determinants i per tant servir de

base pel disseny de noves estructures oligomeriques
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L’intercanvi de dominis (Benneét al, 1995; Heringa i Taylor 1997) és un mecanisme pel
gual dues o més molecules formen un dimer o oligémbercanviant un domini sencer i idéntic
entre les subunitats que el constitueixen. Aqupss td’associacio té un interés especial ja que
es genera tant en mecanismes d’oligomeritzacio rsdole com en oligomeritzacions
patologiques irreversibles com sén la formacié idee$ amiloides. Per fer més entenedora la
descripcio resulta atil dividir la molecula monoicarde RNasa en tres regions; un domini
intercanviat, un péptid xarnera, i un domini prnpati La Figura 1.3. presenta una descripcié
més grafica d’aquesta simplificacioé estructurald&mini intercanviat es plega sobre el domini
principal de la subunitat veina de la mateixa mamwem ho faria en el monomer original i pot
correspondre tant a un domini globular com a uaris\elements d’estructura. El péptid xarnera
€s un segment de cadena polipeptidica que undonghi intercanviat amb el domini principal.
Aquest péptid adopta diferents conformacions segertsobi en el monomer o en el dimer que
presenta intercanvi de dominis. La interaccié entsedos dominis es ddéna a través de dues
interficies: una interficie primaria o tancada diefa com aquelles interaccions entre dominis
que també es produeixen a la forma monomérica iinteaficie secundaria o oberta que
correspondria a aquelles noves interaccions quetatieixen Unicament en la forma

oligomerica (Figura 1.3. Ai B).

A B
Interficie primaria Interficie secundaria
0 “open’”

o “closed”

Peptid xarnera

Figura 1.3.: Representaci6 esquematica dels princifs termes que defineixen l'intercanvi de
dominis. A. En lintercanvi de dominis, el domini intercanviadopta la mateixa conformacié que en el mongmer
original perd no aixi el peptid xarneta interficie primaria és el conjunt d'interacciomse es produeixen entre|el
domini intercanviat i el domini principal que exsten tant en la forma oligomérica com en el mondmBe La
interficie secundaria correspon al conjunt d’'intefrans que existeixen només en el dimer que presetercanvi de

dominis i que no estan presents en el monomer.

Apart de la BS-RNasa i la RNasa A, fins al mometitan descrit més de 40 estructures
proteiques que presenten intercanvi de dominis.edigudisposicié es déna en proteines tan
diverses com Hi-espectrina (Yart al, 1993) (proteina del citoesquelet), la CksMs2 ¢Pat
al., 1993) (proteina reguladora del cicle cel-lularfucleasa estafilococal (Greenal, 1995),
la proteina de prié humana (Knagtsal, 2001) o la cistatina C humana (Janovetkal, 2001);

aguestes dues ultimes relacionades amb la forrdadibres i malalties amiloides.

11
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L'analisi de les estructures que presenten inteicda dominis caracteritzades fins al
moment revela que la majoria d’intercanvis s’obsaren els extrems N- i C-terminalst i que
no sempre és aixi, i que presenten diversitat ¢anta seva estructura primaria com en la
secundaria. La diversitat de longitud i de seqi#édeis dominis intercanviats indiquen que les
interficies primaries de les proteines que presemtercanvi de dominis sén diferents entre
elles. A més a médes interaccions que es formen en les interfipi@maries poden ser de
diferents tipus des d’interaccions hidrofobigweglectroestatiques o fins i tot ponts disulfur
(Diederichset al, 1991; Milburnet al, 1993; Knaut al, 2001).

2.2. Descripcié de les RNases dimeriques

La primera RNasa que es va descriure que podiamarsse en forma de dimer fou la
RNasa A la qual forma estructures dimériques dueasseva liofilitzacié en presencia d’acid
acetic (Crestfielett al, 1962). Estudis posteriors han mostrat I'existgmia dos tipus de dimers
d’aquesta proteina, un d’ells més abundant quied’@Libonatiet al, 1996; Gotteet al. 1999).

La resolucid de les dues estructures dimériquesrevalar que en el dimer minoritari
s’intercanvia un domini N-terminal (Liet al, 1998), mentre que en l'altre tipus de dimer
s’intercanvia I'extrem C-terminal de la cadena pefitidica (Liuet al, 2001). La RNasa A
també forma estructures oligomeriques superiorstt€¢Ga al, 1999a; Gotteet al, 1999b)
basades en l'intercanvi simultani de dominis N--ie@ninals: s’ha observat un trimer lineal
format per intercanvis N- i C-terminals (Let al, 2001) , i un trimer minoritari format per
I'intercanvi d’extrems C-terminals que s’ha pogtstal-litzar (anomenat també trimer ciclic;
Liu et al, 2002), també tetramers (Gotte and Libonati, 20pdihtamers i hexamers (Gotk
al., 2005).

L'tnic membre de la superfamilia de les ribonu@sapancreatiques que dimeritza de
forma natural és la BS-RNasa. Aquesta estructuia estabilitzada covalentment mitjancant
dos ponts disulfur. L'estructura tridimensionallddorma dimerica de la BS-RNasa mostra que
cada centre actiu esta format per aminoacids quanyen a les dues cadenes polipeptidiques
(forma MxM) a través de l'intercanvi de dominis slsbus extrems N-terminals (Mazzarella
al., 1993), tot i que també s’ha caracteritzat unams@dorma dimérica en equilibri amb la
forma MxM en la qual els centres actius no estamdéts per aminoacids que pertanyen a les
dues subunitats ja que no es produeix intercani deminis N-terminals (forma M=M)
(Piccoliet al, 1992; Kim i Raines, 1993).

Recentment s’ha descrit una variant de I'HP-RNasar@nada PM8 que incorpora els 20
primers residus de la BS-RNasa a més de la sutiétie la Pro101 per una Gin (Caneisal,
1999) l'estructura cristal-lografica de la qual 1@ls et al, 2001) és un dimer basat en

I'intercanvi de dominis N-terminals.
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Tal i com s’ha comentat abans, el péptid xarneeagta una flexibilitat intrinseca que i
permet d’adoptar diferents conformacions en el m@1d en els oligdbmers amb intercanvi de
dominis. Aquesta flexibilitat es fa evident en IBl&a A, BS-RNasa i PM8. La RNasa A i la
BS-RNasa mostren un 80% d'identitat de sequénd@aBS-RNasa i PM8 comparteixen el
mateix peptid xarnera. Totes elles intercanvierdahini N-terminal, perd malgrat tot, les
orientacions relatives de les seves subunitatéseseas dimers son diferents, generant diferents
conformacions pels tres péptids xarnera (Mazzaetld, 1993; Liuet al, 1998; Canalst al,
2001). Aguesta flexibilitat també s’observa en &ptid xarnera C-terminal de la RNasa A ja
que la mateixa estructura secundaria adopta diee@mformacions en el mondmer, el dimer

C-terminal i en el trimer C-terminal d’aquesta pio#.

2.3. Mecanisme d’intercanvi de dominis

Malgrat que el mecanisme pel qual s’estableix dicanvi de dominis roman encara
desconegut, si que s’han establert alguns prinpgridal que es produeixi aquest intercanvi: a)
aquest tipus d’intercanvi és independent de I'ettira primaria i secundaria de la proteina; b)
el péptid xarnera i les regions d’interaccié somez molt flexibles tot i que provenen de
diferents sequéncies i estructures secundaries.

Tampoc €és clar si existeix un mecanisme generatettanvi de dominis tot i que s’ha
plantejat (Bennett al, 1995) que les proteines que dimeritzen per iateficde dominis durant
el seu procés de plegament, com per exemple I'egpgcseguirien un cami diferent d’aquelles
en les que lintercanvi es forma a partir d'un moed estable per a formar un dimer
metaestable, com és el cas de la RNasa A. Pereatagus’ha plantejat que el mondomer estable
es sotmetria temporalment a condicions que afasioria dissociacié del domini a intercanviar,
p.e. la liofilitzacié en preséncia d’acid acetiad es restablissin les condicions d’estabilitzacio
del monomer es produiria l'intercanvi de dominispecialment a elevades concentracions de
proteina (Bennegt al, 1995). El cas de la BS-RNasa és especial jatqué,que de manera
natural és un dimer, s’ha observat que lintercadesi dominis es produeix en condicions
fisiologiques a partir de monomers estables perb anprevia formacié del dimer a partir de
I'establiment de dos enllacos disulfur ubicatsamterficie oberta.

S’han comparat les estructures en solucié de lasRMai la estructura monomerica de la
BS-RNasa ja que poden ajudar a revelar els detalisicturals que indueixen l'intercanvi
d’extrems N-terminals en la BS-RNasa. L’estructemasolucié de la forma monomeérica de la
BS-RNasa, obtinguda per RMN 3D heteronuclear, raastia elevada similitud amb la RNasa
A en totes les regions caracteritzades per elemegtsars de I'estructura secundaria. Malgrat
tot, s’han observat grans diferencies en la fléisd@bidel peptid en el segment 16-22 de les dues
proteines; postulant-se que aquestes diferencidestructura terciaria podrien ser les bases

moleculars per explicar I'habilitat de la BS-RNg®a intercanviar els seus dominis N-terminals
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(Avitabile et al, 2003). Per tal didentificar els determinants ewolar que promouen
I'intercanvi de dominis en la BS-RNasa s’ha anatitzefecte produit per la substitucié de la
Prol9, situada en el peptid xarnera, i la Leu28alitzada a la interficie secundaria, pels
corresponents aminoacids en aquestes posicionsnggesn la RNasa. S’han comparat les
propietats estructurals de la forma monomericaededues variants respecte a la proteina
salvatge, i per altra banda, els canvis cinétice ga produeixen en formar-se els seus
corresponents dimers. S’ha observat que la mutB&i@A incrementa de forma notable
I'estabilitat térmica de la proteina monoméricappgue no modifica la tendencia a l'intercanvi
de dominis en el dimer. Per contra, la variant L386senta canvis significatius tant en la
dimeritzaci6 com en l'intercanvi de dominis pero ap I'estabilitat termica del monomer
(Ercoleet al, 2003). També s’ha observat (Picatel, 2005) que variants de la BS-RNasa en
les que s’ha substituit la Prol9 o la totalitatlaleseqiéencia del péptid xarnera pels residus
corresponents de la RNasa A, presenten una cordsdgociacio i uns parametres cinetics
d’'intercanvi de dominis similars als obtinguts parproteina salvatge. Aquests conjunt de
resultats indiquen que el péptid xarnera no ésespansable de modular I'equilibri en
I'intercanvi de dominis i que residus localitzats & péptid xarnera (Pro19) i en la interficie
secundaria (Leu28) semblen actuar de forma cooperper tal de potenciar la formacio de

I'estructura quaternaria per intercanvi de dom{Bisaet al, 2004).

2.4. Propietats biologiques dels dimers

Algunes RNases han estat considerades classicaznenta models per a I'estudi de
diferents problemes biologics. L'interes en el sstudi va renéixer a principis dels anys 90
arran del descobriment que algunes ribonucleasesemiaven funcions bioldgiques especials
(RISBASES) (veure apartat 1.3.). Les ribonucleapessenten un ampli rang d’accions
biologiques, a més del simple paper digestiu iadedva participacié en el manteniment del
contingut cel-lular d’RNA. Per aquesta rad, aquestams presenten un important potencial
com a agents terapeutics per a determinats desdrdreans, incloent el cancer i la SIDA. Per
altra banda també tenen la possibilitat de sexin @ marcadors moleculars de determinades
disfuncions biologiques. Les dues RNases dimerigues es coneixen: la BS-RNasa i els
oligomers de la RNasa A presenten un ampli vedlfuncions especials que es detallen a

continuacio.

2.4.1. Propietats biologiques de la BS-RNasa

El paper fisiologic de la BS-RNasa sembla estaiciehat amb un efecte immunosupressor,
gue protegeix les cél-lules espermatiques del flsianinal del sistema immunitari de
I'organisme femella. Amb tot, la BS-RNasa presamtaampli ventall d’activitats biologiques

com soOn l'aspermatogénesi (Hlina&t al, 1981), [lactivitat antitumoral (Matousek i
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Grozdanovic, 1973; Vesciat al, 1980), embriotoxica (Matousek i Grozdanovic, 1973
immunosupressiva (Tamburriet al1990) i antiviral (Youleet al, 1994). S’ha comprovat
també que la BS-RNasa exerceix una potent ac@@gita contra cel-lules tumorals, tant en
experimentdn vitro comin vivo. Les bases d’aquesta activitat citotoxica perdjessoneixen

tot i que s’ha demostrat que les activitats sorrictsinent dependents de I'activitat
ribonucleolitica de la proteina (D’Alessio, 1997/stan associades només a la forma dimérica

que presenta intercanvi de dominis (Souetedl, 1996).

2.4.2. Propietats biologiques dels oligdmers de RNasa A

La RNasa A nativa, monomérica, no presenpaaxdivitat biologica, tot i que fa uns 50
anys, Ledoux va comunicar que aquest enzim (adirahisa elevades concentracions)
presentava activitat citotoxica pels carcinomeghbdich i Krebs en ratolins i Walker en rates
(Ledoux, L., 1955 a i b). Pero en canvi, els oligpsnde la RNasa A adquireixen una
remarcable activitat antitumoral i aspermatoger(igtouseket al, 2003). Aquest fet, avui per
avui, no sorpren si es té en compte que dimersibtats covalentment (Bartholeyns i
Baudhuin, 1976; Tarnowski et al 1976) i trimerst€et al, 1997) de RNasa A, igualment que
la RNasa A monomeérica conjugada amb polietilenpl{déatouseket al, 2002), presenten
activitat citotoxica enfront diferents tipus de -tdbes tumorals. A més a més, els dimers i
oligdmers superiors de la RNasa A poden tenir lateixe activitat antitumoral i
aspermatogénica que la BS-RNasa, amb qui compateun 80% d’homologia de sequéncia
(D’'Alessioet al, 1997; Youleet al, 1997).

3. RIBONUCLEASES AMB PROPIETATS ANTITUMORALS

D’entre les funcions biologiques especials quegmen algunes ribonucleases de la familia
de la RNasa A, ja s’ha destacat la seva activitdtuanoral. Es coneixen quatre RNases que
tenen activitat citotoxica especifica per a ceddulumorals. Aquestes son l'onconasa, la BS-
RNasa, i les lectines deana Catesbeiana Rana japonica L'estudi d’aquestes RNases ha
permes el desenvolupament de noves RNases disesngada tenir una accié citotoxica amb

interés clinic com a substitut o complement deénaguimioterapeutics d’'us estandard.

3.1. Bases moleculars del mecanisme de citotoxitita
Tot i que molts aspectes de les bases moleculdes dtoxicitat de les RNases romanen
encara desconeguts en un grau important, els esteditzats tant amb RNases citotoxiques,

com l'onconasa (Darzynkiewicet al, 1988) o la BS-RNasa (Matousek al, 1973), o no
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citotoxiques, com ara la RNasa A, a més de variaittdoxiques d’aquestes, han permes
I'establiment d’'un model d’accié que és generalmadeptat. Aquest model postula que, per
tal d’exercir la citotoxicitat, cal la interacci®da RNasa amb la membrana cel-lular i la seva
internalitzacié per endocitosi, amb una postenianglocacié al citotsol, on la degradacio del
RNA cel-lular induiria la mort cel-lular per apogitoL’eficiencia amb la qual una RNasa pot
superar cada una d'aquestes etapes es pot canga@mb la seva potencia com a agent
citotoxic.

A continuaci6 es descriu el que es coneix sobrastatha de les etapes que proposa aquest

model.

3.1.1. Unié a la superficie cel-lular i endocitosi

Com a pas previ a la internalitzacio, la RNasaratgiona amb la membrana cel-lular de la
cél-lula diana. EI mecanisme d’interaccié no hateshcara del tot dilucidat, i per moltes
RNases és encara desconegut. En alguns casosifmilitia de quée es produeix de manera
especifica, mitjangant receptors de membrana,nmitjgnc¢ant interaccions electrostatiques amb
components de la bicapa.

En el cas de la BS-RNasa, s’ha descrit I'existémiia receptor especific a la matriu
extracel-lular dels fibroblasts de ratoli Balb/C3IE3 uni6 al qual €s necessaria per a la
citotoxicitat de I'enzim (Mastronicolat al, 1995). No s’ha pogut demostrar la presencia d’'un
receptor especific a la membrana cel-lular, i agutades suggereixen que la interaccio amb la
membrana es podria produir per un mecanisme d’eids@nlloc de mediada per receptor (Kim
et al, 1995). S’ha proposat també un mecanisme alternaéigons el qual la BS-RNasa
interacciona amb la membrana plasmatica a travésgdaps sulfidril de la superficie cel-lular
(Bracaleet al, 2003).

En el cas de la onconasa, l'existencia d'un recemspecific és controvertida, i
probablement depén de la linia cel-lular assajadauna banda, s’ha descrit I'existéncia d'un
receptor de membrana especific en cél-lules denglieL (Wuet al, 1993). Tot i que no s’ha
pogut encara determinar la seva haturalesa, ejuietla competéncia amb acid sialic o altres
sucres simples, aixi com el tractament amb neursaidno comprometin la citotoxicitat de
'onconasa apunten a un receptor diferent del tenitgat per les lectines aillades Bana
catesbeiana Rana japonicgjSBL, cSBL; Nittaet al, 1987; Sakakibarat al, 1979). Per altra
banda, el fet que la internalitzacié de I'onconasasigui saturable en cél-lules HeLa (Haigis i
Raines, 2003) ni es vegi afectada per tractaments @oteases posa en questid I'existencia
d’un receptor proteic, almenys en aquesta linidutat.

Hi ha indicis que apunten que la interaccio amiméambrana pot ser de tipus electrostatic.
Les RNases citotoxiques comparteixen un caractsicbas’ha descrit que la cationitzacio

incrementa I'eficiencia d’internalitzacio de cSBlwamaet al, 2001; Ogawagt al, 2002).
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Aquest augment en I'eficiencia d'internalitzacié dstat interpretada com que aquestes RNases
estableixen interaccions electrostatiques amb paréigie cel-lular, carregada negativament. A
meés, estudis d'internalitzacio en les linies cllrkiA431 i K562 de variants citotoxiques de
'RNasa A i 'HP-RNasa (Haigis i Raines, 2003; Bost al, 2004), apunten a qué aquestes
s'internalitzen per endocitosi en fase fluida.

La fusié de RNases citotoxiques a lligands de mamdbrcom la transferrina, factors de
creixement 0 anticossos potencien la seva intézaald cel-lular, cosa que es tradueix en
I'adquisicié de propietats citotoxiques (Rybak ivNen, 1999). En conjunt, es pot afirmar que
una diferéncia important entre les RNases citotéesqg les no citotoxiques és I'habilitat de les
primeres per interaccionar de manera especificalesntel-lules.

Després de la unié a la superficie cel-lular, éesearia la internalitzacié, la qual es
produeix per un mecanisme que resta encara pdificen Aquesta necessitat ve il-lustrada pel
fet que, quan la interaccié d’'una RNasa amb la mangbcel-lular no ve seguida de la seva
internalitzacid, I'enzim no provoca la mort celdulDe fet, s’ha observat el desenvolupament,
en cel-lules de leucémia P388, d’'una resistentexposicié continuada a cSBL, aparentment
deguda a un mecanisme defectiu d’internalitzacitigt al, 1994b). La BS-RNasa (Bracae
al., 2002), 'onconasa (Haigis i Raines, 2003) i uagant citotoxica de 'HP-RNasa (Boseh
al., 2004) s’han localitzat en endosomes, i en vdaqueests casos s’ha demostrat que la seva
citotoxicitat es veu compromesa amb la inhibicié gl®cés d’endocitosi depenent d’energia
(Haigis et al, 2002, Bracalest al, 2002; Wuet al, 1995). En el cas de l'onconasa i variants
citotoxiques de I'RNasa A s’ha descrit que I'entlosii segueix una ruta independent de clatrina

i dinamina (Haigis i Raines, 2003).

3.1.2. Transit intracel-lular

Tot i que comparativament no s’han obserifaré&hcies en el grau d'internalitzacio de la
BS-RNasa en diferents linies cel-lulars, la sevatiicitat €s més important sobre linies
cel-lulars tumorals (Mastronicokt al, 1995; Vescieaet al, 1980, Youle i D'Alessio, 1997).
Aquest fet planteja la possibilitat que una RNasgup seguir diferents rutes intracel-lulars,
d’entre les quals només algunes permetrien elitrins al citosol. Per tal de dilucidar el cami
seguit per diferents RNases citotoxiques entrecettosomes i el citosol s’han realitzat dues
aproximacions diferents.

En primer lloc, s’ha comparat la citotoxitithaquestes RNases en presencia de diferents
drogues que actuen desorganitzant el transporacigitiular. Els resultats obtinguts amb
I'onconasa suggereixen que el cami seguit excloetelle endoplasmatic i I'aparell de Golgi
(Haigis i Raines, 2003; Wet al, 1995; Newtonet al, 1998) i la seva internalitzaci6 a
diferencia d’altres drogues citotoxiques, com artokina colérica, és aparentment independent

d’un pH acid en les vesicules que transportenifergilaigis i Raines, 2003).
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Un segon enfoc es basa en la colocalitzeandh marcadors especifics per organuls
cel-lulars, de RNases marcades fluorescentment. &qubsta metodologia s’ha demostrat que
la internalitzacié de I'onconasa es realitza aésat*endosomes acidics (Haigis i Raines, 2003),
mentre que la BS-RNasa s’ha localitzat a la xaraastGolgi de cél-lules malignes tractades,
cosa que suggereix que aquest organul podria ampaaa lloc efectiu de la translocacio de la
BS-RNasa (Bracalet al, 2002). Mitjancant aquesta segona aproximacié dtat gpossible
determinar la localitzacié d’'una variant citotox@&lP-RNasa en endosomes acidics/lisosomes
perd no s’ha localitzat ni en el reticle endoplasenai a I'aparell de Golgi de ceél-lules A431
(Boschet al, 2004).

3.1.3. Translocacié a través de la membrana lipicic

La RNasa A té activitat citotoxica només ercas de ser microinjectada directament al
citoplasma, tal com s’ha determinat amb oocits @aaa (Saxenat al, 1991; Rybalket al,
1991), cosa que indica la necessitat d’'un mecanidedranslocacio de la RNasa cap al
citoplasma des d’'un determinat compartiment sulloéai:

En el cas de la BS-RNasa s’ha observat coforfaa dimerica, que a diferéncia de la
monomerica és citotoxica, presenta la capacitdtedéa i penetrar membranes artificials amb
fosfolipids carregats negativament (Manchefiocal, 1994). Tot i aixd, no s’ha determinat
encara la manera com les RNases citotoxiques, eftaestables i hidrofiliques, aconsegueixen
arribar al citosol des de I'organul a través dedlqenetren a la cel-lula. Altres toxines, com ara
la ricina, I'exotoxina A dePseudomona® la toxina de la difteria, presenten dos dominis
diferenciats, un amb activitat catalitica i un e@lamb la capacitat de travessar determinades
membranes biologiques. Diferents fets indiquen agigestes toxines penetren al citoplasma a
través dels complexes de translocacié proteicauRebanda s’ha comprovat que interaccionen
amb Sec61, una proteina que constitueix part deplax responsable de la translocacié de
proteines a través de la membrana del reticle éamsloatic (Schmitet al, 2000). A més a més
s’ha descrit que aguestes toxines pateixen un prbedesplegament per tal d’arribar al citosol
(Argent et al, 1994). Diversos factors indiqguen que les RNadgxdogiques utilitzen un
mecanisme diferent per travessar la bicapa lipidtes una banda, les rutes intracel-lulars que
s’han determinat per a diverses RNases citotoxjgresap cas comprenen un transit pel reticle
endoplasmatic. De fet, quan s’ha buscat direccitm@S-RNasa cap a aquest compartiment
mitjangant I'addicid, al seu extrem C-terminal, ldeseqliéncia consens de direccionalitzacio a
reticle endoplamatic, KDEL, aquesta variant perdabpart de la seva citotoxicitat (Bracate
al., 2002). En segon lloc, el fet que s’hagi obseruat correlacié entre ['estabilitat
conformacional (i per tant la resisténcia al deggheent) i la citotoxicitat observada per
diferents variants de la RNasa A (Klink i Raine8p@; Lelandet al, 2001) indica que les

RNases no sén transferides al citoplasma de forespleigada. Aquesta correlacio es deu
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probablement a una major resisténcia d’aquestes arbteases intracel-lulars i extracel-lulars

deguda a la major resistencia al desplegament.

3.1.4. Acci6 al citosol

Un cop en el citosol, les RNases actuen sebiRNA de la cél-lula, degradant-lo. S’ha
observat que RNases citotoxiques perden aquestaitapen ser privades de la seva activitat
RNasa, bé sigui mitjancant modificacions quimigi#s et al, 1995; Vesciat al, 1980), o bé
sigui per mutagenesi dirigida sobre els residuditas en el procés de catalisi (Kiet al,
1995).

Les cel-lules de vertebrat posseeixen un igbiitproteic de RNases, el Rl (Wt al,1993;
Lee i Valle, 1993), que és capac d'actuar sobreamtall ampli de membres de la superfamilia
de les RNases pancreatiques. Aquest presenta tmates formada per 15 repeticions de
motiusf-a rigues en leucina, disposades en forma de feraa@iobe i Deisenhofer, 1993). Té
la capacitat d'unir-se especificament a 'HP-RN@aix et al, 1996), RNasa A i angiogenina
(Leeet al, 1989) amb una relacioé estequiomeétrica 1:1, igrst constants de dissociacié de
I'ordre de fM (Leeet al, 1989; Vicentiniet al, 1990). L’elevada inhibicié de I'activitat RNasa
és deguda a qué alguns dels residus importants @md entre el Rl i la RNasa estan implicats
en l'activitat catalitica de I'enzim (Kobe i Deisefer, 1996). Es postula que el RI serviria com
a mecanisme per evitar que les RNases extracet-lplguin penetrar accidentalment al citosol
i realitzar-hi la seva acci6 degradadora.

El fet que les lectines d’amfibi, 'onconasa i I&BNasa no resultin inhibides pel RI ha
portat a suggerir que l'evasiéo al Rl és un requigitessari per tal que una RNasa sigui
citotoxica, pero aquesta hipotesi és controvertida.

L'estudi de RNases amb citotoxicitat natueaki com variants citotoxiques obtingudes a
partir de RNases no citotoxiques, ha permes estedsi estrategies per a I'evasio al RI.

a) Disminuci6 de I'afinitat per I'RI. Una baixa afinitat entre la RNasa i el Rl es teaxlen una
baixa inhibicié. L’'onconasa presenta una constandidsociacié del complex que forma amb
l'inhibidor unes 10 vegades superior que el valor trobat per la RMa@oix et al, 1996), cosa
que li permet evadir I'acci6 del Ri vitro. El fet que un increment dels nivells citoplascsgtie

RI (lwamaet al, 2001) no tingui cap tipus d'efecte en el graucdetoxicitat de I'onconasa
apunta a qué aquesta evasié també es iloviao, cosa que permetria la degradacié del RNA
cel-lular.

En el cas de la BS-RNasa, la interacci6é datferma dimérica citotoxica i el Rl no es pot
establir a causa dels impediments estérics deridatda dimeritzaci6. Aguesta estructura
dimérica es manté durant la internalitzacié de &HMNasa (Bracalet al, 2003), i també
sembla ser important en el transit a través déckph lipidica (Mancheriet al, 1994), pero el

manteniment del caracter dimeéric de la BS-RNasat@dol no és clar. De fet, en céel-lules amb
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el RI silenciat s’observa una major sensibilitda @8S-RNasa (Monti i D’alessio, 2004), cosa
que indica que el Rl actua en certa mesura inhiiseva accié. Les condicions reductives del
citosol podrien derivar en una dissociacié de lanfo dimérica citotoxica, generant-se aixi
monomers lliures que serien inhibits. Els mononestables de BS-RNasa, obtinguts mitjancant
la reducci6 selectiva dels ponts disulfur que umeiles dues subunitats i la posterior alquilacio
dels sulfidrils lliures, son sensibles al Rl i msulten citotoxics (Kinet al, 1995; Murthyet al,
1996).

Mitjancant mutagenesi dirigida per oligonutigds’han obtingut variants de la RNasa A i
HP-RNasa en les quals s’han modificat residus oapdien la unio al Rl (Lelaret al, 2001,
Lelandet al, 1998), i alternativament s’han generat formesediques d’aguestes RNases (Di
Donatoet al, 1994; Di Gaetanet al, 2001; Piccolet al, 1999) que no poden unir-se al RI per
impediments esterics. Mitjancant les dues estrasegihan obtingut variants que son capaces
d’'evadir el Rl i que son citotoxiques. L’afeblimepbsterior de la uni6 amb l'inhibidor
introduint noves mutacions s’ha traduit en un augnu® la citotoxicitat d’aquestes noves

variants (Haigi®t al, 2002).

b) Saturaci6é del RI El RI citoplasmatic representa entre el 0.010.2P6 del contingut proteic
total de la cél-lula (Lee i Valle, 1993). En el ca® una quantitat suficient de RNasa penetri al
citoplasma, es pot produir la saturacio de la itatatlel RI, de manera que les noves RNases
gue penetressin a la cél-lula podrien lliuremeer@xla seva accié degradadora sobre el RNA
cel-lular. D’aquesta manera es podria explicaittstaxicitat d’algunes variants de RNasa que
es troben unides, bé sigui quimicament, bé pemgaga genética, a lligands especifics de
receptors de cel-lules tumorals i que sén inhibidestro en preséncia de Rl. En aquestes, la
preséncia d'aquests lligands assegura que en lggadgs sobre cél-lules tumorals es produeixi
una internalitzacié suficientment eficient per satu’inhibidor intracel-lular. Relacionat amb
aixo0, s’ha observat en cel-lules de glioma 9L potaades amb acid retinoic que 'aplicacié de
'HP-RNasa o l'angiogenina, les quals no sén halhitent citotoxiques, provoca la mort
d’'aquestes cel-lules (Wat al, 1995). L'aplicacio d'acid retinoic provoca la deganitzacio de
'aparell de Golgi, cosa que pot facilitar I'arrtea d’aquestes proteines al citosol a través

d’aquest organul.

¢) Uni6é a altres molécules que obstaculitzen la captuwle la RNasa per part del REI
citoplasma és un ambient altament concentrat emedifs tipus de biomolecules, en el qual la
interaccio entre RNases i Rl observaaitro no necessariament s’ha de donar amb la mateixa
eficiencia. La uni6 de RNases a d’altres molectliaspermes, en dos casos evitar la seva

captura per part del RI.
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S’ha observat que en el cas de la BS-RNassMa unié al RNA pot ajudar en I'evasio al
RI. De fet, existeixen dues formes dimeériques dB3aRNasa, que son interconvertibles. Una
d’elles es troba estabilitzada per dos enllagoslfdisentre les dues subunitats (forma M=M),
mentre que l'altra presenta, a més a més, l'inteticdel domini N-terminal (forma MxM). En
I'ambient reductor del citoplasma, la forma M=M roaneritza i pot ser inhibida pel RI, mentre
que la forma MxM es pot mantenir per les interatgino covalents dels dominis intercanviats.
De totes maneres, com que les formes M=M i MxMresen en equilibri, i 'ambient reductor
assegura la desaparicié de la forma M=M, per ladlacci6 de masses també s’hauria de
produir una progressiva desaparicié de la formadiza MxM. De totes maneres, la unié de la
forma MxM al RNA l'estabilitza, impedint la sevaroeersio en la forma M=M (Murthgt al,
1996; Murthy i Sirdeshmukh, 1992).

En el grup de recerca en el qual s’ha portsrme aquesta tesi, s’ha obtingut una variant
citotoxica de HP-RNasa sensible a I'RI, anomendgda @oschet al, 2004), la qual presenta
un grau de citotoxicitat equivalent a la d’'altr@siants no inhibides pel RI (Lelard al, 2001).
Aquesta variant incorpora els canvis G89R i S90R, quals la doten d'una senyal de
localitzacié nuclear (NLS) que la dirigeix al ny@n no s’ha detectat la preséncia de RI (Roth i
Juster, 1972), de manera que pot desenvoluparvéa asivitat RNasa. La zona d’interaccio
entre PE5 i la importina, membre de la maquinagatrdnsport nuclear, comprén residus
implicats en la unio al RI, de manera que en ealsoit s’estableix una competéncia entre la
importina i el RI per unir-se a PES. El fet que egfa variant presenti un lleuger escapament al
inhibidor permet que petites quantitats d’aquestad restin capturables per la importina; la
qual, per altra banda es troba molt més concentiaadranslocacié de la RNasa al nucli
produeix una disminucié de la forma lliure dispdajbcosa que afavoreix la dissociacié del
complex amb el Rl i una acumulacio progressivaualinprincipalment al nucleol (Bosdt al.,
2004).

3.1.5. Mecanisme de mort cel-lular.

Tot i que el substrat comu a les RNases ciipties sigui el RNA intracel-lular i quee vitro
aquestes degradin amb la mateixa intensitat rRRRNA, s’han observat preferéncies en la
naturalesa del RNA degradat vivo. Aixi, mentre que la BS-RNasa i la cSBL actuen
preferentment sobre rRNA (Mastronica@a al, 1995; Liaoet al, 1996), I'onconasa degrada
tRNA sense afectar el rRNA ni el mMRNA (Let al, 1994; Saxenat al, 1996; Saxenat al,
2002; lordanovet al, 2000a). Les diferents especificitats es poderredaula localitzacio
subcel-lular de les diferents RNases i RNA, a ltagrotectora de les diferents proteines que
podem trobar unides al RNA o a possibles modifmaside les RNases en el citosol. En tot cas,
la degradaci6 del RNA cel-lular t¢ com a conseqgéebaturada de la sintesi proteica i la

induccio de I'apoptosi en les cél-lules afectatiasvia a través de la qual s’indueix I'apoptosi
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roman encara per dilucidar, pero presenta tamhiéscdiferéncies segons quina sigui la RNasa
citotoxica inductora del procés, i fins i tot, encas de I'onconasa, la inhibicié de la sintesi
proteica sembla no ser I'linic desencadenant d’aquesés. En aquest cas s’ha suggerit que
'onconasa podria actuar sobre RNA no codificanincara els siRNA o els microRNA, els

quals funcionen com a reguladors de I'expressiécggirdeltet al, 2003).

3.2.Especificitat antitumoral

No es coneix la causa per la qual aquestes&Naresenten especificitat vers les cél-lules
tumorals. Per una banda, s’ha plantejat la po#aibfue interaccionin preferentment amb la
membrana de les cél-lules tumorals ja que s’haitiese aquestes presenten a la superficie de
la membrana una major densitat de carregues negdtojima, 1993). El caracter més anionic
de la membrana cel-lular potenciaria I'adsorcidedeRNases citotoxiques, que tenen un marcat
caracter basic. Tot i aix0, en el cas de la BS-RNwass’observen diferéncies en el grau d’unié a
la membrana entre cél-lules normals i cél-lulesotafa (Mastronicolat al, 1995; Vesciset
al., 1980). Per altra banda, la selectivitat es pgilieer en base a diferéncies en la ruta
intracel-lular seguida durant la internalitzaciGe gn el cas de cel-lules tumorals facilitaria la
translocacio al citosol. També en el cas de la BiadR, s’ha observat com aquesta apareix en
les cisternes trans-Golgi de cél-lules tumoralsjtreeque aquesta localitzacié no es dbéna en
cél-lules normals (Bracakt al, 2002). Finalment, aquesta especificitat es pagkjaicar per
I'existéncia de diferéncies en la sensibilitat de tél-lules tumorals a la degradaci6é del RNA
respecte de les cel-lules normals.

Tot i la toxicitat renal que genera (Vasandahial, 1996; Vasandanéet al, 1999),
'onconasa es troba en fase Il d'assajos clinies g tractament de mesotelioma maligne.
Actualment, les RNases, especialment la RNasa & HFP-RNasa, es troben en la base del
desenvolupament de nous farmacs antitumorals. higlixement del mecanisme d’accié de les
RNases citotoxiques, aixi com de les caracteristigmplicades en aquesta activitat, ha de
repercutir en el desenvolupament de noves droguesjgdin a combatre el desenvolupament

de processos cancerigens minimitzant els efectesdaris.
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4. OBJECTIUS

L'estudi dels membres de la superfamilia de lesnilcleases de tipus pancreatic ha permes
descobrir que alguns d'aquests presenten activiteddogiques especials, en aparenca
allunyades de la seva funcid bioldgica principddcimnada amb la degradacié del RNA, bé
sigui com a part del processament i renovacio deARel-lular, bé sigui amb funcions
digestives. Aquestes funcions atipiques inclouen aetivitats antimicrobiana, antivirica,
antihelmintica, angiogenica, aspermatogénica, etiixica i immunosupressora. A més
d’aquestes, destaca pel seu interés l'activitdtusmbral, que ha obert el cami a la possibilitat
d'utilitzar les ribonucleases com a agents terapgen la lluita contra el cancer.

Molts dels factors moleculars que determinen lacagat toxica de les ribonucleases romanen
encara desconeguts. S’accepta que el procés a'iamob la unié de I'enzim a la superficie
cel-lular, seguit de la seva endocitosi i la seaasiocacio al citoplasma. Un cop en el citosol,
I'enzim haura de superar I'activitat inhibidora dibidor citoplasmatic de ribonucleases (RI)
per tal de dur a terme la degredaci6 de I'RNA, intdaixi la mort cel-lular.

Els objectius generals del grup de recerca d’Ergiayde Proteines, on s’ha dut a terme aquest
treball, sobn per una banda aprofundir en les baseleculars de la toxicitat d’aquestes
ribonucleases i per laltra el disseny de novesiamés de la HP-RNasa amb activitat
antitumoral. La generacio de variants de HP-RNada gropietats similars a les descrites per a
altres ribonucleases d’origen no huma (com I'onsarida BS-RNasa) ofereix la possibilitat de
desenvolupar nous agents quimioterapeutics quehuemans probablement mostrarien una
millor tolerancia immunologica.

En els darrers anys, diferents grups han constitjincant enginyeria de proteines, variants de
la RNasa A o de la HP-RNasa que han estat dissesyaat tal que aquests enzims adquireixin
propietats citotoxiques. Aquestes modificacionsfeixen a la molécula o bé una major
capacitat d'internalitzacié (Rybak i Newton, 1999hé la capacitat d’escapar al Rl (Leland et
al., 1998; Leland et al., 2001; Piccoli et al., 999 'obtencid, per part del nostre grup, d’'una
variant de la HP-RNasa, anomenada PES5, que no igvdgEetot i ser citotoxica, pot haver
obert el cami a una nova estratégia de constradec®Nases antitumorals. La sequencia de PE5S
conté una senyal de localitzacio nuclears (NLS)icdi la qual li permet transitar fins al nucli
cel-lular mitjancant la uni6 a unes proteines dfipges de transport nuclear anomenades
importines. Es postula que la base molecular delpootament citotoxic de PES radica en que
les importines competeixen amb I'RI per unir-seE® PAixi, part de la fraccié de molécules de
PE5 que assolirien el citoplasma serien transpestad nucli, on no hi ha RI, sense estar
complexades amb aquest. Com a conseqiéncia dedpatizié de molécules del citoplasma,

I'equilibri entre la HP-RNasa lliure i la HP-RNasamplexada amb el Rl es desplacaria cap a la
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primera forma. Un cop al nucli, la degradaciéRINIA nuclear induiria la mort cel-lular.

Una altra estratégia d’obtencid de ribonucleasespyasenten activitat citotoxica consisteix en
dotar a aquestes proteines d’estructura quaterc@maés el cas de la BS-RNasa (D’Alessio et
al., 1997) o dimers artificials de la HP-RNasa dadBNasa A (Catanzano et al., 1997; Piccoli
et al., 1999). L'obtenci6 en el grup de la varidatla HP-RNasa denominada PM8 (Canals et
al., 2001) que presenta una estructura cristaifimgr dimérica amb intercanvi de dominis N-
terminals va fer pensar en la possibilitat de gquéeata nova variant pogués ésser utilitzada com

a proteina citotoxica.

En base als antecedents esmentats, els objectigsest treball foren:

1. Estudi de la ruta endocitica de I'onconasa, unantibleasa d’origen amfibi que, per la
seva elevada citotoxicitat i gracies a I'elevadeawitat enfront de cél-lules tumorals
es troba actualment en fase Ill d’assajos clinizsaptractament de determinats tipus de
neoplasies. Aquesta ribonucleasa ha esdevingut adelmen els estudis de la

citotoxicitat de les RNases.

2. ldentificaci6 dels residus importants per la seqigde localitzacié nuclear present en
PES.

3. Obtencid d'una variant dimerica estable de PM8 fa¢rde poder avaluar el seu

potencial com a proteina citotoxica.

4. Caracteritzacio del procés de dimeritzacié perdatevi de dominis N-terminals de la

variant humana, PMS8.

5. Caracteritzacié cinética de la HP-RNasa i d’'undavdardimeérica utilitzant diferents

substrats per a I'estudi del seu patr6 de trencamen
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Summary

Onconaséis an RNase with a very specific property sinds ielectively toxic to transformed
cells. Onconase is thought to recognize cell serfaceptors. Moreover, the protection confered
by metabolic poisons against Onconase toxicitycaugid that this RNase relies on endocytic
uptake to kill cells. Nevertheless, the Onconaseriralization pathway has yet to be unraveled.
We show here that Onconase enters cells using Afa®irin mediated endocytosis. It is then
routed, together with transferrin, to the receptecycling compartment. Increasing the
Onconase concentration in this structure usinghtetaoxin light chain expression enhanced
Onconase toxicity, indicating that recycling endoss are a key compartment for Onconase
cytosolic delivery. This intracellular destinatimspecific to Onconase since other (and much
less toxic) RNases follow the default pathway te lendosomes/lysosomes. Neutralization of
endosomal pH strongly enhances Onconase toxigityqd00-fold), probably by facilitating its

access to the cytosol.
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Introduction

Onconas® (Onco) is an interesting member of the RNase $apdly since it is an
anticancer molecule. Indeed, this amphibian RNaae sthown to be cytotoxic to transformed
cells (Darzynkiewicz et al., 1988) and to possessr in vivo antitumour activity (Mikulski et
al., 1990). Onco can be used in synergy with st@hdaemotherapeutic agents (Rybak and
Newton, 1999) and is currently undergoing phaseclihical trials for the treatment of
malignant pleural mesothelioma (Favaretto, 200%)e ©f the most most relevant features of
Onco is that it provides a non-mutagenic altermatovthe conventional DNA-damaging cancer

therapy (Costanzi et al., 2005; Favaretto, 2005).

Onco toxicity is thought to result from its abilitp degrade tRNAs (Saxena et al.,
2002), although alternative substrate candidatee baen proposed (Ardelt et al., 2003). This
multi-targeted effect of Onco might explain its sygistic interactions with other
chemotherapeutic agents (Rybak and Newton, 1998ieE steps of the Onco intoxication
procedure, i.e. intracellular routing which enablssdelivery to the cytosol, remains elusive.
Pioneer studies showed that Onco binding to cedis saturable and likely involved membrane
receptors. Metabolic poisons were found to protets against Onco toxicity, indicating that
this toxin does not access the cytosol by direstdport across the plasma membrane, and that

endocytosis is required for cytotoxicity (Wu et 41993).

Several receptors enter cells using clathrin-ntediaendocytosis (CME). These
receptors interact with adaptors that also bindathrin, enabling receptor sequestration within
coated pits (Conner and Schmid, 2003). Quantitgtiaelaptor protein complex-2 (AP-2) is the
major adaptor involved in CME (Traub, 2003). Sel/@rateins are required for this process.
For instance, Eps15, which is constitutively assted with AP-2, is needed for endocytosis of
the transferrin (Tf) receptor, which is the pagadifor receptors entering cells by AP-2
mediated CME (Benmerah et al., 1999). Some CMEctife are also involved in other
endocytosis pathways, such as caveolae-mediataakeupfhis is the case for intersectin
(Predescu et al., 2003) and dynamin Il (Henley.etL898). The latter protein is a GTPase that
enables fission of endocytic buds from the plasreabrane to generate a free vesicle (Conner
and Schmid, 2003). GTP hydrolysis by dynamin isunexgl for vesicle scission and the

involvement of dynamin in internalization procesisegsually studied using the dynamin-K44A
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mutant that has a weak affinity for GTP and acta gtominant negative manner (Damke et al.,
1994). Most ligand uptake pathways studied sowéh the exception of GPIl-anchored protein
internalization, were found to be dynamin-depend@atrton and Richards, 2003). Regarding
Onco, toxicity was found to be slightly enhancedmupmynamin-K44A expression by stably
transfected and inducible HelLa cells, indicatingatt Onco internalization is dynamin
independent (Haigis and Raines, 2003).

Following initial uptake, endocytosed tracers agbvered to sorting endosomes. From
there they can be directed to the endosome regycbmpartment located in the pericentriolar
region of the cell. This is the case for recycliiggnds such as Tf. Alternatively, endocytosed
proteins can be transported to late endosomesdyses (Gruenberg and Maxfield, 1995). Most
RNases seem to follow this degradation pathwayesiteither RNase A (Haigis and Raines,
2003) nor a human pancreatic RNase A variant cbimchwith Tf upon uptake. The latter
mutant was very slowly endocytosed by A431 cell@(@ 24 h period) and accumulated within
late endosomes/lysosomes (Bosch et al., 2004). @iazellular routing is usually evaluated
using drugs such as those able to increase aamticsemal pH, which is in the pH 5.5-6.5
range (Gruenberg and Maxfield, 1995). Among theséeaules, ammonium chloride did not
show any effect, while monensin enhanced Onco itgxiy 10-fold. The fungal metabolite
brefeldin A that prevents retrograde transporh®ER either had no effect (Wu et al., 1993) or
potentiated Onco toxicity by 10-fold (Haigis andifes, 2003). Both studies concluded that
Onco likely gains access to the cytosol from endesand not from the Golgi or the ER
(Haigis and Raines, 2003; Wu et al., 1993). Acaaglyi, Onco could be visualized within
unidentified intracellular vesicles (Haigis and kg8, 2003). The role of endosome acidification
in Onco toxicity has yet to be precised.

In this work, we assessed the Onco uptake pathvsayg several CME molecular
effectors. Routing within the endocytic network wHen examined using morphological
examination as well as transport interference hyession of rab5-or rab7-dominant negative
mutants. Our results show that Onco is taken up®3y2/CME before routing to pericentriolar
recycling endosomes, just like Tf. This recyclirgrpartment is a key location for Onco access

to the cytosol. This translocation step seems tabibtated by endosome neutralization.
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MATERIALS AND METHODS

Protein expression, purification and labeling

Recombinant Onco (rOnco) was produced from E. @®&ili21 (DE3) cells (Novagen)
transformed with the pOnc plasmid (Leland et #@98&). The pOncS72C plasmid was created
from pET11d-(Met-1)-Onco(M23L) (Boix et al., 1996sing the QuikChange site-directed
mutagenesis kit (Stratagene), according to the faatwrer’'s instructions. This new plasmid
directs the expression of (Met-1)-Onco with mutasi@t positions 1, 23 and 72 substituted by
GIn, Leu and Cys, respectively (OncoS72C).

Mutant and wild-type Onco were expressed in BL213Pe&ells using the T7 expression system
and the recombinant proteins were purified andvat#d by generating an N-terminal
pyroglutamic acid, essentially as described in ¢Ribal., 2001; Ribo et al., 2004).

Tf was labeled with Cy5 according to the recomméinda of the labeling-kit manufacturer
(Amersham Biosciences). Alexa Fluor 594 C5 maleén{idolecular Probes) was conjugated to
OncoS72C as described earlier (Bosch et al., 2tdptain Onco-Red. For pH measurement,
Tf was simultaneously labeled with fluorescein ahddamine succinimidyl esters (Molecular
Probes) to obtain FI-Tf-Rh as described (Preslegl.et1997). All labeling was followed by

extensive dialysis against PBS at 4°C.

Cell culture and transfections

HelLa (cervix carcinoma), A431 (epidermoid carcinp@ad Jurkat (Tymphocytes) human cell
lines were from the American Type Culture Collectidhey were grown in DMEM or RPMI
1640 media (Invitrogen) containing 10% (v/v) hewmdtivated FCS (Invitrogen), 2 mM L-
glutamine, 100 units/ml penicillin, and 1@@/ml streptomycin. pCi vector was from Promega.
Plasmids pEGFP (Clontech) containing Eps15A2)IEps1A95/295 (Benmerah et al., 1999),
intersectin SH3 domain (Simpson et al., 1999), e as pCMV5-Dynamin Il (WT or K44A
(Lamaze et al., 2001)) and vectors coding for wegatoxin light chain (TeNT LC, WT or the
E234Q inactive mutant (Proux-Gillardeaux et al.0%2), Rab5a (WT, Q79L or S34N
(Mukhopadhyay et al., 1997)) or Rab7 (WT, Q67L, Bi1pVitelli et al., 1997)) have been
described. Rab4-GFP and Rab5-GFP expression plasmids weradpbwy Anne Blangy
(CRBM, Montpellier, France) and Rab11-GFP by Jeaar8ero (Institut Curie, Paris, France).
HelLa cells were transfected using Superfect (Qipgdarkat cells (9 x TOcells) were
electroporated with 2Qug of effector plasmid (Vendeville et al., 2004)rkai transfection
efficiencies were determined using pEGFP and flemgece-activated cell sorting (FACS)

analysis. They ranged from 40 to 60%. Cells weeal 2} h after transfection.
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Immunofluorescence

Hela cells were seeded onto 12 mm diameter copersii 24-well plates (8 x f@ells/well)

the day before the experiment. They were labeled%omin with 250 nM Onco-Red and 100
nM Tf-Cy5 in DMEM containing 2% FCS and, when iratied, 1 mg/ml of 66 kDa fluorescein-
labeled dextran (Sigma). Cells were then fixed w8rY% paraformaldehyde and permeabilized
with saponin as described (Bosch et al., 2004)i-lamp (lysosomal-associated membrane
protein) -1, -2 and -3 mAbs were supplied by thedoDevelopmental Studies Hybridoma
Bank, anti-calnexin was from BD Biosciences and-lgsbbisphosphatidic acid (LBPA) was
provided by Jean Gruenberg (Geneva, Switzerlantgs@ antibodies were revealed using
fluorescein-conjugated goat anti-mouse antibod&gnfa). Sheep antibodies against human
TGN46 (a marker for the trans-Golgi network) (Seodtwere detected using fluorescein-
labeled donkey anti-sheep antibodies (Nordic). IBineells were mounted and examined under
a Leica confocal microscope using a 63 x lens. Tevgnt passage of AlexaFluor 594
fluorescence into the blue (Cy5) channel, Oncofiteatescence was imaged after acquiring the
green (FITC or GFP) and blue (Cy5) images, whicliewsllected simultaneously. Median
optical sections were recorded. Colocalisation tjteions were performed using Metamorph
software (Molecular Devices).

Transfected Jurkat cells were labeled with 250@iMo0-Red and 100 nM Tf-Cy5 for 45 min at
37 °C. Cells (1.5 x fpin PBS were allowed to adhere for 3 min onto 1@ poly-L-Lysine-
coated coverslips in a 12-well plate. They werentfieed and mounted as described above for

Hela cells.

Quantitative fluorescence microscopy

The procedure for endosome-pH measurements hasdeseribed in detail (Dunn et al., 1994;
Presley et al., 1997). Cells were first labeled40min with FI-Tf-Rh in DMEM supplemented
with 1 mg/ml BSA. To prepare a calibration curvellxwere then washed with PBS and fixed
before equilibration for 15 min in buffers contaigi 10 UM nigericin, within the pH 5-7.5
range. Fluorescence images from > 40 cells werairddd for both channels simultaneously
using band-pass filters and taking care to avoigader saturation. After quantitation of the
signal from internalized FI-Tf-Rh using ImageQuéamersham Biosciences), the FI/Rh image
ratio was plotted against the pH. The Fl/ Rh ratcreased 2.5-fold between pH 5 and pH 7
(data not shown), as documented earlier (Dunn.etl@04). This calibration curve was then

used for endosomal pH measurements in live ceS@h
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Electron microscopy

Onco was conjugated to 10 nm diameter colloidatl galpH 9.0 as described (Beaumelle and
Hopkins, 1989). Jurkat cells in RPMI supplementeith ®% FCS were labeled with Onco-gold
for 10 min at 37°C before chilling on ice, washesl &ixation in Karnovsky fluid. Pellets were

then processed for conventional electron microscopy

Cytotoxicity assays on transfected cells

A FACS-based procedure was used to monitor Onceeied apoptosis of transfected Jurkat
cells. One day after transfection with pEGFP ang itidicated effector (Epsl15, dynamin,
intersectin, rab5 rab7 or TeNT-LC), cells were tedawith 6puM rOnco for 24 h. They were
then labeled with Annexin V-Cy5 as recommendedheyrmanufacturer (BD Biosciences) and
analyzed by FACS, gating on transfected cells ud#@fP fluorescence. Apoptosis was
monitored using annexin-Cy5 binding to these céllound 20% of the cells became Annexin-
V positive upon Onco treatment (see Results). 108@¢nts were collected for each assay,
which was performed in duplicate using a four-cdt&CScalibur analysis cytometer. Results

are the mean * S.E of three separate experiments.

Cytotoxicity assays with lysosomotropic agents

HelLa or A431 cells were preincubated with @M bafilomycin Al (Baf) (Sigma), 0.uM
monensin (Sigmadr 20 mM NHCI (Merck) before adding Onco. Cytotoxicity wasaged
after 24 h. For HelLa cells, we used an assay mumitdhe reduction of MTT (Sigma) to
formazan. To this end, the medium was removed apthced with 10Qul of fresh medium
with 10 pyl of MTT. After 3 h, the medium was replaced witB0lul of DMSO and the
absorption was read at 570 nm. We assessed thitityiah A431 cells by monitoring®™S-

methionine incorporation into proteins (Boschlet2004).

RESULTS

Design of an Onco variant suitable for fluorescentabeling

To visualize the internalization of Onco by humaiis; we introduced a Cys residue into
Onco so that it could be available for labeling. ¥étected position 72 because this residue is
located in a solvent-exposed surface loop remaim fihe active site (Fig. 1). We prepared
OncoS72C and checked that, after fluorescent lagpethis mutant was as toxic as Onco (i.e.
ICso of 1 uM for A431 cells) and therefore biologicalfctive. We then examined Onco

intracellular routing using the fluorescently-laddhariant.
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Onco is endocytosed via an AP-2/ clathrin-dependepiathway

We used well-established CME inhibitors to asségs@nco initial uptake pathway.
Overexpression of a dominant-negative mutant oflEpselectively inhibits clathrin/AP-2-
dependent endocytosis (Benmerah et al., 1999)puithffecting internalization mediated by
lipid rafts (Lamaze et al., 2001). Overexpressiorthe intersectin SH3 domain also impairs
clathrin-dependent uptake (Simpson et al., 1999ndst cases, the K44A mutation within the
dynamin GTPase site blocks ligand internalizatibanfaze et al., 2001; Parton and Richards,
2003).

We individually and transiently overexpressed thesastructs in Jurkat cells and
monitored the capacity of transfected cells, idedtiby the EGFP tag of the construct (or by
cotransfection with EGFP in the case of dynamin),irtternalize fluorescent Onco. Cells
transfected with the control version of Eps15 (B5i¥3A2) or dynamin (WT) internalized both
Onco and the early endosome marker Tf (Fig. 2).désiled below, endocytosed Onco co-
localized with Tf. Dominant-negative constructioinspairing coated vesicle formation (i.e.
Eps1®\95/295, the intersectin SH3A domain and dynamin A44prevented, with
approximately the same efficiency, Tf and Onco kptd aken together these results indicated
that Jurkat cells endocytosed Onco through an Epsitersectin- and dynamin-dependent

route, most presumably the well-characterized olahP-2-mediated endocytjgathway.

Onco is concentrated within coated pits at the plasa membrane

We then examined Onco localisation at the plasmabmane by EM. Since RNases are
conserved proteins it is difficult to raise goodtibodies against them (Beintema and
Kleineidam, 1998)We therefore directly labeled Onco with gold anduimated Jurkat cells at
37°C with this conjugate. Onco-gold was found witltioated pits (Fig.3). A morphometric
analysis showed that more than 20% of plasma merabagsociated Onco localized within
these structures. Since coated pits occupy ~2%eotell surface in T-cells (Foti et al., 1997),

we concluded that Onco is specifically concentratetin coated pits at the plasma membrane.

Inhibition of clathrin mediated endocytosis decreass Onco toxicity

Morphological evidence that the bulk of Onco erdecells via a clathrin-dependent
pathway did not necessarily mean that this wasptitbway responsible for toxicity. It was
indeed possible that a small amount of Onco, belmvmicroscope detection thresholds, was
internalized through an alternative pathway and ttia small fraction only was responsible for
cytotoxicity. To examine this possibility, we ustd CME effectors described above to assess
whether they would protect cells against Onco fioxicThis type of experiment requires

specific monitoring of Onco toxicity to transfectedlls. Since Onco is known to kill cells by
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inducing apoptosis (Grabarek et al., 2002; lordaebwal., 2000), we set up a FACS assay to
quantify Onco toxicity to transfected cells usinigofescent annexin-V binding to GFP-
cotransfected cells (see Materials and Methoddédtails).

While Onco-induced apoptosis was not significaafifected by overexpression of the
control construction EGFP, Eps15-88 and dynamin WT (Fig.4), all the dominant-negative
constructs inhibited Onco toxicity with an efficnranging from 32% (Dynamin-K44A) to
54% (Eps1395/295). Hence, Onco enters cells using clathridiated uptake and this enables

its subsequent delivery to the cytosol.

Oncois routed to the receptor recycling compartment

We then examined Onco routing along the endocwtwork. This study was performed
on HelLa cells that enable easier visualization amnpartment discrimination than
lymphocytes, which are small cells with a large laus. It was shown earlier, using K562
erythroleukemic cells, that Onco internalizatioroggeded rapidly and that maximum cell
labelling was achieved after 45 min of uptake ofdpsch et al., 2004). We obtained similar
data on HelLa cells (data not shown). These obsengatre consistent with the finding that
Onco uses coated pits to enter cells since tharoigbathway usually enables efficient ligand
entry within this time scale (Conner and Schmid)300nco-Red was internalized in the same
endosomal structures as Tf-Cy5 (Figs 2, 5A). Gowtto other RNases that enter cells slowly
and are directed to the degradative pathway (Betcal., 2004; Haigis and Raines, 2003),
endocytosed Onco-Red did not significantly colamali with established late
endosome/lysosome markers such as lysosomal meenprateins (Lamp-1, Lamp-2, Lamp-
3), internalized dextran, LBPA (Fig.5A) or the masa 6-phosphate receptor (data not shown).
Onco-containing structures were negative for cainex TGN46, indicating that this protein is
not transported to the endoplasmic reticulum or tfans-Golgi network (Fig.5A). Onco
intracellular routing was actually restrained tepbiitive structures, and the efficiency of Onco
colocalization with Tf (75-80%, Fig.5B) was the sams that observed when using two Tf
bearing different fluorophores (Sabharanjak et 2002). Hence, Onco remains within early
endosomes after uptake. More specifically, Oncongeketo concentrate within a compartment
at the center of the cell where fluorescent Tfkrnswn to accumulate upon labeling, i.e. the
recycling compartment (Mallard et al., 1998).

Recycling endosomes are the sole structure in kdeaytic pathway where the small
GTPase Rabll is present. Hence, the recycling cbomgat can be efficiently labeled using
Rabl11-GFP and, to a lesser extent, with Rab4- ®5R&FP (Sonnichsen et al., 2000). When
HeLa cells were transfected with Rab4-, Rab5- dnIRaGFP, internalized Onco colocalized

very efficiently with Rab11-GFP and Tf in the pemdriolar recycling compartment at the
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center of the cell (Fig.6). Altogether these datdidated that Onco follows Tf internalisation,

from coated pits to the recycling compartment.

Onco uptake depends on Rab5 but not on Rab7

Rab5 and Rab7 small GTPases control traffic altvegetndocytic pathway (Gruenberg
and Maxfield, 1995). To further confirm that Onaadecytosis followed a similar pathway as
Tf internalization and that Onco was not, as ofRBases, targeted to lysosomes (Bosch et al.,
2004), we monitored the effects of overexpressiagdRor Rab7 mutants on Onco endocytosis.
A dominant negative mutant of Rab5 (Rab5S34N, diefeén GDP-binding) is known to slow
down endocytosis of ligands, whether they areiledtto the recycling compartment, such as
Tf (Stenmark et al., 1994) or to degradation witldte endosomes/lysosomes, such as low-
density lipoproteins (Vitelli et al., 1997). A domaint negative version of Rab7 (Rab7N125I)
prevents tracer delivery to late endosomes, but doe significantly inhibit Tf uptake (Bucci et
al., 2000; Vitelli et al., 1997) . Neither the aetied version of Rab5 (Ceresa et al., 2001) nor of
Rab7 (Bucci et al., 2000; Vitelli et al., 1997) wdound to influence uptake of Tf or lysosome-
targeted molecules. Accordingly, we observed thatWwT or the activated version of Rab5 and
Rab7 did not significantly affect Onco or Tf intalization (Fig.7). Regarding dominant-
negative mutants, Onco and Tf uptake was stronglyibited in cells overexpressing
Rab5S34N, but was not affected by Rab7N125I (Figd8nce, Onco endocytosis is regulated
by Rab5 but not by Rab7.

Onco toxicity is regulated by Rab5 but not Rab7

It was possible that, although Onco was not effitje transported to late
endosomes/lysosomes, it nevertheless required muuting to access the cytosol. In such a
case, dominant-negative Rab7 expression shoulegiroells against Onco cytotoxicity. To
examine this possibility, we transfected Jurkalsceith Rab5 or Rab7 mutants and monitored
Onco toxicity to transfected cells by FACS. Nondhef Rab7 effectors (WT, dominant negative
or activated version) significantly affected Onoaitity. Cells overexpressing WT Rab5 were
as sensitive to Onco as control cells. Not sumgigi cells transfected by the dominant
negative version of Rab5 (Rab5S34N) were partiahistant to Onco (-25% toxicity, Fig.8).
The activated version of Rab5 (Rab5Q79L) weakly &ignificantly protected cells against
Onco (-10%). This effect could be explained bydbéity of this construct to produce enlarged
sorting endosomes (Ceresa et al., 2001; Vendestllal., 2004), thereby interfering not with
bulk Tf recycling (Ceresa et al., 2001) but withrisport to the recycling compartment. Indeed,

Rab5Q79L is already known to inhibit tracer delw¢o late endosomes, indicating that this

38



Capitol 1

activated version of Rab5 interferes with the sortipprocess taking place at the sorting
endosome level (Rosenfeld et al., 2001).

Altogether with morphological examination, the Ralfta showed that Onco
internalization is regulated by this small GTPaske result that dominant negative Rab7
affects neither Onco intracellular routing nor titicity confirmed that the Onco intracellular
pathway is restricted to early endosomes, and @ato does not need delivery to late

endosomes/lysosomes to reach the cytosol andekdl. c

The recycling compartment is a key intermediate folOnco toxicity
To examine whether recycling endosomes were infglican Onco toxicity we

transfected cells with TeNT-LC, a highly specificofpase that cleaves and inactivates
cellubrevin, a SNARE protein present on differgmtets of vesicles but colocalizing with Tf at
the recycling endosome level only (Wilcke et aQ@). Cellubrevin is required for efficient Tf
recycling, although 70% of Tf recycling is cellubire independent (Galli et al., 1994). In close
agreement with these findings, TeNT-LC expressiamaeced Onco toxicity by 32% whereas
the proteolytically inactive E234Q mutant had ngnfficant effect (Fig.8). This result is
consistent with the view that the recycling compemt enables Onco translocation to the

cytosol and that a higher Onco concentration atlével favors toxicity.

Onco toxicity is enhanced upon endosome neutralizah

Studies on the role of endosomal low pH in Oncdcibxused 20-30 mM ammonium
chloride to neutralize endosomes and failed to akamy effect of this treatment on Onco
toxicity. The less specific drug monensin that affects Golgi structure nevertheless enhanced
toxicity by 10-fold on 9L and K562 cells. It wasmuded that Onco toxicity was insensitive to
endosome neutralization (Haigis and Raines, 200@; etval., 1993). We reexamined these
findings by additionally using bafilomycin Al (Bafwhich is a specific inhibitor of the
vacuolar ATPase responsible for endosome acidifica{Crider et al., 1994). For these
experiments, we used both HelLa and A431 cells, moditored the endosomal pH using
double-labeled fluorescent Tf for the latter ceél

In agreement with previous findings (Haigis andns, 2003; Wu et al., 1993), we

observed that ammonium chloride either did notcaffeleLa) or moderately sensitized (5-fold
for A431) cells to Onco (Fig.9A). Nevertheless stimolecule alone (20 mM) only increased
endosomal pH by 0.4 pH units (from pH 5.2 to pH, 3=8.9B) and only when mixed with
methylamine (20 mM) was it able to almost neutmkndosomes (20 mM methylamine + 20
mM NH,CI raised endosomal pH to 6.5). Monensin (0.25 jghf)anced Onco toxicity by 5-80
fold while efficiently increasing the endosomal pdipH 6.5. Baf enhanced Onco toxicity by

20-100 fold and completely neutralized the endos$ghia We concluded that (i) neutralization
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of low endosomal pH enhances Onco toxicity by nthe:n one log and (ii) this sensitization
effect cannot be obtained using M alone that weakly increases the endosomal pkl &n
endosome neutralization enhance Onco toxicity? Emae neutralizing drugs do not affect the
routing of ligands that are addressed to the remyadompartment, such as Tf (Presley et al.,
1997), Pseudomonas exotoxin (PE) (Alami et al98)%®r shiga toxin (Mallard et al., 1998).
Consistent with these findings, we found that Baf dot modify the efficiency of Onco
colocalisation with established markers of the egtio pathway (Fig.5B), indicating that
endosome neutralisation did not affect Onco inthalee routing. When Jurkat cells were
labeled with"*1-Onco before purification of endosomes to test @manslocation in a cell-free
assay (Alami et al., 1998; Vendeville et al., 2Q04)-Onco efficiently translocated in the
presence of Baf (data not shown). Collectively, maults show that Onco likely escapes to the
cytosol from recycling endosomes and that this @secis facilitated by endosome

neutralization.

DISCUSSION

In this work, we examined the intracellular pathwaf Onconase, an interestingly
cytotoxic member of the RNase superfamily. Usinidedent specific effectors, we found that
Onco uses the well characterized AP-2/CME pathvaayirfitial uptake. This finding seems
difficult to reconcile with a previous study whiahdicated that Onco endocytosis is dynamin-
independent (Haigis et al., 2003). Neverthelessy #tonclusions were essentially drawn from
cytotoxicity experiments using a HelLa cell linebdyatransfected with inducible dynamin-
K44A dominant-negative mutant. Indeed, expressiomutant dynamin in this system did not
protect cells against Onco (Haigis et al., 2003¢. Mdtained the same results using this cell line
(data not shown), but we realized that upon mutlgnamin induction, only ~1/3 of the cells
were unable to endocytose Tf. This indicated tfaidgene expression was not homogenous in
this cell line. Moreover, this expression leads a@o increase in the pH of endocytic
compartments by 0.4 to 0.7 pH units as measuretgusbuble-labeled fluorescent dextran
(Bayer et al., 2001). In the light of our obsereas that Onco is taken up by CME (Figs 2,3,4)
and that endosomal neutralisation enhances OndoitioxFig.9A), it seems likely that two
antagonistic effects are responsible for the alesefigrotection against Onco observed upon
dynamin-K44A expression by these inducible and Igtdtansfected HelLa cells. Indeed,
although less toxin was endocytosed upon transgapeession, Onco encountered higher
endosomal pH than in uninduced cells (Bayer et28@01), thereby facilitating its access to the
cytosol.

Dynamin-K44A transient expression within the Tlgele used for the toxicity assay
prevented tracer uptake. We could therefore nomex@ whether endosomal pH is similarly

increased within these transfected cells. NevesHiselthese dynamin-K44A transfected cells
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were partly protected against Onco toxicity, esaliptas efficiently as those transfected with a
dominant negative construct of other major CME etaysuch as Eps15 and intersectin (Fig.4).

On the basis of the effect of dominant negativelbps.e. 50% inhibition in Onco
toxicity, it can be concluded that more than 50%ato molecules that eventually reached the
cytosol entered cells using CME. This value is lfikan underestimate since, according to
microscopic examination, Onco internalization ogotgceeded via CME (Fig.2).

Onco is then routed to the recycling compartménthus follows a quite unusual
pathway for a tracer, which has only been docundefde a few proteins such as transferrin
(Yamashiro et al., 1984), and toxins, i.e. PHami et al., 1998) and shiga toxin (Mallard &t a
1998; Wilcke et al., 2000). Indeed, other RNaseh s1s RNase A and human pancreatic RNase
variants were not addressed to recycling endosgasemonitored using fluorescent transferrin),
and the latter concentrated within late endosoymsbmes (Bosch et al., 2004; Haigis et al.,
2003). Hence, regarding the handling by cells ampared to other members of the RNase
superfamily, our results indicated that Onco shows important specificities that might be
related to its cytotoxicity. The first one is a rhumore efficient and rapid uptake (Bosch et al.,
2004), and the second is this specific intracallutauting to the recycling compartment. Both
characteristics are consistent with the existericenoOnco receptor. A previous study indeed
identified saturable binding sites in glioma celith a Ky ~6 x 10° M (Wu et al., 1993).

The use of TeNT-LC, that impairs ligand recyclimgm recycling endosomes (Galli et
al., 1994; Wilcke et al., 2000) and increases Qweity (Fig.8), underlined the role of this
structure in the Onco intoxication process. Thigenpretation is in agreement with the
differential effect of Tf coupling to Onco and RNas (Rybak and Newton, 1999). When
RNase A was coupled to Tf its cytotoxicity increddg~10,000 fold, likely as a result of more
efficient uptake and routing to the recycling contppeent. In contrast, conjugation of Onco to
Tf only enhanced its cytotoxicity by 10-fold, prdiha reflecting an increase in internalization
efficiency only.

The role of endosome acidification in Onco toyicitas previously examined using
ammonium chloride to raise the endosomal pH (Hagjisal., 2003; Wu et al., 1993).
Nevertheless, this drug alone is essentially rfitieft for this purpose (Fig.9B) and the results
obtained with Baf, that effectively neutralizes ddntaining structures, showed that cells
became much more sensitive to Onco under theseitioosd (Fig.9A). This was quite
surprising, since conventional toxins translocafirggm endosomes to the cytosol usually rely
on endosome acidification to trigger conformatioohhnges that enable membrane insertion
and translocation. This has been documented fdrtllypia and anthrax toxin (Abrami et al.,
2005; Beaumelle et al., 1992), PE (Méré et al. 52@m0d HIV-1 Tat (Vendeville et al., 2004). It
is therefore not clear why Onco requires both imabzation and endosome neutralization to

efficiently reach the cytosol. Since it does naraego be able to translocate from the plasma
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membrane, the ER or the Golgi (Haigis and Rain@832Wu et al., 1993), Onco probably
relies on an endosomal component to reach the aytOsir study indicated that this factor is
likely concentrated within the receptor recyclingngpartment. Identification of the Onco

receptor would undoubtedly help us to further ustierd the Onco entry process.
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FIGURE LEGENDS

Fig.1. Ribbon representation of the three-dimensionalctire of Onco (PDB ID 10NC)
showing the location of the active site residgg®en) and the Ser72Cys mutation (red), that
was introduced for fluorescent labeling. This figurwas drawn with PyMOL

(http://pymol.sourceforge.net).

Fig.2. Onco is endocytosed by the clathrin-mediated paghwarkat cells were transiently
transfected with a vector coding for an EGFP-taggestein (Eps15D&2, Eps1A95/295 or
intersectin SH3A), or with both an EGFP vector ambther coding for dynamin [I-WT or
dynamin II-K44A. After 24 h, 250 nM Onco-Red andd1@M Tf-Cy5 were added for 45 min.
Cells were then washed, fixed and examined undeordocal microscope. Representative

sections through the middle of the cell. Bar, 10 um

Fig.3. Onco is found within coated pits at the plasma twame. Jurkat cells were labeled for
15 min at 37°C with Onco conjugated to 10 nm diamneblloidal gold. They were then cooled

to 4°C, washed, fixed and processed for electromeopic examination. Bar, 50 nm.

Fig.4. Inhibition of clathrin-mediated endocytosis protectells against Onco-induced
apoptosis. Jurkat cells were transfected with dovemoding for EGFP alone or EGFP-tagged
proteins, as indicated. After 24 hu® Onco was added. Apoptosis was quantified 244 lay
monitoring Annexin-V-Cy5 binding to transfectedlsdby FACS. The results are expressed as

meant s.e.m. of three separate experiments.

Fig.5. Onco intracellular pathway. HelLa cells were incedator 45 min with Onco-Red and
Tf-Cy5 (to label early endosomes). When indicatadls were also labeled with dextran-FITC,
a tracer which is addressed to lysosomes. Celle wen processed for immunodetection of
markers for late endosome/lysosomes (Lamp-1, Lam@ép-3 or LBPA), the ER (calnexin)
or the TGN (TGN46), before mounting and observatioder a confocal microscope. A,
median optical sections; bar, 10 pm; images for p-8mare not shown. B, colocalization
guantitations; cells were labeled with Onco in pinesence or absence of 100 nM bafilomycin
(Baf), as indicated; the graph shows the percenthg@nco colocalisation with the indicated
marker. Colocalization of two fluorescent Tf begrulifferent fluorochromes was not measured
(ND).
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Fig.6. Onco accumulates in recycling endosomes. HelLa welte transiently transfected with
EGFP-tagged Rab4, Rab5 or Rab1l. After 24 h, OrembaRd Tf-Cy5 were added for 45 min.
Cells were then fixed and examined by confocal asicopy. Median optical sections; bar, 20

um.

Fig.7. Onco uptake depends on Rab5. Jurkat cells werseféreted with the indicated Rab5 or
Rab7 expression vectors, together with EGFP. Afdeh, Onco-Red and Tf-Cy5 were added for

45 min before fixation and confocal microscopicrexzation. Bar, 10 pum.

Fig.8. Cellubrevin and Rab5 regulate Onco delivery todyi@sol. Jurkat cells were transfected
with EGFP and either the wild type or a mutatedsioer of Rab5, Rab7 or TeNT-LC, as
indicated. After 24 h, &M Onco was added. Cytotoxicity was measured afterh2 on

transfected cells, using Annexin-V-Cy5 labeling &#&ICS analysis.

Fig.9. Onco toxicity is enhanced by endosome neutralinat®s, Cytotoxicity to HeLa and
A431 cells. Cells were pre-incubated for 30 minw@t25 uM monensin, 20 mM NBI (Amm

Cl) or 100 nM bafilomycin (Baf), as indicated, befcadding various concentrations of Onco.
Cell viability was measured after 24 h (HelLa) orlf86A431). The results are expressed as the
Onco concentration generating a growth inhibitio®@% (1Gg). Meanz s.e.m. of at least three
separate experiments. B, Endosomal pH measurem®48d. cells were labeled for 40 min
with FI-Tf-Rh before acquiring fluorescein and rlaodne fluorescence images using a confocal
microscope. The FI/ Rh intracellular intensity oatvas then used together with a calibration

curve to determine the endosomal pH (see MataiasMethods for details).
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Figure 1
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Fig.2, Rodriguezt al
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Fig.3, Rodriguezt al
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Fig.5A; Rodriguezt al
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Fig.5B; Rodriguezt al
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Transfection

Fig.8; Rodriguezt al
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SUMMARY

Nuclear import of proteins is determined by specsignals that allow them to bind to
receptors that mediate their energy-dependentgeoainthrough the nuclear pore. These
signals are termed nuclear localization signalsdmdot constitute a specific consensus
sequence. Among them, the most characterized omesspond to monopartite and
bipartite nuclear localization signals, which it with the importira/f3 heterodimer.
We previously described a cytotoxic variant of hanpancreatic-ribonuclease that is
actively transported into the nucleus. Here we slioat this protein interacts with
importin a through different basic residues including Lysdl &me arginine clusters 31-
33 and 89-91. Although these residues are scattdoed) the sequence, they are close
in the three-dimensional structure of the proteimd d@heir topological disposition

strongly resembles that of a classical bipartitelerr localization signal.

Keywords: Human pancreatic ribonuclease, NLS, impodinmolecular recognition,

protein-protein interactions, nuclear import.
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INTRODUCTION

The nucleocytoplasmic transport of macromoleculesus through nuclear pore
complexes embedded within nuclear envelope. Nugeseins and RNAs are shuttled
from their site of synthesis to their final destioa by an active and selective
mechanism that is mediated by signal-dependentirgntb specific and saturable
receptors These localizatiosignals have been identified for several classesaojo
molecules. The first and best characterized nudiaaeting signals are the classical
nuclear localizatiosignals (NLS), which are composed of one or maustels of basic
amino acid$ although they do not correspond to a specific ensss sequence.
Identified NLSs are generally classified into twistohct groups termed monopartite
NLSs, which contain a single cluster of basic amaeals, and bipartite NLSs, which
contain two basic clusters separated by a linkeiOe12 non-conserved amino acids. In
bipartite NLSs a larger downstream basic clusteeméles a monopartite NLS, but is
not sufficient by itself and requires the smallpsinieam cluster to target a protein to the
nucleus. The spacer region is tolerant to mutatians can also be replaced by 20 Ala
residued Other sequence motifs, longer than these cldssigmals, have been
described to facilitate the nuclear import of pnode This is the case of the M9
sequence in hnRNP Aland NLSs of ribosomal proteins, such as 1°28ad L5. In
addition to linear NLSs, residues that come togetipen folding into tertiary structure
are postulated to contribute to nuclear importistdne§.

The nuclear import of most cargo proteins that aontan NLS is mediated by a
receptor, which is a heterodimer formed by importimnd importin R Importin o
contains both an NLS binding domain and an impoRirbinding (IBB) domain.
Importin 3 is responsible for the translocatiortred complex through the nuclear pore
(for a review, s€®). In the absence of importin 3, a segment of BB Homain
occupies the NLS binding site, thereby preventingSNbinding. Importin o/
heterodimer is not the sole nuclear import recepiml, for instance, more than ten
different proteins that function as importins hde=en identified in yeast (for a review
seé?).

Importin o contains hydrophilic N- and C-terminal regions anthrge central domain
that consists of ten helical repeated modules knasvarmadillo (arm) motifd Each
arm motif has an approximate triangular cross-esacibormed by three-helices. The

reported structures of the complex between impartend different monopartite and
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bipartite NLS peptides have provided the structbesdis of the versatile specificity of
this receptar*#*® The flexible arm repeats create a binding grodme both
monopartite and bipartite NLSs. The NLS bindingay® is lined by a regular array of
conserved Asn and Trp residues that spatially acootate the Lys and Arg residues
from an NLS. These basic residues are also stabilig/ acidic residues of the importin
that line the binding pockets for each NLS residlieere are two binding pockets: a
major one essentially occupied by monopartite NBBd formed by Arm2 to Arm4;
and a second or minor one, closer to the C-termwhgh can be occupied by the N-
terminal portion of bipartite NLSs and essenti@bmprises Arm repeats 7 and 8. The
array of Asn and Trp is interrupted by two consdrvesidues, Arg and Tyr, which
correspond to a less defined region that spedyidainds to the linker region of
bipartite NLS**>!%17 Other NLS motifs interact with the major or minsites and
peptide binding occurs in alternative modes dependn the NL$

We previously showed that the replacement of resd@9 and 90 by Arg in a variant of
human pancreatic-ribonuclease (HP-RNase) confetthisoprotein (named PE5) the
ability to be transported into the nucleus in aergy- and Ran-dependent marifier
Nevertheless, no conventional NLS could be ideediin PE5. Here we report that PE5
contains an NLS composed of three basic regiorts ahhough separated by more than
90 residues in the primary structure, cluster ia three-dimensional structure of the

protein to reach a topological disposition equinaite that of a bipartite NLS.
RESULTS

PES5 binds to importir.

We previously showed that replacement of residug89Gand Ser90 by Arg in PM5 (a
HP-RNase variant, which presents only five chargespared to wild-type enzyrig
enables this variant, namely PE5, to be efficiettinsported into the nucleus by a
mechanism that requires ATP and BaiThese introduced Arg, together with the pre-
existing Arg91, generated a basic cluster in arosa@ loop of the protein (Figure 1).
Classic monopartite and bipartite NLSs are defibgdone or two stretches of basic
amino acids. Since attempts to identify an NLS adbthis triplet of arginines using
software PredictNLE (http://cubic.bioc.columbia.edu/predictNLS) and GFST 11
(http://psort.nibb.ac.jp) were unsuccessful, wectasted that PE5 does not possess a

conventional NLS. Nevertheless, it was possiblé @although PE5 did not own an NLS,
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it was imported by a piggyback mechanism after inigdo an NLS-containing partner
(for a review of this mechanism $8e To examine this possibility, we tested whether
PES5 was able to directly interact with a variantroportin & from Xenopus laevfs that
lacks the IBB domain and is fused to GST (see na@tand methods for details). The
IBB domain was deleted because, in the absenampdriin §, part of the IBB domain
occupies the major NLS binding Sitethereby decreasing its affinity for NLSsWe
tested the interaction @f59-529Imm with PE5 in a GST-pull-down assay. Unspecific
interaction to the affinity matrix was tested irparallel experiment using GST. After
loading the same amount of PE5 to each column,ifg@ély retained proteins were
eluted with reduced glutathione and identified izyanogram. The same assay was
performed using the parental enzyme, PM5, whicksaesidues Arg89 and Arg90. As
shown in Figure 2, PE5 binds to tA®9-529Imm-GST but not to GST while PM5
neither binds ta\59-529Im@-GST nor to GST.

The NLS of PES5 is constituted by residues scattelia@ty the sequence

Some proteins contain non-classical nuclear targegignals that are longer than the
two conventional motifs. For instance, it has besrently describeéd that the tumor
suppressor protein Smad4 has an NLS located MH$ domain and that some of the
basic residues that are necessary for NLS fundttgrexre separated by more than 30
residues in the sequence. This protein is impottedhe nucleus after binding to
importin o/p heterodime?. A molecular model of a fragment of the proteirhist
includes the basic residues important for the Nu8cfionality indicated that the
disposition of these residues at the surface protesembled that of an inverted
bipartite NLS*.

This kind of NLS is difficult to find in sequencaidbases so we investigated whether
PES5 basic residues displayed a similar dispositiWe. compared the distribution and
spacing of basic residues in Smad4 NLS, bipartit&SdNand PES. To this end, three
dimensional models of Smad4 and PE5 were generastog the Swissmodel
softwaré®?° (see materials and methods for details).

Comparison of PE5 and Smad4 models revealed teatetsidues required for NLS
functionality in Smad4 share a similar dispositwith two stretches of basic residues in
PES5, namely residues Arg31l to Arg33 and residueg8@rto Arg91l (Figure 3A).
Indeed, thea carbon interatomic distances between both tripbéte\rg in the PE5

model (Table 1) and the distances between the wesithvolved in the NLS of Smad4
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(Table II) are very similar. This is especiallydrii we compare the distances between
residue 81 and residues 45, 46 and 48 of Smad4thetllistances between residue 32
and residues 89, 90 and 91 of PES5.

Comparison of the PE5 model and different biparhteSs***® showed that the
clusters of basic residues in the structure of iiipaNLSs are clearly at a greater
distance than the two clusters of Arg in PE5. Hosvewe found that Lys1 and residues
89-91 in the PE5 model are separated by the sastende as that found between both
clusters in the bipartite NLS (see Figure 3B ashngda). In this case, the position of
Arg33 in PE5 was nearly equivalent to that of Lys16 the linker of nucleoplasmin
NLS, whose side chain makes specific contacts watst importino in a previously
described structut

To investigate the role of these residues in theeaw import of PE5, we removed the
positive charge of residues 1, 31, 32 and 33. Thesmnts were constructed from
PES5cys to allow protein labeling with a fluorophoteysl, Arg32 and Arg33 were
replaced by Ala in the variants PE5-K1Acys, PE5-R8% and PE5-R33Acys,
respectively. Arg31 and Arg32 were replaced by t8lgenerate variants PE5-R31Ecys
and PE5-R32Ecys. These latter variants, carryingemarastic mutations, were
conceived to introduce electrostatic repulsion et whether positions 31 and 32
made a contribution, even if minor, to imporiir- RNase interaction.

We used digitonin permeabilized cells in a comaml nuclear import assdyto
directly introduce the different fluorescently l#ibd variants into the cytosol and
examine whether they were targeted to the nucBigstonin is known to effectively
permeabilize the plasma membrane but not the nueraelopé®. The assay was
performed in the presence of an ATP regeneratirsery. As expectéd] PE5 was
efficiently imported into the nucleus within 12 mies at 30°C, whereas the parental
variant PM5 was not imported (Figure 4A). None lo¢ tvariants used to analyze the
role of residues 31 to 33 were imported as effityess PE5cys but nuclear import was
slightly more affected in the variants carrying l @igure 4B). Substitution of Lys1
by Ala completely abolished the transport of theaRé&lto the nucleus showing that
Lysl1 in PE5 is critical for nuclear import. To exde the possibility that the mutations
had destabilized the proteins we checked theimtheistability. Figure 5 shows the
normalized thermal unfolding curves of each onéhefvariants. A decrease in the,T
respective to PE5 was detected for all the varjabésng the most affected PE5-
R33Acys (3.9°C) and PE5-K1Acys (6.1°C). This deseem thermal stability did not
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affect the nuclear import assays since they wendopeed at 30°C and at this
temperature all the variants are 100% folded witheéxception of K1A which is folded
in a 90%.

DISCUSSION

Topogenic sequences are protein sequence detetsiitieat specify the intracellular
targeting of proteirfS and are generally considered as more or less nuants
sequences. In the case of NLSs, apart from theerdional monopartite and bipartite
signals, there is high sequence diversity. Sevaltdrnate sequences have been
described, and from the analysis of nuclear pretéirbecame apparent that many of
them probably use other still unknown entry mecé@si or piggyback on cargo that
does contain a NL'&

PES5 is a cytotoxic variant of HP-RNase, which e&mia NLS, since it specifically binds
to importin o (Figure 2) and is imported into the nucleus in earergy-and Ran-
dependent manr¥r The introduced Arg89 and Arg90 are necessary nioclear
transport®. Because the inserted residues, together with Arg@ate a cluster of three
basic residues, we were surprised that the sequéiRIES did not match any consensus
sequence of conventional monopartite or bipartitsSNArg triplets are described in
several nuclear proteins as a part of conventi®&RIRX NLSs. However, our results
clearly show that none of the two investigated &iglets of PE5S act individually as a
NLS. Other proteins that are imported into the ausland interact with an importin
receptor through basic residues do not containrxertgional NLS. For example, the
four human core histones are known to possessiniitieir globular domain, an NLS
that seems to be based on the three-dimensionaitiste of the globular domain and
that is constituted by residues that span alongéueience Nevertheless, core histones
are transported to the nucleus by a mechanism émdmt of importine®**% Other
proteins that are imported following binding to ionfin a also contain non-classical
bipartite NLSs. The MH1 domain of the tumor suppogsrotein Smad 4 is imported
into the nucleus by the/l3 importin heterodimer. In this case, although Hasic
residues that conform the NLS are separated by thare30 residues in the sequéfice
their three-dimensional disposition resembles aerted classical bipartite NLS motif

in which the smaller basic cluster is located ddvaasn the larger basic cluster.
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We examined whether the NLS of PE5 could be cartstit by basic residues exposed
at the surface of the protein, topologically areshgn a way that could mimic a bipartite
NLS, or alternatively, mimic the NLS found in Sma®¥e found residues that matched
the space distribution of basic residues in bogesyof NLSs, and new variants of PE5S
lacking the positive charges at these positiongwenstructed and their nuclear import
tested. Our results indicate that PE5 nuclear impeguires several basic residues
located in three different regions of the sequetids.interesting to note that it has been
recently describeéd that the intracellular domain of ErbB-2 proteimtains an NLS
composed of three clusters of basic residf@XRRQQKIRKYTMRR). This NLS
resembles a bipartite NLS in which a third clusiEbasic residues is positioned in the
linker region.

Four different structures of peptides reproduciigeé bipartite NLSs bound to
truncated forms of yeasB( cerevisiaeor mouse importim have been described. They
correspond to the NLSs of nucleoplastiinXenopus laevis€N1IN2 phosphoprotein
(NIN2)® and retinoblastoma protein (RH)bound to mouse importiny, and
nucleoplasmif? bound to yeast importia. Residues interacting with the major binding
pocket of importina are denoted to B whereas residues interacting with the minor
one are denoted P’'to P’5. The structural data, together with the accumdlate
knowledge on functional NLSs and mutagenesis studilbwed to define a bipartite
NLS consensus sequenterhe most important residue for binding to impottimajor
site is located in P(and preferentially corresponds to a Lys) but fpmss B and R also
make an important energetic contribution to thedimg (about two-thirds of P
contribution}>. In the minor site, the most important residue ording is an Arg at
position P2. The G interatomic distances between these positionkighdy conserved
in the different NLSs. Interestingly,Bo P, and B to P’ Ca interatomic distances are
in close agreement with those found between residug90-Lys1 and Arg89-Lysl in
the modelled structure of PE5 (Figure 6).

The region that links both basic clusters in a tiifga NLS is highly tolerant to
mutations and can be artificially substituted by ACa residue$ Nevertheless,
functional and structural available data showedt tthas spacer makes multiple
interactions with residues of arm5 and armé6 repedtsmportin o in a species-
dependent way. The linker residues mainly make rohain interactions with the side
chains of conserved importim residues, which line an important part of the acef

groove. The side chain interactions of the linkesidues are scarce. In the case of
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nucleoplasmin NLS, they are completely absent whenbound to mouse importia
and are limited to Lys161 side chain when complexéti yeast importira'**> The
discrepancy has been attributed to structural rdiffees between the two importing,
the yeast protein structure appears slightly maneeh” than the mouse importin
Because basic clusters bind more tightly to theoirtips, the curvatures of the two
proteins may be compensated by a different biniirte linker regioff. The structure
of the nucleoplasmin linker is more similar to tldtRb than that of NIN%. In the
case of Rb NLS, side chain interactions in thedmitegion are limited to Asn868 and
Lys871 and in NIN2 NLS to Lys5#7 Co interatomic distances between Lys161 of
nucleoplasmin, Asn868 of Rb and Lys547 of N1IN2 NIa8sl their respective,PPs
and P3 binding pockets are shown in Figure 6. It is iasting to note that in the case of
the nucleoplasmin and Rb these distances closetghnthose of residue Arg33 with
Arg89, Arg90 and Lys1 in PE5, and that the deletbmany of these basic side chains
generated a significant reduction of nuclear impdfitiency.

The spatial distribution of the identified residuEsPES involved in nuclear import is
similar to the conformational organization of tlesidues that, in bipartite NLS, occupy
most of the critical positions responsible for timeraction with importina. We
describe here a new class of discontinuous NLSistimg of three protein regions,
which are scattered over 90 residues of the segudiney nevertheless fold together in
a conformation that is very close to that of a silze bipartite NLS. In PE5, some
residues play analogous roles to those of the dange smaller binding sites of bipartite
NLS. In a bipartite NLS, the linker region seem#$i&wve two different functions. First, it
is a spacer that separates the two clusters of Baguences to a precise distance that
allows their binding to importi. Second, it also constitutes a region of the N t
provides further interactions with the importingteby strengthening the binding of the
compleX’. The basic residues of PE5, which mimic the linkesidues that more
efficiently interact with importinu seem to fulfill both linker functions.

Discontinuous epitopes consist of stretches ofdues that are not contiguous in the
sequence but are brought together by the foldingepolypeptide chain. Analogously,
the NLS of PE5 resembles a discontinuous bipamieS. These results have
implications for the identification of NLS in nuee proteins and provide a new

example of the high versatility of importinin recognizing a broad spectrum of signals.
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MATERIALS AND METHODS

Construction of HP-RNase variant€Construction of PM5, PE5, PM5cys and PE5cys
HP-RNase variants has been described elseWHérBM5 was obtained from wild type
HP-RNase and incorporates the mutations Lys4 Ayg6LAla, GIn9 Glu, Aspl6 Gly
and Serl7 Asr. PE5 was obtained from PM5 replacing Gly89 andGdry Arg®.
PM5cys and PE5cys were obtained from PM5 and P&fpectively, and bear an
additional Cys at the C-terminus of the protinPE5cys variants incorporating
substitutions Lysl Ala (PE5-K1Acys), Arg31l Glu (RRB1Ecys), Arg32 Ala (PE5-
R32Acys), Arg32 Glu (PE5-R32Ecys) and Arg33 Ala fFE33Acys) were constructed
by site-directed mutagenesis following the strateglescribed elsewhefe
Oligonucleotides used for introducing mutations 1. yda (PE5-K1Acys), Arg31 Glu
(PE5-R31Ecys), Arg32 Ala (PE5-R32Acys), Arg32 GREB-R32Ecys) and Arg33 Ala
(PE5-R33Acys) were: 5'-TAT ACA TAT GGC AGA ATC TGCGC T-3'; 5'-CAT
ATT TCG GCG CTC CAT CAT TTG ATT-3;, 5-AGT CAT ATTTCG AGC CCT
CAT CAT TTG-3; 5-AGT CAT ATT TCG TTC CCT CAT CAT TG-3; 5-TTG
AGT CAT ATT AGC GCG CCT CAT CAT-3', respectively)PCR products,
corresponding to the whole mutated genes, werestigewith Sal and Ndd and
inserted into plasmid pM8 from which the HP-RNase gene had been excised by
digestion with the same enzymes. Screening wasnpeedd by restriction analysis and
confirmed by sequence analysis at the MoleculatoBip Facility of the Universitat de
Girona.

Ribonuclease expression and purificatiorExpression and purification of the HP-
RNase variants was carried out essentially as itbestt. Briefly, frozen pellets from 1
L of induced culture were resuspended in 30 miGfiBv Tris/HCI, 10 mM EDTA pH
8. Cells were lysed using a French Press and woclusodies were harvested by
centrifugation. Pellets were then solubilized byuspension in 10 ml of 6 M
guanidinium chloride, 2 mM EDTA, 0.1 M Tris-acetafgH 8.5. Reduced glutathione
(GSH) was added to a final concentration of 0.1th& pH was adjusted to 8.5 with
solid Tris, and the samples were incubated at rtemperature for 2 h under nitrogen.
Insoluble material was then removed by centrifuayatiSolubilized protein was diluted
dropwise into 0.5 M L-arginine, 1 mM oxidized gltiteone, 2 mM EDTA, Tris-Acetate
0.1 M, pH 8.5, and then incubated at 10 °C foeast 24 h. The pH was then lowered to

5 with acetic acid. The protein was concentratediltafiltration and dialyzed against
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50 mM sodium acetate, pH 5. Precipitated or indelubaterial was eliminated by
centrifugation and the refolded sample was thedddaonto a Mono-S HR 5/5 column
(Amersham BiosciencesRecombinant HP-RNase variants were eluted witmeah
gradient of 0-600 mM NaCl. Fractions containing eouibonucleases were dialyzed
against water, lyophilized and stored at -20 °C.

Depending on the variant, a yield of 5 to 20 mgmitein per liter of culture was
obtained. The molecular mass of each variant wasiroted by MALDI-TOF mass
spectrometry using a Bruker-Biflex equipment in tB@computation and Protein
Sequencing Facility of the Institut de BiotecnobbgiBiomedicina of the Universitat
Autonoma de Barcelona (Spain).

The protein concentration of each variant was daterd by UV spectroscopy
using an extinction coefficient @h7e=8200 M'cm™, calculated using the method of
Gill and von Hippet®.

Construction of truncated importina. The plasmid expressing théenopus laevis
importin o®* was kindly supplied by Dr. Dirk Gérlich (ZMBH, Hiélberg). A truncated
variant of this protein was constructed in ordergmove an autoinhibitory segment in
the IBB domain. This domain was identified by comipg the amino acid sequence of
mouse anKenopusmportin a using the Blast Two Sequences program. The alighme
showed that the sequence between residues 41 tof Xenopusimportin o was
homologous to the autoinhibitory segment in the 18&nain of mouse importia
(spanning residues 44 to 8 The DNA fragment of importire gene, coding for
residues 59 to 529, was amplified by PCR usingdiigonucleotides that inserted at 3’
and 5’ends 8amHI and Xhd restriction sites, respectively. The fragment wWagested
with these enzymes and cloned into plasmid pGEX@rBersham Biosciences). The
resulting truncated protein, namel$9-529Impu, is thereby fused to the C-terminus of
glutathione S-transferase (GST).

Importin a« binding assayE. coli BL21 cells harbouring the plasmid encoding9-
529Imp, or pGEX4T2 in the control experiments, were groamn30°C in 2xYT
medium containing 10@g/ml ampicillin until an ORsy of 1.5 was reached. Protein
expression was induced by adding IPTG to 1 mM. /A3td hours of further incubation,
cells were collected by centrifugation, resuspeniddoninding buffer (50 mM Tris, 250
mM NaCl, 5 mM MgC}, 1 mM PMSF pH 7.5) and lysed with a French pra@sse
sample was centrifuged in order to remove the leelldebris and the supernatant

corresponding to 250 mL of culture (about 1 mgrahtated importin) was incubated
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for 1.5 hours at 4°C and 80 rpm with 250 ul of glhiione Sepharose 4B (Amersham
Biosciences) previously equilibrated with bindingffer. The matrix was poured into a
disposable column and extensively washed with bodiuffer before applying 0.2 mg
of an HP-RNase variant in binding buffer. Beadseatbien incubated for 2 h at 4°C and
80 rpm, washed extensively with binding buffer Lthie ODygo dropped to zero and
elution was performed with 2 mL of 50 mM Tris, 12Mmreduced glutathione .
Fractions (250 pl) were diluted in SDS sample bu#fied analyzed in a zymogram,
essentially as describ&d

Protein labeling The different variants incorporating a C-terminajsGvere reacted
with Alexa Fluof 594 C5 maleimide (Molecular Probes) at room temiipee,
essentially as recommended by the manufacturenr8d¢he reaction, a 10-fold molar
excess of dithiothreitol (DTT) was added to thet@iro solution to reduce the disulfide
bond formed during the purification process betwt#enadditional Cys present in the
variants and a glutathione molecule. After 20 niii,T was removed by desalting on a
Sephadex G-25 column and a 20-fold molar excessagtive dye (20 mM in PBS) was
immediately added to the protein. The reaction stapped after 2h by adding 1 mM
reduced glutathione to consume the excess of thaitive reagent. The conjugates
were dialyzed against PBS at 4°C, then filter-ktexd and stored at —20°C.

Nuclear import assaysCytosolic fraction (~3 mg/ml) was purified from HaIS3 cells
as described and stored at —80°C. Import reactions were peréorat 30°C for 12 min
using digitonin-permeabilized HelLa céfiscytosol, ~2 pug/ml of fluorescent substrate
(Alexa Fluor 594-RNase) and an ATP regeneratingtesys(1 mM ATP, 5mM
phosphocreatine and 20 U/ml creatine phosphokiffaseglls were then washed and
fixed by 3.7% paraformaldehyde. The nucleus wamedawith 100 nM Sytox green
(Molecular Probes) in PBS for 15 min before washangl mounting in 100 mM Tris-
HCI, pH 8.5 containing 25% (v/v) glycerol, 10% Makiand 0.5 M 1,4-diazabicyclo-
[2.2.2]octane. Cells were finally examined unddregca confocal microscope using a
63x lens, a band-pass fluorescein filter for Sygoxen and a long-pass 590 nm filter for
Alexa Fluor 594. Bleed through from one channetht® other was negligible. Medial
optical sections were recorded.

Protein modelling. The structures of Smad4 and PE5 were modelled ugieg
SwissModel and the SwissPDBViewer (v. 3.7) proteimielling prograrf®?®, which
are both available from the ExPASy website (wwvasygeh/spdbv). The sequence of
Smad4 MH1 domain (only residues 19 to 142 wereidered) and PES5 (residues 1 to
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128) were aligned superimposed using the SwissMagainst the MH1 domain of
Smad¥® (pdb accession code 1HMD) and the HP-RNase vakatit'™® (pdb accession
code 1DZA), respectively. These proteins were t&elean the basis of its high sequence
conservation with Smad4 and PES5. The iterative Magi function was used but the
alignments were further optimized manually. Thelltesy models were analyzed using
the What_Check verification t§bland minor problems were solved after subjectirgy th
models to 500 steps of steepest descent energyization.

Determination of thermal stability by UV absorbancéhe conformational stability of
the HP-RNase variants was determined using UV &dbsoe spectroscopy to measure
the change in environment of the aromatic residliggg protein thermal unfolding.
The protein was dissolved at 0.5 mg/ml in a 50 mdétate pH 5.0 and the UV
absorbance was monitored at 287 nm. The temperaasegaised from 5 to 74°C in 2-
4°C increments and the decrease in UV absorbanceregistered after a 5 min
equilibration at each temperature. Temperaturetdimig transitions curves were fitted
to a two-state thermodynamic model combined withpislg linear functions for the

native and denatured states, as described elsetihere
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Table I: Ca interatomic distances between residues criticaltie Smad4 binding to

importina in the modelled structure.

Lys45 Lys46 Lys48

Arg81 16.49 15.10 20.43

Table Il: Ca interatomic distances between candidate resideesssary for nuclear

import of PE5 in the modelled structure.

Arg89 Arg90 Arg91l
Lys1 32.19 30.38 28.05
Arg31 16.53 13.71 12.99
Arg32 20.24 17.52 16.83
Arg33 20.23 18.00 17.10
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FIGURE LEGENDS

Figure 1: Characteristics of PE5.(A) Amino acid sequence of PE5. The underlined
residues (89 and 90) enabled nuclear import. L#sd31, Arg32 and Arg33 are shown
in bold in the sequencé) Model structure of PE5 generated from the structidirine
highly related variant PM? (see materials and methods for details). Sidencbfthe
exposed residues Arg89, Arg90 and Arg91 are shdwa.figure has been drawn using
the PyMol, DeLano Scientifics program.

Figure 2: Importin « interacts with PE5 in a pull-down assay Xenopus laevis
truncated importimi-GST was immobilized on a Glutathione sepharosead® tested
for PE5 and PM5 binding. Unspecific interaction kafth proteins with the affinity
matrix was tested by loading the same amount df @actein in an equal volume of
GST loaded resin. After extensive washing, bouradgam was eluted from the columns
with reduced glutathione. Analysis of the startimgterial (loaded) and specifically

bound fractions (eluted) was performed using a Zyia@m assay.

Figure 3: Comparison of the spatial distribution of the NLS of Smad4,
nucleoplasmin and PE5(A) Superposition of the model structures of PE5 (greed
Smad4 MH1 domain (pink). Basic residues importantttie nuclear import of PE5 are
colored in blue whereas the basic residues ofttended NLS of Smad4 are colored in
cyan. (B) Overlapping of the model structure of RBBeen) and the structure of the
nucleoplasmin NLE' (pdb accession code 1EJY) (violet). Basic resideritical for
ensuring the nuclear localization of PE5 are cadun blue whereas the basic residues
of the extended NLS of nucleoplasmin are coloureadyan. The figures have been

constructed using the program SwissPDBViewer progta

Figure 4: Analysis of PE5 residues critical for thenuclear import. (A) HelLa cells
were permeabilized with digitonin before addingosyl and the indicated fluorescent
RNase variant (red). Import reactions were perfarnfe 12 min at 30 °C, before
fixation and nuclei labelling with Sytox green (gm. Cells were then mounted for
viewing under a confocal microscope, and mediaicapsections were recorded. Bar,
20 um. (B) Quantification of nuclear import effioy. The ratio N / (N +C) was
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calculated after measuring signal intensity in tineleus (N) and in the entire cell (N

+C) using the ImageQuant Software (Amersham Bios@s).

Figure 5: Normalized thermal unfolding curves for the HP-R&lasriants. B )PE5-
R32Acys, V) PEb5-R32Ecys, ¥) PE5-R31Ecys,(A) PE5-R33Acys, (A) PES5-
K1Acys. The Ty» valuesare 47.7, 45.6, 45.8, 42.3 and 39.6°C for PE5-R$2ARES-
R32Ecys, PE5-R31EcyRE5-R33AcysPES-K1Acys, respectively.

Figure 6: The topological distribution of critical residues d the PE5 NLS mimics
that of the bipartite NLS. Co interatomic distances between the selected residiie
PE5 (red) compared with those of, AP;, P> and the residue of the linker (L)
performing most of the side chain interactions wiitiportin a (black) in different
bipartite NLSs. (A) Retinoblastoma protein bipartMLS"® (pdb: 1PJM) Pcorresponds
to Lys874, B to Lys875, P; to Arg862 and L to Asn868. (B) N1N2 phosphoprotein
bipartite NLS® (pdb: 1PJN) Pcorresponds to Lys551z B Lys552, P to Arg538 and

L to Lys547. (C) Nucleoplasmin bipartite NLS boundyeast importin™® (pdb: 1EE5).
(D) Nucleoplasmin bipartite NLS bound to mouse imipoo* (pdb: 1EJY). In C and D
P, corresponds to Lys1673 B Lys168, P; to Argl56 and L to Lys161.
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Figure 1

A

1 KESAAAKFERQHMDSGNSPSSSSTYCNQMMRRRNMTQGRCK 41
42 PVNTFVHEPLVDVQNVCFEKVTCKNGQGNCYKSNSS MHITDC 84
85 RLTNRRRYPNCAYATSPKERHIIVACEGSPYVPVHFDASVEDST 128
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Figure 2
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Figure 3
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Figure 4
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SUMMARY

It has been previously reported that the structira human pancreatic ribonuclease
variant, namely PM8, constitutes a dimer by theharge of an amino terminal domain,
although in an aqueous solution it is found maadya monomer. First, we investigated
the solution conditions that favour the dimerizatwf this variant. At 29°C in a 20%
ethanol buffer a significant fraction of the protés found in a dimeric form without the
appearance of higher oligomers. This dimer wasaisdl by size exclusion
chromatography and the dimerization process waliestuThe dissociation constant of
this dimeric form is 5 mM at 29°C. Analysis of tdependence of the dimerization
process on the temperature shows that unlike bganereatic ribonuclease, a decrease
in the temperature shifts the monomer-dimer equulib to the latter form. We also
show that a previous dissociation of the excharnigedbmain from the main protein
body does not take place before the dimerizati@tgss. Our results suggest a model
for the dimerization of PM8 that is different toathpostulated for the dimerization of
the homologous bovine pancreatic ribonucleasehignmhodel, first an open interface is
formed and then intersubunit interactions stabilimehinge loop in a conformation that
completely displaces the equilibrium between noaggyed and swapped dimers to the

latter one.
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INTRODUCTION

Three-dimensional domain swapping is a process hichwtwo or more identical
protein molecules exchange an identical structelerthent (often referred as a “tail” or
a “domain”) to form an intertwined oligomer [1]. @hexchanged domain may
correspond to an entire tertiary globular domainsonply to a single element of
secondary structure (for a review, see [2], [3ihc8 the swapped domain is positioned
in the partner subunit in the same conformatioit asuld adopt in its proper subunit,
the resulting oligomers are composed of subuniésg tfave the same structure as the
original monomer with the exception of the “hingep” that connects the tail with the
rest of the structure (often referred to as thed¥ip The interface between domains
present in both the monomer and the domain-swapjieer is called the closed
interface, whereas the interface found only inahgomer is called the open interface
[1].

Three-dimensional domain swapping has been propasedmechanism to explain the
evolution from monomeric to oligomeric proteins andecent years has attracted much
interest since it has been implicated in the meishamf amyloid formation [4, 5, 6].
The structural determinants that lead a polypeptithn to be folded in an oligomeric
state are difficult to identify because they areedie and subtle. Structural analysis of
domain-swapped dimers and their monomeric homolgiogether with protein
engineering, kinetic and thermodynamic analysislgomer formation are required to
understand these determinants. In turn, this kragdevould help in the design of new
proteins from existing monomers. Although an insie@ number of structures of
domain-swapped dimers are already available (f@veew, see [2]), experimental data
on the thermodynamics and the mechanism of domaapging have until recently
been almost entirely qualitative [7]. This was paity due to domain swapped
oligomers often being metastable (once formed, takg a long time to convert back to
the more stable monomer), thereby rendering anytgatve analysis unfeasible and,
secondly, to required tractable model systems irchwvinonomers and domain swapped
forms can be isolated and studied in solution.

We have previously shown that the crystal structdran engineered human pancreatic
ribonuclease (HP-RNase) variant named PM8 is doiesti by a new kind of domain
swapped dimer (Figure 1A) based on the interchahdé&terminal domains (residues 1

to 15) between the two protomers through a linkegtide spanning residues 16 to 22
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[8]. PM8 is a HP-RNase variant in which the seqeeofttthe N-terminal domain has
been substituted by that of bovine seminal ribosamt (BS-RNase) and Prol01 has
been substituted by GIn [9]. There are five changethe sequence of the N-terminal
domain of PM8 related to HP-RNase, which correspimndrg4 Ala, Lys6 Ala, GIn9
Glu, Aspl6 Gly and Serl7 Asn. The oligomeric suuetwas unexpected since in
solution, at different pH and protein concentratiatues, most PM8 molecules exist in
the monomeric form (MPMS8). Nevertheless, the presenf a few dimeric or
oligomeric forms was confirmed by non-denaturing GEA [8]. This observation
suggests that while equilibrium between the monarend dimeric forms exists, it is
displaced to the monomeric form in aqueous solstidrne analysis of the structure
indicated that the interactions found along the nojterface of the PM8 dimer
(DPMB8), partially consisting of two electrostatideractions, were too weak to ensure a
significant population of dimeric forms in an aqusaolution. On the other hand, these
interactions could be more favoured in the crydtad to the low dielectric constant of
the precipitant solution.

BS-RNase and bovine pancreatic ribonuclease A (BNas are two homologous
enzymes that are also able to dimerize by integingran N-terminal domain and have
been extensively characterised (reviewed in [1(). RNase A can form two kinds of
domain-swapped dimers, one interchanging an N-texhdomain (minor dimer) and
the other interchanging a C-terminal domain (majomer). It has recently been
described that an engineered variant of RNase swdaamyloid-like fibrils with three-
dimensional domain-swapped and native-like stresty6]. Two kinds of dimers can
also be found for BS-RNase, both maintained by itwersubunit disulfides but only
one interchanging the N-terminal domains [12]. Bhare no significant differences
between the closed interfaces of the N-terminallggpped RNase dimers that have been
published to date [8, 13, 14] but there are vanetiin the overall quaternary structure
that are a consequence of the interactions takimgeplong the open interface. These
differences are illustrated in Figure 1. In domsivapped BS-RNase, the open interface
is formed by the two hinge loops and the followinghelices. The helix-helix
interactions are not present in DPMS8, which presamt additional contribution to the
open interface through a partial symmetric paird@-strands. This pairing produces
two salt bridges between Glu103 of one chain argll®4 of the second chain avide

versa Both residues are located along the open interfag-strand 5. A more efficient
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asymmetric pairing of the tw-strands is achieved in the N-terminal exchangetedi
of RNase A [14], which is stabilized by severakithain hydrogen bonds.

Comparison of the N-terminal sequences of DPM8RB&se and RNase A shows that
the interchanged domain is highly conserved butithportant differences can be found
in the hinge loop, in which residues 16 to 20 cgpond to STSAA for RNase A and to
GNSPS for BS-RNase and PM8. The structures of menonRNase A [15], BS-
RNase [16, 17] and monomeric HP-RNase variant PRMY carrying the substitution
Pro50Ser) [18] have also been described in additertheir N-terminal-swapped
counterpart dimers [8, 13, 14]. It is interesting@mark that while the hinge loop could
be defined in the crystal of the three types ofatsrand in that of RNase A monomer, it
was fully disordered in carboxymethylated monom&%:RNase [16] and in PM7 [18].
Moreover, the dimeric unswapped form of BS-RNase aresents a rather pronounced
flexibility in the hinge region [19].

Here, the study of the dimerization process of PMBers new clues about the

structural determinants that are responsible ferdiimerization of the RNases.

RESULTS

Screening of solvent and temperature conditions thafavour the formation of
dimeric PM8. In solution, there is equilibrium between MPM&IdDPM8 [8]. Both the
temperature and the solvent dielectric constantewested as variables that could
displace this equilibrium to the dimeric form. Tesngtures ranging from 10 to 37°C
were tested in combination with buffers containimgreasing concentrations of ethanol,
from 0 to 25%. Initially, the presence of the ohgeric forms was monitored by a
cathodic non-denaturing PAGE. Analysis of the défe gels (data not shown) revealed
that at 10°C the oligomeric forms were detectablly after 72 h of incubation but that
at higher temperatures their presence was appbhetween 24 to 48h. In addition, a
concentration of 10 to 20% of ethanol in the indidmbuffer shifted the equilibrium to
the oligomeric forms. However, since it was difficin the non-denaturing PAGE to
discriminate and quantify the different speciese thligomerization process was
alternatively analysed by size exclusion chromatply selecting those conditions that,
by non-denaturing PAGE, were more promising for divaer/oligomer formation (i.e.
20% ethanol). This technique allowed to clearlycdminate between the different
forms and to quantify them. Under the conditionsaged (50 mM MOPS, 50 mM
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NaCl, 20% ethanol pH6.7), the only oligomeric forof PM8 found in the
chromatograms eluted in a symmetrical peak witkelation volume corresponding to a
dimer (see Figure 2 A).

Once the size exclusion chromatography conditiorerewset up, the effect of
temperature on dimer formation was quantitativedgayed. MPM8 (10 mg/ml) was
incubated at 25, 29 and 37°C in the previously rilesd buffer and the amount of
monomer and dimer were evaluated at different iatioh times. As can be seen in
Figure 3-A, as temperature increases, the equihioris reached at shorter incubation
times, whereas the percentage of DPM8 at equihfyriestimated from the asymptotic
values obtained by fitting the data points to adrplic curve, decreases (Figure 3-B).
A temperature of 42°C was also tested but, in eshtwith the other incubation
temperatures, a very significant aggregation ofstimaple was observed.

Dissociation constant of dimeric PM8 The stability of DPM8 was investigated. 70%
of the purified DPM8 remained in the dimeric fornnem incubated for 90h at 4°C.
Since at low temperatures the equilibrium is sHifte the dimeric form, this result
indicated that the dimer was not highly metastalble that a dissociation constant value
(Kd) could be measured. Thel of the dimer at 29°C was calculated by measuheg
ratio between the MPM8 and DPM8 forms at differpritein concentrations which
ranged from 0.1 to 1.3 mM. The plot of [MPM8}ersus [DPM8] (Figure 4) gives a
linear curve (r=0.982) with a slope of 5 mM corresging to thekd of DPM8.

Thermal unfolding of monomeric PM8. It was possible that, in the presence of
ethanol, PM8 was partially unfolded, even at thedst temperature assayed. This
possibility was examined by following the thermalfeiding process of MPM8 in the
presence of 20% ethanol by monitoring the changabsorbance at 287 nm (Figure
5A). As has been previously described for otherRNrase variants [20], the unfolding
process of MPMS is reversible and fits well inttwep-state model, its 1], being 48.1°C
under the solvent conditions used. The transitmnhe unfolded state did not begin
until the temperature reached 39-40°C, which ihdrighan the assayed temperatures
for the oligomerization process. No minor transitauld be observed before 39°C.
Alternatively, unfolding of PM8 in 20% ethanol wasvestigated by differential
scanning calorimetry (DSC). As expected, only aaadition was observed (Figure 5B)
which again indicates that PM8 begins to unfold mvitee temperature reaches 39°C.
The Ty, of PM8 measured by DSC corresponded to 47.5°C.
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Study of the swapping mechanism in a variant of PM8with a stabilised open
interface. When DPMS8 is isolated, two equilibrium processescur, i.e.. the
interchange of swapped domains and the monomenizati the dimer, and the latter
process precludes the study of the former. In otdestudy the swapping mechanism
during the dimerization of PM8, we constructed avneariant in which the open
interface was stabilized enough to allow the dizaion to take place independently of
the swapping. To this end, the open interface oBRM#s engineered by introducing a
Cys residue that would allow the binding of thetpnoers by means of a disulfide
bridge. Analysis of the structure of DPM8 showeat tlesidues Glu103 in both subunits
are located irg-strand 5 with the lateral chains facing each othehe open interface
(Figure 6) and that the interatomic distance betw@e of both residues is of 7,83 A.
As this value is close to the average for the edyBteine residues in PM8 (5, 6 A), we
choose to mutate this residue to Cys to createntersubunit disulfide bond. The
residue Lys102 was also considered because dhat€atomic distance is even closer,
but it was rejected since their lateral chains fac®pposite senses in the structure
(Figure 6).

The resulting protein, namely PM8E103C, was exmaesand purified yielding a
monomeric protein, as analysed by size exclusioonchtography, with the additional
cysteine blocked by a glutathione molecule, asyaed by MALDI-TOF (data not
shown). Monomers were reduced with DTT in ordertmove the glutathione molecule
and incubated overnight at 10°C in 50 mM Tris/aeepdd 8.5. After centrifugation to
eliminate insoluble material, the dimeric proteiasapurified in a G75 size exclusion
column. In contrast to PM8, the chromatogram showresl existence of different
oligomeric forms that could not be resolved, theximaim of the peak being compatible
with an oligomer of six subunits (Figure 2B). Themggregates could be due to the
presence in the sample of residual molecules of PM8C presenting a reduced
intrasubunit disulfide bond as a consequence of ttkatment with DTT. These
molecules could form alternative oligomers thatldoact as a nucleation centre. At a
concentration between 2 to 2.5 mg/ml of PM8BE103€yikeld of dimer corresponded to
32% of the initial protein amounthe presence of 20% ethanol in the incubation buffe
was also assayed but it resulted in a drastic fbomaof aggregates even at a low
protein concentration.

To check the possibility that the open interfaces wiifferent after the cysteine was

introduced, steady-state kinetic parameters forhydrolysis of cytidine 2’,3’-cyclic
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monophosphate were calculated for both monomerit cimeric forms of PM8 and
PM8BE103C at 25°C. The change in the catalytic iefiicy upon dimerization,
calculated from the ratio between the catalytiecefhcy of dimer related to monomer,
was not significantly different between PM8 (0.468y PMSE103C (0.400).

The degree of swapping between the protomers inpthdied covalent dimer was
analysed by crosslinking His12 and His119 of batliva sites with divinyl sulfone
(DVS) [21]. If the active site of the dimer is coagite, with His-12 coming from one
subunit and His-119 coming from the other, the silok should covalently join the
two subunits even under denaturing conditionshdfdctive site is not composite, cross-
linking would link two histidines from the same suiit, yielding monomers rather than
dimers under reducing conditions. Different incudrattimes with DVS were assessed
in order to optimise the reaction. After more ti&nh of incubation with DVS, a single
band of 27,000 Da was observed in a reductive SBSH?(Figure 7) indicating that
nearly 100% of the dimer was interchanging the iditeal moiety. This result is in
agreement with the fact that in the crystallograptructure of PM8 all the molecules
were domain-swapped [8]. The absence of non-swapprdrs indicates that, when
PMB8E103C is in the dimeric conformation, the N-tgrah domain of one subunit is

settled more stably over the other subunit.

DISCUSSION

As has been previously pointed out, the HP-RNasgamanamed PMS8 exists in
solution mainly in the monomeric form. In this wasle have found solution conditions
favouring its dimerization. The dimer form has besolated by size exclusion
chromatography and elutes as a single symmetrieak.plt has been described that
when RNase A is transiently subjected to unfoldingditions like lyophilisation from
40% acetic acid solutions [22] or heating to 6070f the presence of 20-40% ethanol
[23], two types of domain-swapped dimers can benéat by the interchange of either
C- or N-terminal domains [23]. These two dimers bardetected as independent peaks
in a size exclusion chromatography [22], and thist suggests that the symmetrical
peak found for DPM8 (Figure 2A) may correspond tmajue type of dimer which can
be assigned to the N-terminal-swapped dimer whtvgetare was previously described
[8]. RNase A swapping through the N-terminal domaaturs at milder denaturing

conditions than those of the C-terminal domain [ZBjerefore, from our results it
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cannot be ruled out that PM8 may form alternatiigomers involving a C-terminal
swapping whether more drastic conditions were used.

The dimerization equilibrium of PM8 haskal of 5 mM. This value is 50 times lower
than the value estimated for HP-RNase [24] bus iary similar to that found for the
dimerization of RNase A at 37°C and pH 6.5 in ageesolution Kd = 2.7 mM) [25].

In these conditions, the RNase A dimer formed ry wmstable and, in contrast to PM8,
it cannot be isolated. Under more drastic cond#idine. 40% trifluoroethanol,
200mg/ml of protein) a metastable N-swapped dinfeRMase A is formed even at
30°C, although the yield obtained at this tempeeaitivery low [23].

PM8 can be considered a good model to study themwg of the RNases for two
reasons: i) dimer and monomer forms can intercdrared can be easily isolated and ii)
simple models for the swapping can be construdtezk only one species of dimer is
found in the solvent conditions described here.

When the effect of the temperature on the PM8 dimat#on was analysed, it was found
that the amount of dimer at equilibrium rose astdrmaperature decreased (Figure 3).
The effect of the temperature on the oligomerizaisodependent on the protein studied,
and there are examples of proteins, lgkkactoglobulin (which forms a non-swapped
dimer), for which the decrease of temperature @ismmotes dimer formation [26].
However, this result was unexpected. Although HPa&Nand RNase A are highly
homologous, it is described that the amount of RNaslimer formed (either N- or C-
swapped) increases as temperature is raised [R8)id case, this dependence has been
explained by a major unfolding and mobility of teeapped domain favoured by the
temperature. In a first step, the RNase A foldednomeer would be transiently
subjected to an unfolding process that would fawbardissociation of the tail from the
body, favouring the domain swapping from one subiananother in a second refolding
step, especially at high protein concentrationgyfé 8A). The data presented here for
PM8 suggest that it does not dimerize followingamalogous mechanism. A possible
explanation for the opposite effects of temperaturé¢he N-terminal swapping could be
that the dimerization rate-limiting step for RNas&vould correspond to the “opening”
of the monomer, while for PM8 the dimerization rhieiting step would correspond to
the stabilisation of the open interface.

The temperature-unfolding process of PM8 in presai20% ethanol (Figure 5) does
not begin until the temperature reaches 39-40°Gchwis higher than the temperatures

at which the oligomerization process has been gbdewithout aggregation. This fact
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has important implications for the understandinghef PM8 dimerization process since
it shows that dimerization takes place before tivapping occurs. We reject that
significant dissociation of the N-terminal domaékés place at temperatures lower than
the temperature at which the unfolding of the proteegins for the following reasons:
1) only a main transition is observed in the unfoddcurve followed by UV absorbance
and in the DSC thermogram (Figure 5); 2) His12 lgataresidue is located at the N-
terminal exchanged domain, so a decrease of therai activity of the protein would
be expected if this domain was dissociated. We lahserved that the enzymatic
activity (cytidine 2’,3’-cyclic monophosphate hydiysis) of PM8, at temperatures
ranging from 22 to 36°C, is not altered by the gneg of 20% ethanol in the reaction
buffer (data not shown); and 3) for RNase S (an $&\Na whose peptide bond between
residues 20 and 21 has been cleaved), evidenceeeasprovided that the mechanism
of thermal unfolding involves body and tail unfaidi prior to their dissociation [27].
Taken together, the results show that for PM8,ugison of the N-terminal domain
from the rest of the protein during thermal deration would also require a substantial
unfolding of the whole protein and thus a previalissociation of the N-terminal
domain from the rest of the protein would not bguiszd prior to the dimerization of
PMS8.

Although PM8 could be a good model to study the pgwag process, it has the
limitation that its analysis does not discern betwéhe formation of the open interface
and the swapping of the tails. For this reason & R&tiant in which the open interface
was stabilised by a disulfide bond was producedpecifically study the degree of
swapping in this dimer. In this covalent variangarly all the molecules have
exchanged the N-terminal domain (Figure 7).

The comparison of the structures of PM7 (a vergteel monomeric HP-RNase variant)
and DPM8, together with the results presented hmrggest a model for the
dimerization of PM8 in which different residuestbé open interface as well as of the
hinge loop are directly involved. Analysis of batnuctures show that in the monomer,
the hinge loop is fully disordered whereas in thenet it adopts a i3 helix
conformation which is stabilized by multiple-cemtrdaydrogen bonds established
between the two subunits. We postulate that dira@aa would occur in a two step
process (Figure 8B). First, interaction between omoers would create an open
interface that would be stabilised, almost in pdng, two salt bridges established

between Glul03 residues of one subunit and Arg&8tlues of the other [8]. In this
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dimer, the relative positions of the two subunitsud prepare the molecule for the
swapping of the N-terminal domain while, in thedenoop, Glyl6 would provide the
necessary degree of freedom for the change of ooatoon. In a second step, the
domain swapping process would be driven by thersotaunit stabilisation of the
disordered hinge loops in a conformation that wodi&our the interchange.
Stabilisation of hinge loops would behave as ainlgi\belt for the swapping of the N-
terminal domains. In the dimeric structure of PNt& two Prol9 residues are stacked
between the side chains of residues GIn101 and5Tgf2he other subunit. In addition,
GIn101, absent in PM7, establishes three hydroger$ with residue Ser20 of both
subunits. Finally, the hinge loop is stabilisedroyltiple-centred hydrogen bonds in a
310 helix conformation. This model of dimerization @ibe analogous to that proposed
for BS-RNase for which experimental data indic&iat the non-swapped M=M dimer
is formed first and the interchange of the N-temhidlomains occurs successively [28].
It is worth mentioning that PM8 share the same Mieal sequence as BS-RNase and
that, again, the hinge loop could be defined indhystal structure of domain swapped
BS-RNase [16, 17] but it was fully disordered imrbmxymethylated monomeric BS-
RNase [16] and in the dimeric unswapped form off@$ase [19].

It is also interesting to remark that while in BSl&se only 70% of the molecules are
domain-swapped [11], nearly all the dimeric PM8ELOBterchange the N-terminal
domains. Since both dimeric RNases are covalentiynt, the equilibrium ratio
between the two isomers would be related to thieilstation of the hinge loops. The
hinge loop in DPMS8 is more structured than in BSaRkal (Figure 1). DPM8 is the only
known dimeric RNase in which both hinge loops foarhelical structure. Indeed,
whereas in the crystal structure of DPM8 the hilamp clearly appeared as a well-
ordered region, all studies on domain-swapped B&geNeport a poor definition of the
hinge region around Pro19.

Our results suggest a model for the mechanismmédzation of PM8 that is different
to the one postulated for the dimerization of RNAselhis model explains how the
exchange of the swapped domain between two foldedtical subunits can take place
at physiological conditions. In this model, intdyauit interactions between residues
located at the hinge peptide and at the open atderftabilize the hinge loop in a
conformation that completely displaces the equiior between non-swapped and

swapped dimers to the latter one.
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EXPERIMENTAL PROCEDURES

Construction of PM8E103C

PM8E103C, a variant of PM8 carrying the substitutiof Glu1l03 by Cys, was
constructed using the QuikChange site-directed gamesis kit (Stratagene, La Jolla,
CA, USA) following the instructions of the manufarr.

Ribonuclease expression and purification

HP-RNase variants were expressed in BL21 (DE33 ¢Blbvagen, Madison, WI, USA)
using the T7 expression system and the recombprameins were purified essentially
as described in [29]. The molecular mass of eaclamawas confirmed by MALDI-
TOF mass spectrometry using Bruker-Biflex (BilleridMA, USA) equipment in the
Biocomputation and Protein Sequencing Facility lo¢ tinstitut de Biotecnologia i
Biomedicina of the Universitat Autonoma de Barcel¢8pain).

The protein concentration of PM8 and PM8E103C wetsrthined by UV spectroscopy

using theextinction coefficient of,75=8200 M'cmi* [30].

Production of dimeric PM8E103C

Purified monomeric PM8E103C presented one moleailgglutathione bound to
Cys103 residue. One ml at 2.5 mg/ml of monome0O@MM Tris/acetate, 1.7mM DTT,
pH 8.5 was incubated for 30 min at room temperatimehese conditions only the
intermolecular disulfide bond with glutathione isduced. The protein was dialysed
overnight against 50mM Tris/acetate, pH 8.5 at 1@i@l a 1:1000 volume of glacial
acetic was added to the sample. The dimeric form tivan purified by size exclusion
chromatography at a flow of 0.4 ml/min using a G7B 10/30 column (Amersham

Biosciences, Piscataway, NJ, USA) equilibrated @B mM sodium acetate pH 5.0.

Detection of oligomeric forms in solution by catho@t non-denaturing PAGE

Pure samples of PM8 were analysed by cathodic tpatrephoresis under non-
denaturing conditions consisting offalanine/acetic acid buffer (pH 4.0), according to
the method of Reisfeld [31]. Polyacrylamide (7.5%8s used and gels were run at 20
mA for 1 hr at 4°C. 1Qg of protein at a 10 mg/ml concentration was loadetb a

nondenaturing gel.
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Kinetics of formation of PM8 dimeric form and Kd calculations

To follow the dimerization of PM8, 10 mg/ml MPM8rsples (0.7 mM) were incubated
in 50 mM MOPS, 50 mM NacCl, 20% ethanol pH6.7 afedént temperatures. At given
times, aliquots were withdrawn, and the mixturesenmamediately chromatographed at
a flow of 0.4 ml/min on an analytical Sephadex GTR 10/30 column (Amersham

Biosciences, Piscataway, NJ, USA) equilibrated v2@® mM sodium phosphate pH
6.7. To calculate the dissociation constant of PdM829°C MPM8 samples were
incubated in 50 mM MOPS, 50 mM NaCl, 20% ethanaiaicentrations ranging from

0.1 to 1.3 mM. After 100 hours, aliquots were witndn, and the mixtures were
immediately chromatographed at a flow of 0.4 ml/mman analytical Sephadex G75
HR 10/30 column. No protein aggregation was obskimeany of these experiments
and the concentrations of monomer and dimer weeduated quantitatively in each
case by integrating the peaks of dimer and monomespectively. Given the

equilibrium M +M D, the Kd can be calculated from the slope of a plot &f M

concentration versus D concentration.

Assessment of the extent of the domain-swapping

The degree of N-terminal domain swap was invesafollowing the protocol
described by Ciglic and colleagues [21]. Only wiiea dimer is N-terminal swapped,
does each histidine in the active sites belongdiferent protomer with the consequent
crosslinking of the subunits. Briefly, PMBE103C (fig, 1 nM/subunit) in 100 mM
sodium acetate, pH 5.0 (100 puL) and DVS (1puL 10%tem in ethanol, 1 uM) were
incubated at 30°C. This is about a 1000-fold exaassulfone per subunit of the
protein. Aliquots were withdrawn over a period 801h and the reaction was quenched
by adding 2-mercaptoethanol (final concentratio® 2@M) and incubating for 15-30
min at room temperature. The samples were loadead oeducing SDS-PAGE and

bands were revealed by Coomassie Blue staining.

Determination of thermal stability by UV absorbance

The conformational stability of MPM8 was determinesing UV absorbance

spectroscopy to measure the change in environmfetiteoaromatic residues during
protein thermal unfolding. The protein was dissdha 0.5 mg/ml in a 50 mM acetate
pH 5.0, 20% ethanol and the UV absorbance was oreditat 287 nm. The temperature

was raised from 5 to 74°C in 2-4°C increments &eddecrease in UV absorbance was
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registered after a 5 min equilibration at each terapre. Temperature-unfolding
transitions curves were fitted to a two-state thedymamic model combined with

sloping linear functions for the native and denadistates, as described elsewhere [32].

Differential Scanning Calorimetry

DSC experiments were carried out on a MicroCal M@g&rument (MicroCal Inc.,
Studio City, CA, USA) operating at a heating ratel & °C/min within the range 10 -
80°C. A nitrogen pressure of 1.7 atm was kept dustans to avoid sample evaporation
at high temperatures. 1.33 ml of solution was ohied into the sample cell at a final
protein concentration of 2 mg/ml. The reversibilbty the thermal transitions was
checked by reheating the samples immediately aftwling at 6°C. Data were
processed with the Origitf software supplied by MicroCal Inc. Each thermograas
corrected by subtracting buffer thermograms (50 mdétate pH 5.0, 20% ethanol)
acquired in the same conditions as the sample wrsdiitracting the chemical baseline

using the method of Takahashi and Sturtevant [33].

Enzymatic activity measurements
Hydrolysis of cytidine 2’,3’-cyclic monophosphat8igma Chemicals, St. Louis, MO,
USA) was carried out as described in [34] in a sodiacetate buffer pH 5.5 in the

presence and absence of 20% ethanol at the temperatdicated in the text.
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FIGURE LEGENDS

Figure 1. Dimeric ribonucleases exchanging an N-terminal dondiffer in the open
interfaces Ribbon representation of the structures of (A)8{db accession code
1H8X), (B) RNase A minor dimer (pdb accession cdd&€W) and (C) BS-RNase
domain-swapped dimer (pdb accession code 1BSR)on8acy structure elements
forming the open interface are labelled in the feguasB5 (strandp5) o2 (a —helix 2)
and HL (hinge loop). Details of the main structuddferences between these dimers are

given in the text. Figures have been drawn usiegM®LMOL program [35].

Figure 2. Chromatographic characterisation of PM8 and PM8ECO08ligomers Size
exclusion profiles of PM8 (A) and PM8E103C (B) eldifrom a G75 HR10/30 column.

Peaks corresponding to monomeric (m), dimeric {dl) @igomeric (o) are indicated.

Figure 3. Kinetic analysis of the dimerization of PM&) Aliquots of MPM8(0.7 mM)
were incubated for different times at 25°Cl)( 29°C () and 37°C Y/). The
percentage of the dimeric form as a function ofitioeibation time is reported for each
temperature. B) Percentage of DPM8 at equilibrirsus incubation temperature.

Figure 4. Measurement of the dissociation constant of P/g&mples of PM8 at
concentrations ranging between 0.1 and 1.3 mM wegudibrated at 29°C for 160 h and
analysed by size exclusion to measure the fracohdmsonomer and dimer. In the plot
of [MPM8]? versus [DPM8] (r=0.982Xd is given by the slope.

Figure 5. Thermal stability of PM8 in the presence of 20%aatii A) Temperature-
unfolding curve of PM8 (0.5 mg/ml dissolved 50 mietate, 20% ethanol pH 5.0)
followed by monitoring the changes in absorbance2&f nm when increasing
temperature. B) DSC thermogram of PM8 (2 mg/mlalis=d in 50 mM acetate, 20%
ethanol pH 5.0) between 10 and 80°C. Thermogramoea®cted from instrumental
and chemical baselines. €@xpress the partial heat capacity of the protelative to

the heat capacity of the protein in the nativeestat

Figure 6. Analysis of the open interface of DPM&bbon representation of the domain-

swapped crystallographic structure of PM8 showihg position and interatomic
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distances between the alpha carbons of residuesl0@2and 104 of each subunit. The

figure has been drawn using the MOLMOL program [35]

Figure 7. Assessment of the degree of swapping of the Nrarmdomain in
PM8E103C SDS-PAGE analysis under reducing conditions ef E\/S crosslinking
reaction of PMBE103C at different times of incubati(indicated at the top of each
lane) at 30°C. Relative positions of each moleculaight marker are detailed in the
figure. The two bands found at the relative positad the dimer can be assigned to

molecules crosslinked by one or two molecules oDV

Figure 8. Scheme for the putative mechanism of domain-swgpgimerization of

RNase A and PM&-or RNase A (A), the protein is subjected to cdndg which

favour the dissociation of the exchanged domaimftbe rest of the protein and, when
unfolding conditions are removed, the domain-swagpian occur, especially at high
protein concentrations. For PM8 (B), in a firstpstee protein dimerizes, creating an
open interface, in which the hinge loops are high$prdered. At this point interactions
within subunits would stabilise the hinge loop ikanformation that would favour the
domain swapping. The relative positions of the sifisun the figure do not reflect the
actual position in the dimer structure. In both €ig) the open interface is formed by

residues belonging to the body and the hinge loop.
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Figure 1
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Figure 2
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Figure 3
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ABSTRACT. Analysis of the pattern of oligonucleotide forinatby HP-RNase shows
that the enzyme does not act randomly and followsase endonucleolytic pattern
when compared to RNase A. The enzyme prefers thdirfig and cleavage of longer
substrate molecules, especially when the phospsiediebond broken is 9-11
nucleotides apart from at least one of the endsesubstrate molecule. Deletion of two
positives charges on the N-terminus (R4A and K6Addifies this pattern of
external/internal phosphodiester bond cleavage eprte, leading to a more
exonucleolytic enzyme. These residues may reinftireestrength of phosphate binding
to p or, alternatively, constitute a phosphate binding subsite. Addition of positive
charges (R89 and R90) on the protein surface iseseeteraction between protein and
substrate, thereby resulting in a increase in #rgth of digestion products using
poly(C) as substrate. Finally, we show that therattion of a dimeric variant of HP-
RNase with its substrate in one of the active giedbably induces a conformational

change on the enzyme that precludes the binditigeagubstrate on the other active site.

Abreviations C>p, cytidine 2’,3’-cyclic phosphate; (Cp)nC>p, a@ligocytidylic acid of
n+1 residues ending in a cytidine 2’,3’-cyclic ppbate; DPMBE103C, dimeric form of
PMBE103C; HPLC, high pressure liquid chromatographyP-RNase, human
pancreatic ribonuclease; MPM8E103C, monomeric fasmPM8E103C; poly(C),
polycytidylic acid; RNase A, bovine pancreatic mibalease A; DTT, 1,4-dithiothreitol;
MALDI-TOF-MS, matrix-assisted laser desorption/mation time-of-flight mass

spectroscopy; ECP, eosinophil cationic protein.
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INTRODUCTION

Human pancreatic ribonuclease (HP-RNase; EC 35).23.a protein of 128 residues
that catalyzes the cleavage of RNA on the 3’-sitipiomidine bases. This enzyme is
considered the homologue of bovine pancreatic tiblmase (RNase A) in humans
[Beintema et al., 1984]. They present a high segeiesimilarity (70% identity), both
operate at an optimal pH of 8.0, show a markedepeetce for poly(C) over poly(U) and
hydrolyze 2’,3’-cyclic phosphate nucleotides [Satmeo, 1998]. The nucleotide on the
3’ position of the broken phophodiester bond mesalpyrimidine, with cytidine being
preferred over uridine. For RNase A, the base ennilicleotide on the 5’ position of the
broken bond is also important in defining its a#ficcy, the preference being A>G>C>U
[Witzel and Barnard, 1962]. The cleavage mecharo$rthe phosphodiester bond by
RNase A takes place in two independent processidt éias been examined in detail
[Cuchillo et al., 1993; Thompson et al., 1994]. the first step there is a
transphosphorylation reaction from the 5’ positafnone nucleotide to the 2’ position
of the adjacent nucleotide with the formation &’ &’-cyclic phosphate. In the second
step the 2’,3’-cyclic phosphate is hydrolysed t8-aucleotide. There is a lag in the
formation of the final product of the reaction, amul 3’-nucleotide appears until all the
3’, 5’-phosphodiester bonds have been convertedntmonucleotide 2’,3’-cyclic
phosphate. Because the catalytic residues are etehplconserved and share a
common topological distribution, the catalytic mactsm is likely to be the same as
HP-RNase.

In addition to the catalytic centre, several bigdgubsites that contribute to the binding
of the polymeric substrates in RNase A have beamacherized by means of structural
and kinetic approaches [for a review, see Cuclatlal., 1997]. All these residues are
also conserved in the HP-RNase sequence. The pdtesgioup of the phosphodiester
bond to be cleaved by the enzyme is placed atatedytic subsite designed as while
the pyrimidine nucleoside binding site locatedhst 8’ position of the cleaved bond is
denoted as fR;. Residues involved in the recognition of the pentucleoside at the 5’
position of the cleaved bond are designed #R,BFinally, other phosphate-binding
subsites have been proposed, in addition to thweasite. Among them, the best
characterized argfLys 66) and p(Lys 7 and Arg 10) which bind adjacent phosphates
to the one placed at;,pin the 5 and 3’ directions, respectively. Oth@rosphate-

binding subsites, such ag fhat includes Arg 85 [Fontecilla-Camps et al., 4;9@isher
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et al., 1998], and other subsites located at tmtacal of the protein have also been
considered.

Although catalytic and substrate-binding subsigdees are conserved between RNase
A and HP-RNase, the latter enzyme displays mori basidues on its surface and this
fact has been related to additional catalytic #cts. HP-RNase presents a great
catalytic versatility, and under physiological sadinditions it can degrade both single-
and double-stranded RNA as well as poly (A) [Sairen and Libonati, 1997;
Sorrentino 1998; Libonati and Sorrentino, 2001 r&uino et al., 2003]. According to a
mechanism proposed by Sorrentino and Libonati EBwimo and Libonati, 1997], the
degradation of dsRNA by HP-RNase is based on tmebeu and location of positive
charges displayed by the RNase molecule in itsaoten with the polyanionic double
helical substrate [Libonati and Sorrentino, 2001].

The preference for cleavage of phosphodiester bandise polymeric substrates has
been studied for RNase A and human eosinophil matiprotein (ECP) [Moussaoui et
al., 1996]. It has been shown that these protemsi@ act randomly. ECP shows a
marked preference for exonucleolytic cleavage. RNasias no special preference for
endonucleolytic or exonucleolytic cleavage but shaoav preference for the longer
substrate molecules and for the release of fraggnemtaining 6-8 nucleotide units
[Moussaoui et al., 1996]. The differences betweeth lenzymes have been related to
the disappearance of pnd B subsites in the ECP [Boix et al, 1999]. Kinetiedses of
variants of RNase A have shown that the kpnding subsite contributes to the
exonucleolytic preference, whereas lunding subsite is involved directly in the
endonucleolytic pattern [Cuchillo et al., 2002].

In the present work, we have studied the catajytperties and the cleavage preference
of HP-RNase using different substrates. We haveddhat although all the residues
belonging to the characterized subsites are coedernvHP-RNase, this enzyme shows
a marked preference for an endonucleolytic cleavegpective to RNase A. In
addition, we show that other basic residues cautiilbo the catalytic preference of HP-
RNase. Finally, we have also characterized thdyt&tgproperties of a dimeric variant
of HP-RNase. In this variant, the interaction ofeoactive site with the substrate

probably induces the inactivation of the active sit the other subunit.
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MATERIALS AND METHODS

Materials.Bovine pancreatic ribonuclease A, (Poly(C)), C>fd &iEPES were obtained
from Sigma (St. Louis, MO). Exclusion size columriv535HR 10/30 was from
Amersham Biosciences (Sweden) and reversed-phase-Rik Gg column (4 um, 3.9
x 150 mm) was from Waters (Milford, MA). Acetonlgi(HPLC grade) was obtained
from Carlo Erba (Milan, Italy). All other reagenigere of analytical grade. Milli-Q
water (Millipore Corp., Milford, MA) was used fohé preparation of HPLC solutions.
HPLC separations were performed with a modular HRhé@matograph from Waters
Corp. (Mildford, MA). Steady state kinetics wererrgad out with a UV-visible
Spectrophotometer Cary 100 Bio (Varian, Australia).

HP-RNases variant€Construction and production of HP-RNase and itsawés PM5,
PE5 and PM8E103C, have been described elsewhemalfCet al., 1999; Bosch et al.,
2004; Rodriguez et al., 2006]. PM5 was obtainedthfreild type HP-RNase with the
mutations Arg4 Ala, Lys6 Ala, GIn9 Glu, Aspl16 Glnda Serl7 Asn [Canals et al.,
1999]. PE5 was obtained from PM5 replacing residd8eand 90 by Arg [Bosch et al.,
2004]. PM8E103C is a variant of PM5 carrying thetations Pro101 GIn and Glu103
Cys [Rodriguez et al., 2006]. The precise locatbnhe substitutions is indicated for
PM5 and PE5 in Figure 1A and for PMBE103C in FiglLige

Ribonuclease purificationWild-type HP-RNase and its variants (PM5, PE5 and
PM8E103C) were purified as previously describedbfRiet al., 2001]. Purified
monomeric PMBE103C (MPM8E103C) presents one matechiglutathione bound to
Cys103 residue. For the purification of the dimdoien of PMS8E103C (DPM8E103C),
1 ml of the monomeric form (MPM8E103C) at 2.5 mgimlLO0 mM Tris/acetate, 1.7
mM DTT, pH 8.5 was incubated for 30 min at room penature. In these conditions
only the intermolecular disulfide bond with glutathe is reduced. The protein was
dialysed overnight against 50 mM Tris/acetate, psie® 10°C, and a 1:1000 volume of
glacial acetic acid was added to the sample. Timewc form was then purified by size-
exclusion chromatography at a flow of 0.4 ml/minngsa G75 HR 10/30 column
equilibrated with 200 mM sodium acetate pH 5.0.
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Digestion of poly(C) by HP-RNase and its variam8.ul of poly (C) 2.5 mg/ml in 15
mM HEPES-KOH (pH 7.5) were incubated at 25 °C weittzyme, whose concentration
ranged between 20 to 30 nM depending on the var@indifferent time intervals,
between 0 to 30 min, the products of the reactierevanalyzed as previously described
[Moussaoui et al., 1996 and Cuchillo et al., 20@jefly, reversed-phase Nova-Pak
Ci8 HPLC column was washed for 20 min with Milli-Q watand equilibrated for 20
min with solvent A (10% (w/v) ammonium acetate d8d (v/v) acetonitrile in water).
50 ul of the reaction mixture were injected at Inmmh and elution was performed with
an initial 10 min wash and a 50 min linear gradigom 100% solvent A to 10%
solvent A plus 90% solvent B (10% (w/v) ammoniuretate and 11% (v/v) acetonitrile
in water). After each run, the system was washed fmin with water containing 1%
acetonitrile. Slight differences in the retentioimés of oligonucleotides can be
produced depending on the equilibration time of tdodumn. Eluted products were
monitored following absorbance at 260 nm (Fig. 2) &vere quantified by integrating
the chromatographic peaks as described in [Cucéillal., 2002]. The elution positions
of the oligonucleotides were deduced accordindgnéonhethod of McFarland and Borer
(1979) and Moussaui et al. (1996).

Preparation of tetracytidylic acid [(CpL>p] from poly(C) digestionThe tetracytidylic
acid used as a substrate was obtained by RNasgeatitin of a poly(C) solution. In a
typical experiment, 500ul of a 10 mg/ml poly(C)mn in a 15 mM HEPES-KOH
(pH 7.5) were digested with 1 nM RNase A at 2568C15 min. The reaction products
were separated as described before. The fractionesponding to the tetracytidylic
acid from several chromatographic runs were podiedze-dried, and kept al -20°C
until use. The identity of each product was corrabed by MALDI-TOF MS analysis
of the individual peak.

Analysis of products from the cleavage of tetralyit acid by HP-RNase#ll assays

were performed in 15 mM HEPES-KOH buffer (pH 7.628°C, the substrate solution
used had an absorbanced#\n) close to 0.1, and the enzyme concentration ussesd w
between 40 to 60 nM depending on the variant u$kd. enzyme concentration was
selected in such way that a progress curve covénmglepletion of at least 20 % of the
initial substrate could be obtained. The enzymetsni was made immediately before

the assay to avoid denaturation. Tetracytidylid asctubated with either HP-RNase or
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specific variants, and the rate of formation ofdurcts at different digestion times was
analyzed by means of reversed-phase HPLC. The cowas washed for 20 min with
Milli-Q water and equilibrated for 20 min with sart A (10% (w/v) ammonium
acetate and 0.3% (v/v) acetonitrile in water). Theb ul of the reaction mixture was
injected into the column and elution was performgtth an initial 10 min wash and a
40 min linear gradient from 100% solvent A to 10%vent A plus 90% solvent B
(10% (w/v) ammonium acetate and 5% (v/v) acetdaitni water). Given the time taken
for each assay (~ 30 min) and to avoid degradatimg to contamination effects
associated with continuous freezing and thawinguats of the substrate stock solution
were kept frozen in Eppendorf tubes and only thawechediately before use. The
tetracytidylic acid subproducts concentration walswated by usingyss 7845 M* cmi

! for C>p, 15175 M cm* for CpC>p, 20745 M cm* for (CplrC>p and 28683 M cmi

! for (CplC>p [Cuchillo et al., 2002].

Determination of steady-state kinetic parametefbe kinetic parameters for the
cleavage of poly(C) and the hydrolysis of C>p bydwliype and HP-RNase variants
were spectrophotometrically determined as describlsdwhere [Moussaoui et al.,
1998]. All reactions were carried out in 0.2 M sodi acetate, pH 5.5, at 25 °C. For
C>p, the concentration of enzyme was 0.1 uM ancctimeentration range of C>p was
from 0.15 to 3 mM. The activity was measured byrdimg the increase in absorbance
at 296 nm using 1-cm path length quartz cells. &says with poly(C), the enzyme
concentration was 5 nM, the concentration rangeodf(C) was from 0.01 to 3 mg/ml,

and the decrease in absorbance at 294 nm was mezhitsing 0.2-cm path length

quartz cells. Steady-state kinetic parameters vedtained by nonlinear regression
analysis using the program GraFit v.5 [Leatherbay2001]. The values in table 1 are
the averages of two determinations, with a standemt of less than 10%.
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RESULTS AND DISCUSSION

1. Analysis of exonucleolytic and endonucleolytic actities of HP-RNase.
We have studied the cleavage preference of polgnsebstrates by HP-RNase. First,
we analyzed the pattern of products generated dyHf+-RNase cleavage of poly(C) at
different incubation times in a reversed-phaserooluThe poly(C) used as substrate is
a high molecular mass polymer; however, it elutedaasingle fraction from the
reversed-phase HPLC column (data not shown), itidigdahat oligonucleotides were
not present in the sample at the initial conditions
Figure 2-A shows the elution profile obtained byawsed-phase HPLC of the cleavage
products of poly(C) when only 50% of the substregmained as a high molecular
polymer. An analysis of the distribution of the gahucleotides below 15 bases at
different percentages of undigested poly(C) is shawFigure 3. The elution position
of the small nucleotides was deduced from the patbbdtained after a long time of
incubation (100 min), when no high molecular magly (&) was left, and corresponded
to that previously described for the RNase A clgaviMoussaoui et al. 1996, Cuchillo
et al., 2002]. Analysis of the chromatograms affedént percentages of poly(C)
digestion indicated that the enzyme does not aet iandom fashion. Although at the
beginning of the reaction only polynucleotide frags are formed (data not shown),
shortly thereafter a clear trend toward the fororatf oligocytidylic acids with a size
of about 9-11 residues is observed. These resuljgest that the enzyme prefers
binding and cleavage of long substrates and thdietgreferentially cleaved by the
enzyme the phosphodiester bond has to be someel@nen nucleotides apart from at
least one of the ends of the molecule. In cont@dtase A accumulates fragments
containing 6-8 nucleotides [Moussaatial, 1996]. The difference in the length of the
accumulated intermediate oligonucleotides betweeth Iproteins can be due to the
presence of a greater number of positive chargéfPiiRNase than in RNase A, which
can interact with the substrate. As expected, Hrernsatograms show that the enzyme
possesses an endonucleolytic activity, but the appee of mononucleotides also
indicates that this enzyme possesses an exonuiteatyivity.
Characterization of the poly(C) breakdown is cowogied by the complexity of the
molecule and by the fact that most products ofrélaetion are also substrates, although
with different specificities. It has been showntttiee exo- or endonucleolytic activity

of RNase A can be characterized by analyzing tbdymts formed from the cleavage of
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tetracytidylic acid at different time reactions [&illo et al., 2002]. The tetranucleotide
is the smallest substrate that can be used forathatysis. The cleavage of an external
bond of the tetranucleotide (exonucleolytic clea)agdjacent to either the 5’- or 3'-
terminal nucleotide creates a trinucleotide plusanonucleotide, whereas the cleavage
of central bond (i.e. endonucleolytic cleavagekgivise to two dinucleotides (Figure 4-
A). Figure 4-B shows a chromatographic patternétmacytidylic acid digestion by HP-
RNase when approximately 50% of substrate has beigested. From this
chromatogram, it is apparent that there is an esenmulation of both the trinucleotide
and dinucleotide, indicating that HP-RNase actshensubstrate with no preference for
the phosphodiester bond broken. However, visugleaison of the chromatogram by
itself is non-conclusive because two molecules p€&p are formed for each central
bond broken instead of one, as is the case for,(Gyp) derived from the breaking of an
external bond. On the other hand, the molar extinctoefficients of the species are
different. These effects, together with the effgca different diffusion according to the
retention time, clearly influence the actual heightl broadness of the peaks. Therefore,
rigorous quantification is mandatory for meaningfesults as discussed in Cuchillo et
al. (2002). According to this work, the endonuciéiol to exonucleolytic cleavage
preference has to be determined from the ratic@dyrct formation at the beginning of
the reaction when only the tetranucleotide is pref@26 digested). This is because the
formation of the dinucleotide at later stages efiBaction would not be the result of the
endonucleolytic cleavage of the original tetranattee but the result of the
exonucleolytic cleavage from intermediate trinutiig® product.

The extrapolation to zero time of the ratios wasquened graphically with the program
GraFit v. 5 [Leatherbarrow, 2001] (Figure 5-A). Thexonucleolytic versus
endonucleolytic activity of HP-RNase, as determifredh the ratios of the products at
zero time, was around 1.35 (Table 1). Although tleisult indicates that the enzyme
shows no clear preference for any bond, the commarwith RNase A (in which
extrapolation to zero digestion time gives a vahiie€2.15) indicates that the human
protein has a more endonucleolytic activity thanaB& A. This preference change
could be related to the specific function of botizyanes. Unlike RNase A, which
basically displays a digestive function of exogen®NA in the ruminant [Barnard,
1969], the function of HP-RNase is not clear buth#s been related to vascular
homeostasis [Landré et al., 2002] and to the indncof dendritic cell maturation
[Yang et al., 2004].
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It has been previously described that the nonyatasubsites pand p of RNase A
influence its cleavage pattern of polymeric sulleralMoussaoui et al, 1996]. A
comparison of the primary sequence of HP-RNase RiNdse A shows that all the
residues belonging to any characterized non-catadyibsite in RNase A are conserved
in the sequence of HP-RNase. We have previouslgrieg the structure of an HP-
RNase variant named PM7 [Pous et al. 2000] in whigh residues of the N-terminal
region were substituted by the corresponding residof the bovine seminal RNase
(BS-RNase) and, in addition, a Pro to Ser mutatias introduced at position 50. When
comparing this structure with that of RNase A, oslyall differences were found,
restricted to the position of Lys66qfpboth at its main and side-chains (Figure 6A).
Curiously, the exo- vs. endonucleolytic activity ldP-RNase is similar to that of the
Lys66GIn RNase A, variant which presents thesybsite abolished (for this RNase A
variant extrapolation to zero digestion time giaeglues of 1.4 (Table 1)).

The comparison of the primary sequences of HP-RNamk RNase A reveals the
presence of a high number of additional basic tesicht the N-terminus of the human
enzyme (Figure 6B). In addition, for RNase A, isH#een reported that the deletion of
basic residues in this region belonging torgnders this enzyme more exonucleolytic
[Moussaoui et al., 1996; Cuchillo et al., 2002]. Weerefore asked whether the
additional basic residues in HP-RNase could inee@sendonucleolytic activity. For
this, we characterized the cleavage pattern of RM&riant of HP-RNase that lacks the
basic residues Arg4 and Lys6, which have been sutest by Ala, and that also
incorporates the substitutions GIn9Glu, Aspl16Glg Serl7Asn.

2. Substitution of basic residues located near,[in HP-RNase changes its cleavage
preference for tetracytidylic acid.

Analysis of the products obtained after the cleavag the tetranucleotide by PM5
showed that this enzyme presents a completelyrdiffepattern when compared with
HP-RNase (Table 1, Figure 5B). PM5 shifts its prerfiee for the cleavage of external
bonds, and its ratio between exonucleolytic veengonucleolytic activities resembles
that of RNase A (Table 1). This change of prefegeiscsimilar to that reported in an
RNase A variant lacking the basic side chains aidiees 7 and 10 proposed as
belonging to p [Cuchillo et al, 2002]. That is, the ratio of external/internands
broken relative to the parental enzyme is of 2.06 PM5 and of 2.29 for
Lys7GIn/Argl0GIn-RNase A (Table 1). Given the palgmic nature of the RNase
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substrate, it is likely that the residues of HP-R&aesponsible for this change of
preference may be Arg4 and Lys6, especially therlddtecause it is the only changed
residue whose side chain faces the catalytic ofdfie enzyme (Figure 1).

Considering that the tetranucleotide phosphate®nbnbind in the enzyme at positions
P-1PoP1P2 andp1pzpsps giving rise to an exonucleolytic cleavage and aitpmnspepip2ps
with endonucleolytic cleavage, these basic residumdd constitute part of spor
alternatively, reinforce the binding of the subtran p. Different arguments can
reinforce both hypotheses. On the one hand, and &aheoretical point of view, if
Arg4 and Lys6 were reinforcingpan equal increase of the three binding posséslit
could be expected, giving rise to a more exonugteopattern. On the contrary, if Arg4
and Lys6 constitutedspthey would not affect the binding tompip2 and then a more
endonucleolytic pattern could be expected. On therohand, however, when steady
state kinetic parameters of PM5 and HP-RNase wempared (Table 2), the data
obtained seem to indicate that the positive chaoje&sg4 and Lys6 in HP-RNase do
not constitute a phosphate-binding subsite. Aslmarseen in Table X, values for
C>p and poly(C) and thk,, for C>p are not modified, whereas tKkg for poly(C) is
slightly higher than in the native enzyme. Thedéedinces are very small when they
are compared with the effects of deleting a phosphanding subsite in the RNase A.
Deletion of p, por pincreases th&,, for poly(C) of the resulting variants by 16, 2.5
and 3.5 times respectively [Nogués et al., 1998hé&ti et al., 1998]. Also, PM5 shows a
digestion pattern of poly(C) similar to that of HRNase (Figure 2-A and B), including
the accumulation of an oligonucleotide of 9-11 eotldes. It could be argued that if
Arg4 and Lys6 constituted a phosphate binding sepsi decrease in the size of the
oligonucleotide accumulated would be expected in5P® molecular model for the
binding of a tetranucleotide to the HP-RNase cdditp to discriminate between both

hypotheses.

3. Introduction of basic residues at positions 89ral 90 create a new phosphate-
binding site.

When comparing the electrostatic surface of HP-RNB85 and RNase A, where the
catalytic cleft is located, the human enzyme coistanore basic residues than the
bovine enzyme, whereas on the opposite face theyatractually different (Figure 7).
Since HP-RNase is able to bind larger nucleotilaa RNase A, we wondered whether

the addition of positive charges on the face ofeheyme where the active site clef is
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located could increase the anchoring points ofRN&A. PE5 is an HP-RNase variant
[Bosch et al., 2004] carrying the substitutions &lkrg and Ser90Arg which increase
the basicity of the molecule at the active sitétleigure 7).

The profile of poly(C) digestion by PE5 shows at@at resembling that of the wild-
type enzyme but with the accumulation of largemgatiucleotides (approximately
between 13-15 residues in length) (Figure 2C). Wrhhe ratio of exo- to
endonucleolytic activities was determined, no digant differences were encountered
with respect to the parental enzyme (Table 1). Tesult was expected because this
variant presents the same N-terminal changes apatental enzyme (PM5) and the
phosphate binding sites for this substrate areicesd to subsites between pnd p, as
discussed above.

The steady state kinetic parameters of PE5 werrrdated for C>p and poly(C). No
significant differences were found for tkeg; for poly(C) and C>p respective to PM5
(Table 1).K, values were not modified for the C>p substrate,balight decrease in
the K, for poly(C) was obtained, which could indicateteessgthened binding of the

polymeric substrate

4. Characterization of the catalytic properties ofthe dimeric form of PM8E103C
DPM8E103C is a domain-swapped dimeric variant of5Ptiat has been stabilized
through a disulfide bond between both subunits [Rpez et al., 2006]. It has been
described that other dimeric ribonucleases possessial catalytic properties [Piccoli
and D’Alessio, 1984; Di Donato et al., 1987]; tHere we decided to characterize the
catalytic properties of this variant. Stabilizatitimough a disulfide bond between the
two subunits assured that during the assays thenuitlease did not become a
monomer.

The steady-state kinetic parameters of DPM8E103Cthase of its monomeric form
are shown in Table 2. THe, of the dimeric form was around 35% lower than thfat
the monomeric form for both C>p and poly(C). Howeverhen considering the
catalytic activity of the molecule per mole of aetisite, the dimeric form showed a two
to three-fold decrease in the catalytic activityhaiespect to the monomeric form. This
result could be interpreted in two ways: eitherhbattive centres have about half the
catalytic activity of the monomer; or one activaie is not functional. ThK,, for C>p

of both, monomer and dimer, was slightly lowerhattof PM5 but, when poly(C) was

assayed, a 4-fold increase of g was observed upon dimerization (Table 2). This
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result could be interpreted in the sense that waheuabstrate molecule is placed in one
subunit of the dimer, it interferes with the bingliof a second substrate molecule to the
other subunit.

Figure 5D represents the exonuclease versus en@éasecactivity of DPM8E103C
determined from the ratio of tetranucleotide digesiproducts at the beginning of the
reaction. As expected, the preference for exteveadus internal bond cleavage was
analogous to that of PM5 because both variantsegegfie same N-terminus. We then
analyzed the pattern of products generated by lmvage of poly(C) catalyzed by
DPMS8E103C. At short incubation times the produdtthe cleavage of poly(C) by this
dimeric ribonuclease mainly corresponded to vengloligonucleotides (not shown),
suggesting that this enzyme prefers to bind andveldong substrates. Figure 2-D
shows the elution profile obtained after the clegvaf poly(C) when only 50% of the
substrate remained as a high molecular polymethdse conditions an accumulation of
oligonucleotides of both 9-11 and over 25 basdgngth were obtained. We interpret
the accumulation of this longer oligonucleotide @&y increase in positive charges per
molecule as a consequence of the dimeric structar@ dimer where one subunit
remains inactive, the molecule has many more bvasidues per active site. These basic
residues could act as new interaction centresrfoh@ring the substrate on the protein
surface. If the strength of the binding was hidjie, tleaved product could remain bound
to the enzyme through the non-catalytic bindingsgteb leading to an uncompetitive
inhibition that could account for the dramatic difnce in theK,, for the polymeric
substrate when compared to the monomeric enzyme.

Finally, it has been previously reported that dowswapped dimeric BS-RNase
displays non-hyperbolic kinetics when concentraiaver 4 mM of C>p are used
[Piccoli and D’Alessio, 1984]. We also tested wheetibDPM8E103C displayed an
allosteric behaviour a high concentration of C>jgufe 8 shows the catalytic activity
of both monomeric and dimeric forms of PM8E103QCap concentrations up to 10
mM. Results show that both forms behaved equivigiemt this substrate and therefore
the dimerization of the human enzyme does not seerandow it with allosteric

properties.
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Table 1. Exonucleolytic / endonucleolytic activity values fwild-type HP-RNase,
RNase A and their variants.

Variant Exo/endo Activity ratio with respect
to parental enzyme®
HP-RNase 1.35
PM5 2.90 2.15
PE5 2.35 0.81
DPMS8 2.7 1.07
RNase A” 2.15

RNase A K66¢Y 1.38 0.64
RNase A K7Q/R106Y 4.94 2.29

@ For PMS5 the parental enzyme is HP-RNase. Fordaseaf the HP-RNase variants the
parental enzyme is PM5. For RNase A variants, #rergal enzyme is RNase A.
®) Data obtained from Cuchillo et al., 2002.

Table 2. Steady state kinetic parameters for the hydrolgdiscytidine 2’,3’-cyclic
monophosphate and the cleavage of poly(C) by HPsRIdad its variantsAssays were
performed at 25 °C in 0.2 M sodium acetate bufiet,5.5. The poly(C) substrate was
heterogeneous, with a relative molecular mass raageletermined by electrophoresis
or spectroscopy, of 260,000-1,200,000 (informapawvided by Sigma), for poly(C)
was calculated using the lowédt value as the basis for the calculation.

C>p Poly(C)
Protein Km nM Keat s* Kcat/ Km % Km mg/ml Keat s* Kcat/ Km %
HP-RNase | 440+40| 0.36£0.003 100 0.34+0.08 | 13.3#0.6 100
PM5 435+55| 0.45+0,03 126 0.47+0.03 16+1 108
PE5 490450 | 0.45+0.001 112 0.26+0.03 | 8.8+0.5 105
MPMB8E103C | 405+5.0/ 0.5%0.1 150 0.36+0.03 14+0.% 120
DPM8E103C | 352+18| 0.35+0.00% 121 1.22+0.08 | 8.76x0.6 22.3
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FIGURE LEGENDS

Figure 1

Localization of the amino acid changes introducedthe HP-RNase variantsd)
Ribbon representation of the structure of the magrasrHP-RNase variant PM7 (Pous
et al, 1999). The side chain of the residues replactd in PM5 and PE5 (R4A, K6A,
Q9E, D16G, S17N) are shown in red and the sidenabiaihe residues replaced only in
PE5 (G89R, S90R) are shown in green. B) Ribboresstation of the structure of the
dimeric HP-RNase variant PM8 (Canat¢ al, 2001). Side chain of residue 103
replaced in PM8E103C is shown in red. Figures Hasen drawn using the PyMol,
DelLano Scientific§ program.

Figure 2

Analysis by reversed-phase HPLC of the productsindt from digestion of poly(C) by
HP-RNase (A), PM5 (B), PE5 (C), DPM8E103C (D) a¥b0f poly(C) digestion.The
elution conditions are described in Materials ancktivdds. Note that in each

chromatogram the best scale on the ordinate is used

Figure 3

Comparison of (Cp)nC>p (n = 0-14) formation fromly) cleavage by HP-RNase
when 80, 50 and 20% of the polymeric substrate nesnandigestedArea percent has
been determined from the area of the corresponuidag eluted from the Nova-PakgsC

column. Note that in each graphic the best scalinemrdinate is used.

Figure 4

Analysis of the endonucleolytic versus exonucleobgtivity using tetracitidylic acid
digestion. A) Distribution of products formed by the initial cleme of tetracytidylic
acid when exonucleolytic (left) or endonucleoly{ieght) activities are considered.
Arrows indicate the phosphodiester bond that canlé®ved in each possibility, giving
rise to the products indicated. (B) Elution profile a reversed-phase HPLC column of
the products of tetracytidylic acid (G@p after digestion by HP-RNase when about
50% of the substrate has been digested.
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Figure 5

Exonucleolytic versus endonucleolytic activity ativiype HP-RNase, PM5, PE5 and
DPMB8E103C for the cleavage of the tetranucleotidp){C>p substrateThe value was
determined from the ratio of trinucleotide concatitm versus one half of dinucleotide
concentration at zero time. Exonucleolytic versuslomucleolytic activity of the
different RNases at different percentage of tettbeuiide digestion is presented
together with the linear correlation between bahameters: HP-RNase (A), PM5 (B),
PE5 (C) and DPM8E103C (D). The extrapolation of tlhdio to zero time was
determined with the program GraFit v. 5 (Leathendar 2001) and indicates the
preference of the enzymes on the intact subsffaeratio decreases over time because
the trinucleotide produced at the initial stageshefreaction is used later as a substrate

by the enzyme producing more dinucleotide.

Figure 6

Comparison of the residues belonging to the phasphending sites in HP-RNase and
RNase A(A) Stereoview of HP-RNase. The residues of thevaatentre and those that
are described as belonging to the phosphate-birsitieg (green) are superimposed with
those of RNase A in yellow (pdb accession numbesa PWlodaver et al]), and RNase
A complexed with d(ApTpApA) in orange (pdb accessimumber: 1lrcn [Fontecilla-
Camps et al., 1994]). (B) Sequence comparison legtwi’-RNase and RNase A. Basic

and acidic residues are shown in blue and redeotisely.

Figure 7

Electrostatic surfaces of RNase A, PM5, wild-tyde-RNase and PES_eft column
shows the active site clef side. Right column shtvesopposite side of the molecule.
The positives charges are in blue and negativesyebare in red. Surfaces calculated

using the program SwissPDBViewer [Guex and Peits887].

Figure 8
Saturation curves with C>p as substratenednomeric ¢) and dimeric ¢) PM8BE103C.
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Figure 1
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Figure 3
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Figure 5
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Figure 6
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Figure 7
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Un dels interessos del grup de recerca emall sjha realitzat aquest treball consisteix en
aprofundir en les bases moleculars que determmeitdtoxicitat de certes ribonucleases, a fi
d’obtenir variants citotoxiques de 'HP-RNasa. Asikarg termini, aquestes variants podrien
ser emprades com a agents quimioterapéutics ja dpgyt el seu origen huma, aquestes
proteines serien probablement menys immunogeniquesaltres ribonucleases citotoxiques

com l'onconasa, d'origen amfibi, o la BS-RNasa ridjien bovi.

Tal i com s’ha explicat a la introducci6é (veure @@a3.1.) el mecanisme de citotoxicitat
inclou un seguit de diferents etapes. En una pene¢aipa s’ha de produir una interaccio de la
RNasa amb la membrana plasmatica de les cél-lulswrals, que determini la seva
internalitzacio fins a un organul concret. Seguidatis’ha de produir la translocacié de I'enzim
al citoplasma des d’aquest organul. Finalment,N@$& citotoxica ha de degradar el RNA de la
cel-lula, cosa que implica que ha de conservarskges caracteristiques estructurals i
catalitiques, aixi com evitar I'accié de l'inhibidcitoplasmatic de RNases. Els esforgos per
obtenir variants citotoxiques de RNases s’han aeetr afavorir la seva internalitzacio, ja sigui
mitjancant la seva cationitzacié (Futami et al.pROFutamiet al, 2002) o conjugant-les a
ligands de receptors membranals (Rybak i Newtd99), o en impedir la formaci6é del
complex RNasa-RI a través de la generacié d'impedimestérics (Di donatt al, 1994; Di
Gaetancet al, 2001; Piccoliet al, 1999).

Un dels objectius d'aquesta tesi ha estat estlaignternalitzacié d’aquestes proteines fins a
'organul on s6n translocades al citoplasma ja gseun dels aspectes menys coneguts del
mecanisme de citotoxicitat. Com a RNasa citotoxicadel hem estudiat la onconasa. Varem
escollir aquesta proteina ja que presenta una itetiatendocitosis molt superior a la HP-
RNasa (Bosclet al, 2004). A més, I'onconasa es troba en fase Ilkshgos clinics per al
tractament de determinats tipus de neoplasies éGzistt al, 2005) cosa que fa que es pugui

considerar I'exemple més paradigmatic d’aquest geiRNases citotoxiques.

Utilitzant variants dominant-negatives de diferentsoteines implicades en la ruta
d’endocitosi depenent de clatrina i AP-2 (EpslSadiina, intersectina, rab5) s’ha pogut
determinar que el cami d’'entrada a la cél-lulaesditza a través del complex AP-2 i de
vesicules dependents de clatrina. S’ha investigat gami segueix I'onconasa a través dels
diferents tipus de compartiments endocitics, enlutés HelLa. S’ha observat que aquesta
s'acumula en les vesicules de reciclatge i que stguecumulacié és necessaria per a la seva
citotoxicitat. Donat que el desti final d’aquestenpartiments és fusionar-se amb la membrana

cel-lular els resultats obtinguts indiquen queasl per aguest compartiment és indispensable per
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a la translocacio al citoplasma de I'onconasa. ¥elgada, aquest resultats, juntament amb el fet
que l'onconasa s'’internalitza molt rapidament (Bostal, 2004) indiquen que aquesta RNasa
s’internalitza després de la unié a algun tipusreteptor cel-lular. Aquesta propietat no és
compartida per altres RNases no citotoxiques cofdRaRNasa que s'internalitza molt més
lentament, probablement per un mecanisme d’endo@tofase fluida, i que a més es concentra
en els endosomes tardans/lisosomes (Boschal, 2004). Hi ha la possibilitat que la
direccionalitzacié al compartiment de reciclatggusiuna manera d’augmentar la citotoxicitat
d’'altres RNases. Aixi, per exemple, la conjuga@dadRNasa A a una molécula de transferrina
(que en la cel-lula és dirigida als endosomes delatge) augmenta la citotoxicitat de la nova
variant 10.000 vegades (Rybak i Newton, 1999).

També s’ha intentat caracteritzar la translatdei la variant citotoxica PE5 portant a terme el
mateix tipus d'experiments d'expressio transit@@amoduladors de I'endocitosi. Degut a que
aguesta proteina presenta una velocitat d'intémaaii® molt menor no va ésser possible obtenir
resultats d’'aquests experiments. El principal pwota radicava en qué per assegurar una
minima internalitzaci6 de RNasa calien temps dramiié amb les cél-lules molts superiors als
maxims que mantenien una expressio significativa meduladors de les vies endocitiques. Cal
destacar aqui que treballs previs del grup hanratogtie PE5S segueix la via de degradacio que
la condueix cap als lisosomes i que no es va trobprevidéncia de que una fraccio de les
molecules PE5 seguis la via de transit retrograusers I'aparell de Golgi o el reticle
endoplasmatic ni tampoc que es localitzés en elesames de reciclatge. Finalment, I'estudi de
la citotoxicitat en preséncia de drogues disrugtate transit intracel-lular indica que la seva
toxicitat es veu afavorida amb I'increment del @bgchet al, 2004) igual com s’ha observat
per a 'onconasa indicant que el pH afecta de leeixeamanera la translocacié de les diferents

RNases assajades.

Tot i que no s’ha pogut caracteritzar la via d'ad&r de PE5, resultats previs al grup indicaven
gque aquesta variant arriba al nucli cosa que indicgue esta dotada d'una senyal de
localitzacié nuclear. L'enzim, que arribaria alogilasma a partir d’algun punt del sistema
endosomal, seria conduit rapidament al nucli dedblula per mita d’'un mecanisme de
transport actiu i es concentraria al nucleol, abpblement catalitzaria la degradacié del rRNA
provocant la mort de la cél-lula (Bosehal, 2004). A partir de I'analisi de la sequéncia @&bP
no va ser possible localitzar a les bases de dqudiesera el motiu que era reconegut per la
magquinaria d'import nuclear. Tal i com es descmiuet capitol Il de resultats, a partir de la
comparacioé d'un model de I'estructura de PE5 amibadtres proteines importades al nucli es
va proposar que certs residus basics de la RNadeerpdormar part d’aquest NLS. La

substitucié d’aquests residus i I'analisi del tgors nuclear de les variants resultants van
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mostrar que aquest NLS esta format, almenys engertres regions de la proteina disposades
al llarg de 90 residus. Malgrat estar molt sepazadela seqiiéncia, aquestes regions es troben
molt properes en I'estructura i en una dispositié ecorda molt a la que presenten els residus
basics en un NLS bipartit. En aquesta estructusaresidus Arg89 i Arg90 i el residu Lysl es
troben respectivament disposat de manera analegdoak d'unié a importines principal i
secundari en un NLS bipartit. Els NLS han estassitament considerats com sequencies
lineals de proteines. EI NLS de PE5 constituiria daguest punt de vista una nova classe de
NLSs en la qué residus allunyats en la sequénaigetitzarien en I'estructura la disposicié de
residus d'un NLS bipartit. Aquests resultats tenmplicacions de cara a les estratégies
d’identificacié6 de NLSs en bases de dades i somanexemple de la gran versatilitat de la

importinaa per a reconéixer un ampli espectre de senyals.

Un aspecte que ha quedat per dilucidar és daicekxistent entre la preséncia d’'un NLS i la
citotoxicitat. Tot i que no s’ha trobat cap altrepkcacié de la citotoxicitat de PE5 queda
pendent de caracteritzar la citotoxicitat de difiégsevariants en les quals s’elimini aquest NLS.
De totes maneres, treballs realitzats pel grupederca han mostrat que quan a una RNasa no
citotoxica que se li incorpora la sequéncia d'unSN\len concret el NLS bipartit de I'antigen
Tlarge del virus SY) en el llac exposaBsBs, aquesta nova variant presenta una activitat
citotdxica que no presenta en canvi una altra maré la que s'insereix alla mateix una
sequiéncia de la mateixa composicio perd que nm@L$ (scrambled NLS). Aquest resultat
suggereix que la direccionalitzaci6 de RNases & Baauna nova estrategia valida per a dotar

aquests enzims d’activitat citotoxica (Tubert, 2005

Tal com s’ha comentat anteriorment a la introduccida altra estratégia per dotar una
proteina d’activitat citotoxica és que presenti es&ructura quaternaria. Aquest €s el cas per
exemple de la BS-RNasa (D’Alesgbal, 1997) o d’alguns dimers artificials de la HP-R&las
la RNasa A (Catanzarei al, 1997; Piccoli et al., 1999). En el grup de reaeg’bavia construit
anteriorment una variant de la HP-RNasa, denomiRdd8 (Canalset al, 1999), la qual tot i
que en solucié es trobava majoritariament en formanomeérica, la seva estructura
cristal-lografica era un dimer (Canalsal, 2001). En aquest dimer s’observa un intercanvi de
dominis N-terminals tal com succeeix en el casadB$-RNasa (Mazzarelket al, 1993) i el
dimer minoritari de la RNasa A (Liet al, 1998). Les dues subunitats de I'estructura dicaeri
es mantenen unides en la interficie primaria pteraccions hidrofobiques entre els residus
Phe8 i Met13 del domini intercanviat i la restal’ddra subunitat. La interficie secundaria de
PM8 es troba estabilitzada per ponts d’hidrogeneesis residus GIn101 i Ser20 i interaccions
ioniques entre els residus Glul03 i Argl04 de caulzunitat. Aquestes interaccions no son

suficientment fortes per mantenir estable la fodimaérica de PM8 en solucié (veure capitol Il

147



Discussi6 General

de resultats). Donada la facilitat de dissocia&ilbdimer de PM8 i que GUnicament son citotoxics
aquells dimers de RNasa units covalentment, esocegir a la construccié d’'una nova variant
dimeérica, estabilitzada per un enlla¢ disulfur enés dos subunitats, denominada PM8E103C.
Aquesta variant no és capa¢ d’evadir I'RI, degutbpblement a que I'enlla¢ disulfur es pot

reduir facilment, i conseqiientment PM8E103C neeméa citotoxicitat (veure apéndix).

De l'estudi de la formacio i estabilitat delsngirs covalent i no covalent s’ha arribat a
proposar un model per al mecanisme de dimeritadiaiguesta variant de la HP-RNasa. Aquest
model de dimeritzaci6é podria ser analeg al proppsaia BS-RNasa on es postula que primer
es forma un dimer que no presenta intercanvi deird®m posteriorment, s’intercanvia el
domini N-terminal. Aquesta segona etapa es pralaoin a consequiéncia de I'estabilitzacio de
cada péptid xarnera per part de residus de I'aslifaunitat en una conformacié que facilitaria
l'intercanvi. Per altra banda, resulta interessdestacar que mentre que un 70% de les
molécules del dimer de la BS-RNasa presenten einddivterminal intercanviat, practicament
totes les molécules del dimer PM8E103C l'intercanviAquesta diferéncia probablement esta
relacionada amb el grau d’estabilitzacio del pépéchera, que és molt superior en el dimer de
PM8 que en la BS-RNasa.

L’analisi del patré de trencament de substpaiimerics per 'lHP-RNasa mostra que aquest
enzim presenta un comportament molt més endonititeque el descrit per a la RNasa A
(Cuchilloet al, 2002). A diferéncia de la RNasa A, a la quali sepposa una funcié de digestio
de RNA exogen, no es coneix la funcié de la HP-RN#30 aquest enzim podria estar implicat
en la degredaciéo de RNA tant de cadena simple cololedSorrentino and Libonati, 1997;
Sorrentino 1998; Libonati and Sorrentino, 2001,r&uino et al., 2003). Aquesta divergencia
en les seves funcions podria explicar el canviatepprtament en quan al patré de digestié. La
RNasa A hauria patit una pressio selectiva per ars@nzim més exonucleolitic que permetés
la generaci6 de nucleodtids que puguessin ser dasmiés facilment en la digestié. En canvi la
funcié de I'HP-RNasa podria estar implicada ennactivacié de certs RNAs que induissin
canvis en l'expressid génica on una activitat madoaucleasa seria més adequada. El
comportament endonucleolitic de la HP-RNasa ésagndegut a la preséncia de dos residus
basics (R4 i K6) en I'extrem N-terminal de I'enzifqguests dos residus podrien generar un nou
centre de fixacié de fosfat{jpo alternativament reforcar el subseti fimb les dades de qué es
disposa en aquest moment no és possible discartig &2s dues opcions. La resolucié de
I'estructura de I'enzim amb un deoxinucleodtid dedandefinida permetria assignar clarament
quin paper juguen aquests dos residus basics. riaatedtzacio cinetica del dimer PM8E103C
suggereix que només un dels dos centres cata#iScuncional. Quan s’ha caracteritzat

cinéticament el dimer de PM8, emprant C>p com &stsal) s’ha trobat un comportament
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similar al monomer ja que en I'estructura de PM8rekidus dels dos centres actius es troben
disposats d’'una manera equivalent als de la RNa&s Ale suposar que la inactivacié d’un dels
dos centres es produeix com a conseqiéncia deidadehsubstrat a I'altre centre actiu. Per
contra no hem observat un comportament alostéricladevariant dimérica a elevades

concnetracions de C>p a diferéncia del descritgpBS-RNasa (Piccoli and D’Alessio, 1984).
D’una manera general, aquesta tesi contribueixoakizement de diferents aspectes de les

funcions bioldgiques de lesRNases, tant pel que I citotoxicitat com a d’altres aspectes ja

sigui el mecanisme de formacié d’oligdmers o lactaritzacio de I'activitat enzimatica.
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The endocytosis of onconase in Jurkat cells iscadte by the expression of the
dominant-negative version of Epsl5, dynamin ancerégictin in a dose-response
manner. Onconase labeled with gold is concentraféitin coated pits at the plasma
membrane when it is incubated with Jurkat cell8&at°C. All together these results
show that in Jurkat cells, onconase is endocyted ani AP-2/ clathrin-dependent

pathway.

Dominant negative versions of dynamin, Eps15 andrsectin effectors are able to
protect Jurkat transfected cells from the pro-apipieffect of onconase showing that
onconase toxicity is dependent of its endocytdsisugh the AP-2/clathrin-dependent
pathway.

In HelLa cells, onconase does not significantly calae with established late
endosome/lysosome markers such as the lysosomabraeenproteins (Lamp-1, Lamp-
2, Lamp-3), internalized dextran, LBPA or the masmo6-phosphate receptor.
Onconase-containing structures are also negativeafaexin or TGN46, indicating that
this protein is neither transported to the endaplageticulum nor to the trans-Golgi
network. Onconase is concentrated within the recepcycling compartment at the

center of the cell together with fluorescent trangf.

When onconase is internalized in Hela cells it calizes very efficiently with Rabl1l
and transferrin in the pericentriolar recycling q@artment at the center of the cell but
not with Rab4 and Rab5. These data show that oseorfallows transferrin

internalization pathway i.e. from coated pits te tecycling compartment.

Onconase and tranferrin uptake is inhibited bydbminant negative version of Rab5
(Rab5S34N) but are not affected by the dominantatimeg version of Rab7
(Rab7N125I) that impairs transport to late endosorikence, onconase internalization

is regulated by Rab5 and onconase intracellulairgus restricted to early endosomes.

Cells overexpressing dominant negatives Rab5 @& $ensitive to onconase than
control cells whereas dominant negative or actiVatersion of Rab7 does not affect
onconase toxicity. These results indicate that nase toxicity is regulated by Rab5 but
not by Rab7.
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7.

10.

11.

12.

13.

Tetanus toxin expression enhances onconase toxibity 32% whereas the
proteolytically inactive E234Q mutant has no sig@int effect. This result indicates
that the recycling compartment enables onconassltreation to the cytosol and that a

higher onconase concentration in this compartrreardr its toxicity.

Neutralization of endosomal pH with NEI, monensin or bafilomicyn on HelLa and
A431 cells lines increases onconase toxicity. Hfiisct is more apparent when the pH
is more drastically affected, i.e. using bafilonticyBafilomicyn does not modify the
efficiency of onconase colocalisation with estdidid markers of the endocytic
pathway, indicating that endosome neutralisatiah rait affect onconase intracellular
routing. All these results show that onconase tomasion to the cytosol from recycling

endosomes is facilitated by the endosomal pH niezsten.

PES is able to specifically interact with Xenopasuis importino.

The substitution of residues Lys1, Arg31, Arg3220g33 of PE5 by Ala or Glu impairs
the nuclear import of the resulting variants inimwitro assay. This effect is not due to

a general desestabilization of the recombinanteprot

The superposition of a model of PE5 with the stritetof a bipartite NLS shows that
residues Lysl as well as Arg89 and 90 of PE5 aratéal in a disposition that closely
resembles that of the most critical basic resiagdi¢be major and minor binding sites of
a bipartite NLS. The position of residues Arg31 &@#tdclosely matches with those
residues of the linker of bipartite NLS, that innm cases make interactions with
importin a. Thus NLS of PE5 is constituted by residues thati@cated for apart in the
sequence but that are brought together in the 4ffirmensional structure of the protein

in a disposition that resembles a classical bitgalNLS.

Size-exclusion chromatography allows clear disaration between the different forms
of PM8 and their quantification. At 29 °C in a 2@¥v) ethanol buffer, a significant

fraction of the protein is found in dimeric form thwbut the appearance of higher

oligomers.

The dissociation constant of the dimeric form of &5 mM at 29°C.
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14.

15.

16.

17.

18.

19.

The thermal unfolding process of monomeric PM8 hagn monitored by UV-
absorbance spectroscopy and by differential scgneelorimetry. The process is
reversible and only one transition is observed tliiegin at 39°C. These experiments
show that a previous dissociation of the exchangedbmain from the main protein

body does not take place before the dimerizatioogss.

The construction of a new variant of PM8 stabilizzda disulfide bond between the
two subunits, namely PM8E103C; does not endow theyree with citotoxica

properties against HeLa cell probably becauseribisable to evade the RI.

The study of the degree of swapping between theomers in the purified dimer of
PM8E103C analysed by cross-linking of His-12 and-H19 of both active sites shows
that nearly 100% of the dimer is interchangingrtiheiterminal moieties. The absence
of nonswapped dimers indicates that, when PM8E163€ the dimeric conformation,
the N-terminal domain of one subunit is settled mucore stably over the other

subunit.

The results presented here suggest a model fdiitherization of PM8 that is different
to that postulated for the dimerization of the héygous bovine pancreatic
ribonucleases. In this model, an open interfactoiimed first and then intersubunit
interactions stabilize the hinge loop in a confaiorathat completely displaces the

equilibrium between nonswapped and swapped dirodistlatter ones.

The analysis of the pattern of oligonucleotide fation by HP-RNase shows
that the enzyme does not act randomly and followsase endonucleolytic
pattern when compared with RNase A. The enzymeemethe binding and
cleavage of longer substrate molecules speciallgrmthe phosphodiester bond
broken is 9-11 nucleotides apart from at least @inthe ends of the substrate

molecule.
Deletion of two positives charges on the N-termiofidHP-RNase (Arg4 and

Lys6) modifies the pattern of external/internal gbloodiester bond cleavage

preference leading to a more exonucleolytic enzyme.
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20. Analysis of the catalytic constants and the cleavaattern of polymeric
substrate by a dimeric variant of HP-RNase (PM8KE)08uggest that the
interaction of one active site with the substrately induces a conformational

change on the enzyme that precludes the cleavatee dfubstrat by the other
active site.

156



Bibliografia






Bibliografia

Avitabile, F. Alfano, C., Spadaccini, R., Crescer@2i, D’'Ursi, A.M., D'Alessio, G., Tancredi,
T. and Picone, D. (2003) The swapping of termirraisain ribonucleases: comparison of the

solution structure of monomeric bovine seminal padcreatic ribonucleases2003

Ardelt, B., Ardelt, W. And Darzynkiewicz, Z. (2003Fytotoxic ribonucleases and RNA
interference (RNAIi)Cell Cycle 2, 22-24.

Argent, R. H. Roberts, L.M., Wales, R., Robertub, &nd Lord, J. M. (1994) Introduction of a
disulfide bond into ricin A chain decreases theotryticity of the ricin holotoxin.J. Biol.
Chem, 269, 26705-26710.

Barnard, E. A. (1969) Biological function of panatie ribonucleaseNature 221, 340-344.

Bartholeyns, J. and Baudhuin, P. (1976) Inhibitafntumor cell proliferation by dimerized
ribonucleaseProc Natl Acad Sci USA3, 573-576.

Bartholeyns, J., Peeters-Joris, C., Reychler, HH Baudhuin, P. (1975) Hepatic nucleases. 1.
Methods fort he specific determination and charazéon in rat liver.Eur. J. Biochem.57,
205-211.

Beintema, J. J. (1998) Introduction: the ribonusteA superfamilyCell Mol Life Sci54, 763-
765.

Beintema, J. J., Schuller, C., Irie, M. and Carsaha(1988) Molecular evolution of the
ribonuclease superfamiliProg Biophus Mol Biql51, 165-192.

Bennet, M.J., Schlunegger, M. P. and Eisenberg,SD(1995) 3D Domain swapping: A

mechanism for oligomer assembBrotein Scj 4, 2455-2468.
Boix, E., Wu, Y., Vasandani, V. M., Saxena, S. Krdelt, W., Ladner, J. and Youle, R., J.
(1996) Role of the N terminus n RNase A homologudifferences in catalytic activity,

ribonuclease inhibitor interaction and cytotoxicilyMol Biol, 257, 992-1007.

Borkakoti, N. (1983) Enzyme specificity: base remitign and hydrolysis of RNA by
ribonuclease AFEBBS Lett162 367-373.

159



Bibliografia

Bosch, M., Benito, A., Ribd, M., Puig, T., BeaureelB. and Vilanova, M. (2004) A nuclear
localization sequence endows human pancreatic uidease with cytotoxic activity.
Biochemistry43, 2167-2177.

Bracale, A., Spalletti-Cernia, D., Mastronicola,, Mastaldi, F., Mannucci, R., Nitsch, L. and
D’Alessio, G. (2002) Essential stations in theao#llular pathway of cytotoxic bovine seminal
ribonucleaseBiochem J362, 553-560.

Bracale, A., Castaldi, F., Nitsch, L. and D’Alessi@ (2003) A role for the intersubunit
disulfides of seminal RNase in the mechanism ofaiiitumor actionEur J Biochem 270,
1980-1987.

Canals, A., Rib6, M., Benito, A., Bosch, M., MomlaeE. and Vilanova, M. (1999) Production
of engineered human pancreatic ribonucelases,ngplxpression and purification problems,
and enhancing thermostabilityrotein Expr Purif 17, 169-181.

Canals, A., Pous, J., Guasch, A., Benito., A., RMq§ Vilanova, M. and Coll, M. (2001) The
structure of an engineered domain-swapped riboaseleimmer and its implications for the
evolution of proteins toward oligomerizati@bructure 9, 967-976.

Catanzano F, Graziano G, Cafaro V, D'Alessio G,00hato A, Barone G. (1997) From
ribonuclease A toward bovine seminal ribonucleasstep by step thermodynamic analysis.
Biochemistry36, 14403-14408.

Costanzi J, Sidransky D, Navon A, Goldsweig H. &0Ribonucleases as a novel pro-apoptotic
anticancer strategy: review of the preclinical ardlinical data for ranpirnase.
Cancer Inves?3, 643-650

Crestfield, A. M., Stein, W. H. and Moore, S. (19&n the aggregation of bovine pancreatic
ribonucleaseArch Biochem Biophys Supdl,217-222.

Cuchillo, C. M., Parés, X., Guasch, A., Barman,Travers, F. and Nogués, M. V. (1993) The
role of 2',3’-cyclic phosphodiesters in the bovip@ncreatic ribonuclease A catalysed cleavage
of RNA: intermediates or productsEBS Lett333 207-210.

Cuchillo, C., Vilanova, M. and Nogués, M.V. (1993 “Ribonucleases: Structures and

Functions”’Academic Press, New York.

160



Bibliografia

Cuchillo CM, Moussaoui M, Barman T, Travers F, NeguMV. (2002) The exo- or
endonucleolytic preference of bovine pancreationilclease A depends on its subsites
structure and on the substrate $tzetein Sci. 11, 117-128.

D’Alessio, G., Di Donato, A., Mazzarella, L. andcBoli, R. (1997) A “Ribonucleases:
Structures and Functions” (D’Alessio, G. and Riordd.F., Ed.), pp.383-423, Academic Press,

Nova York.

Darzynkiewicz, Z., Carter, S.P., Mikulski, S. M.tdelt, W. J. and Shogen, K. (1988) Cytostatic
and cytotoxic effects of Pannon (P-30 Protein),oa&eh anticancer agen€Cell Tissue Kinet
21,169-182.

delCardayré, S. B., and Raines, R. T. (1994) Sirattleterminants of enzymatic processivity.
Biochemistry33, 6031-6037.

Deutscher, M. P. (1988) The metabolic role of Rda8eends Biochem Scl3, 136-139.

Deutscher, M. P. (1993) Ribonuclease multiplicitizersity, and complexityl Biol Chem268
13011-13014.

Deutscher, M. P. and Li, Z. (2001) Exoribonucleasesl their multiple roles in RNA
metabolismProg Nucleic Acid Res Mol Bid6, 67-105.

Diederichs, K., Jacques, S., Boone, T. and Karghua, (1991) Low-resolution structure of

recombinant human granulocyte-macrophage colonyusditing factorJ Mol Biol, 221, 55-60.

Di Donato, A. Canfaro, V. and D’Alessio, G. (199Riponuclease A can be transformed into a
dimeric ribonuclease with antitumor activityBiol Chem?269, 17394-17396.

Di Gaetano, S., D'Alessio, G. and Piccoli, R. (20@&econd generation antitumour human
RNase: significance of its structural and functiofeatures for the mechanism of antitumour
action.Biochem J358 241-247.

Donadio, S., Tamburrini, M., Di Donato, A., PiccdR. and D’Alessio, G. (1986) Site-directed

alkylation and site-site interactions in bovine sahribonucleaseEur J Biocheml157, 475-
480.

161



Bibliografia

Ercole, C., Avitabile, F., Del Vecchio, P., CreszerD., Tancredi, T. and Picone, D. (2003)
Role of the hinge peptide and the intersubunitrfate in the swapping of N-termini in dimeric
bovine seminal RNas&ur J Biochem2704729-4735.

Findlay, D., Herries, D. G., Mathias, A. P., Raldh,R. and Ross, C. A. (1961) The active site
and mechanism of action of bovine pancreatic rilstgaseNature 190 781-784.

Follmann, H., Wieker, H. J. and Witzel, H. (1967 e mechanism of ribonuclease reactio. 2.
The pre-ordering in the substrate as the acceabgrdtictor in dinucleside phosphates and

analogous compundgur J Biocheml, 234-250.

Futami J, Maeda T, Kitazoe M, Nukui E, Tada H, S&hoKosaka M, Yamada H. (2001)

Preparation of potent cytotoxic ribonucleases byoni&ation: enhanced cellular uptake and
decreased interaction with ribonuclease inhibitprchemical modification of carboxyl groups.

Biochemistry40, 7518-7524.

Futami J, Nukui E, Maeda T, Kosaka M, Tada H, S&hoYamada H. (2002 ) Optimum
modification for the highest cytotoxicity of catiaed ribonucleasel Biochem(Tokyo). 132
223-228.

Gilliland, G. L. (1997)A “Ribonucleases: Structures and FunctioAsademic Press, New
York.

Gotte, G., Laurents, D.V. and Libonati, M. (2005hr@e-dimensional domain-swapped
oligomers of ribonuclease A: identification of dtHi tetramer, pentamers and hexamers, and
detection of trace heptameric, octameric and nonanspeciesBiochim Biophys Actal764
44-54,

Gotte, G. and Libonati, M. (2004) Oligomerizatiori bonuclease A: two novel three-
dimensional domain-swapped tetramdrBiol Chem?279, 36670-36679.

Gotte, G., Bertoldi, M. and Libonati, M. (1999) @ttural versatility of bovine ribonuclease A.

Distinct conformers of trimeric and tetrameric aggates of the enzymgur J Biochem265
680-687.

162



Bibliografia

Gotte, G., Testolin, L., Costanzo, C., Sorrentidg,Armado, U. and Libonati, M. (1997) Cross-
linked trimers of bovine ribonuclease A: activity double-stranded RNA and antitumor action.
FEBS Lett415 308-312.

Gotte, G., Vottariello, F. and Libonati, M. (200Bhermal aggregation of ribonuclease A. A
contribution to the understanding of the role of @@main swapping in protein aggregatidn.
Biol Chem 278 10763-10769.

Green, S.M., Gittis, A.G. Meeker, A.K. and Lattmé&nk. (1995) One-step evolution of a dimer
from a monomeric proteifNat Struct Biol 2, 746-751.

Haigis, M. C., Kurten, E. L., Abel, R. L. and RaieR. T. (2002) KFERQ sequence in
ribonuclease A-mediated cytotoxicityBiol Chem?277, 11576-11581.

Haigis, M. C., and Raines, R. T. (2003) Secretibiomucleases are internalized by a dynamin-
independent endocytic pathwaly.Cell Scj116 313-324.

Harder, J. and Schroder, J. M. (2002) RNase 7,valrionate immune defense antimicrobial
protein of healthy human skid.Biol Chem277, 46779-46784.

Heringa, J., and Taylor, W.R. (1997) Three-dimengiodomain duplication, swapping and
stealing.Curr Opin Struct Biol7, 416-21.

Hlinak, Z., Matousek, J. and Madlafousek, J. (19Bi¢ effect of bull seminal ribonuclease on

reproductive organs and sexual behaviour in magePaysiol BohemoslgB0, 539-542.

lordanov, M. S., Ryabinina, O.P. Wong, J., Dinh,H., Newton, D. L., Rybak, S. M. and
Magun, B.E. (2000) Molecular determinants of pasigtinduced by the cytotoxic ribonuclease
onconase: evidence for cytotoxic mechanisms diftefeom inhibition of protein synthesis.
Cancer Res60, 1983-1994.

Irie, M., Mikami, F., Monma, K., Ohgi, K., Watangbkl., Yamagychi, R. and Nagase, H.

(1984a) Kinetic studies on the cleavage of oligiylit acids and poly U by bovine pancreatic
ribonuclease AJ Biochem (Tokig)6, 89-96.

163



Bibliografia

Irie, M., Watanabe, F., Ohgi, K., Tobe, M., MatsumuG., Arata, Y., Hirose, T. and Inamaya
S. (1984b) Some evidence suggesting the existehé® and B3 sites in the active site of

bovine pancreatic ribonuclease ABiochem (TokigR5, 751-759.

Irie, M. (1997) Structures and functions of riboleasesyakugaku Zasshi17, 561-582.

Iwama, M., Ogawa, U., Sasaki, N., Nitta, K., Takaggi, YY., Ohgi, K., Tsuji, T. and Irie, M.
(2001) Effect of modification of the carboxyl graupf the sialic acid binding lectin from

bullfrog (Rana catesbeianaocyte on anti-tumor activityBiol Pharm Bul] 24, 978-981.

Janowski R., Kozak M., Jankowska E., Grzonka ZybBrA., Abrahamson M. and Jaskolski
M. (2001) Human cystatin C, an amyloidogenic pmotelimerizes through three-dimensional
domain swappingNat Struct Bio| 8, 316-320.

Kim, J.S. and Raines, R.T. (1993) Bovine semir@miclease produced form a synthetic gene.
J Biol Cem268 17392-17396.

Kim, J.S., Soucek, J., Matousek, J. and Raines, RL995) Mechanism of ribonuclease
cytotoxicity.J Biol Chem270,31097-31102.

Kim, J.S., Soucek, J., Matousek, J. and Raines, @995) Structural basis for the biological
activities of bovine seminal ribonucleaseBiol Chem?270, 10525-10530.

Klink, T.A. and Raines, R.T. (2000) Conformatiostdbility is a determinant of ribonuclease A
cytotoxicity.J Biol Chem?275 17463-17467.

Knaus K.J., Morillas M., Swietnicki W., Malone Msurewicz W.K., Yee V.C. (2001) Crystal
structure of the human prion protein reveals a maeidm for oligomerization.
Nat Struct Bial 8, 770-774.

Kobe, B. and Deisenhofer, J. (1993) Crystal stmactaf porcine ribonuclease inhibitor, a

protein with leucine-rich repeatsature 366,751-756.
Kobe, B. and Deisenhofer, J. (1996) Mechanism bbruclease inhibitor by ribonuclease

inhibitor protein based on the crystal structurét®icomplex with ribonuclease A. Mol Biol,
264, 1028-1043.

164



Bibliografia

Kojima, K. (1993) Molecular aspects of the plasmambrane in tumor cellfNagoya J Med
Sci 56, 1-18.

Lee, J.E. and Raines, R.T. (2005) Cytotoxicity ovine seminal ribonuclease: monomer versus
dimer.Biochemistry44 15760-15767.

Lee, F.S., Shapiro, R. and Vallee, B.L. (1989) Tigimding inhibition of angiogenin and
ribonuclease A by placental ribonuclease inhibiBlochemistry28, 225-230.

Lee, F.S. and Vallee, B.L. (1993) Structure anébacdf mammalian ribonuclease (angiogenin)
inhibitor. Prog Nucleic Acid Res Mol Biot4, 1-30.

Leland, P.A., Schultz, L.W., Kim, B.M. and RainesTR(1998) Ribonuclease A variants with
potent cytotoxic activityProc Natl Acad Sci US®5,10407-10412.

Leland, P.A., Staniszewski, K.E., Kim, B.M. and Ras, R.T. (2001) Endowing human
pancreatic ribonuclease with toxicity for cancdiscd. Biol. Chem.27643095-43102.

Ledoux, L. (1955) Action of ribonuclease on certastites tumourdNature (London)175
258-259.

Ledoux, L. (1955) Action of ribonuclease on twoiddlmoursin vivo. Nature (London)176,
36-37.

Liao, Y.D., Huang, H.C., Chan, H.J. and Kuo, SI996) Large-scale preparation of a
ribonuclease fromRana catesbeiandbullfrog)oocytes and characterization of its sfiec

cytotoxic activity against tumor cellBrotein Expr Purif 7, 194-202.
Libonati, M., Bertoldi, M. and Sorrentino, S. (199Bhe activity on double-stranded RNA of
aggregates of ribonuclease A higher than dimmecseases as function of the size of the

aggregatesBiochem J318287-290.

Libonati, M. (1969) Molecular aggregates of riboleases. Some enzymatic propertikal J
Biochem 18, 407-417.

165



Bibliografia

Libonati, M., Malorni, M.C., Parente, A. and D’Akds, G. (1975) Degradation of double-
stranded RNA by a monomeric derivative of ribonaske BS-1Biochim Biophys Acta402
83-87.

Libonati, M. and Sorrentino, S. (2001) Degradat@ndouble-stranded RNA by mammalian
pancreatic-type ribonucleas@dethods EnzympB41, 234-248.

Libonati, M. and Floridi, A. (1969) Breakdown of wlde-stranded RNA by bull semen
ribonucleaseEur J Biochem8, 81-87.

Lin, J.J., Newton, D.L., Mikulski, S.M., Kung, H,FYoule, R.J. and Rybak, S.M. (1994)
Characterization of the mechanism of cellular aalll ftee protein synthesis inhibition by an

anti-tumor ribonucleas®iochem Biophys Res Commaa04 156-162.

Liu, Y., Hart, P.J. schlunegger, M.P. and Eisenp&g(1998) The crystal structure of a -D
domain-swapped dimmer of RNase A at 2.1-A resatutRvoc Natl Acad Sci USA5, 3437-
3442.

Liu, Y., Gotte, G., Libonati, M. and Eisenberg, @001) A domain-swapped RNase A dimer
with implications for amyloid formatiorNat Struct Biol 3, 211-214.

Liu, Y., Gotte, G., Libonati, M. and Eisenberg, 2002) Structures of the two 3D domain-
swapped RNase A trimeBrot Scj 11, 371-380.

Mastronicola, M.R., Piccoli, R. and D’Alessio, G9@b) Key extracellular and intracellular

steps in the antitumor action of seminal ribonustéeBur J Biochem230Q, 242-249.

Manchefio, J.M., Gasset, M., Onaderra, M., Gaviladgs and D’Alessil, G. (1994) Bovine
seminal ribonuclease destabilizes negatively cliargeembranes.Biochem Biophys Res
Commun199 119-124.

Matousek, J., Pouckova, P., Soucek, J. and Skvor(2002) PEG chains increase
aspermatogenic and antitumor activity of RNase A &8-RNase enzymed. Controlled

Release82, 29-37.

Matousek, J. and Grozdanovic, J. (1973) The effétiovine seminal ribonuclease (AS RNase

on cells of Crocker tumor in mic&xperientia 29, 858-859.

166



Bibliografia

Matousek, J., Gotte, G., Pouckova, P., Soucelslayik, T., Vottariello, F. and Libonati, M.
(2003) Antitumor and other biological actions oigokrs of ribonuclease Al. Biol Chem?278
23817-23822.

Moussaoui, M., Guash, A., Boix, E., Cuchillo, Cadd Nogués, M.V. (1996) The role of non-
catalytic binding subsites in the endonucleaseviactof bovine pancreatic ribonuclease A.
Biol Chem 271, 4687-4692.

Mazzarella, L., Capasso, S., Demasi, D., Di Lorerzg Mattia, C.A. and Zagari, A. (1993)
Bovine seminal ribonuclease: structure at 1.9 Algon. Acta Crystallogr D 49, 389-402.

Milburn, M.V., Hassell, A.M., Kambert, M.H., JordaB.R., Proudfoot, A.E., Graber, P. and
Wells, T.N. (1993) A novel dimmer configuration ealed by the crystal structure at 2.4A
resolution of human interleukin-Blature 363 172-176.

Mishra, N.C. “Molecular Biology of Nucleases” CR@eBs, Boca Raton, FL, 1995.

Monti, D.M. and D’Alessio G. (2004) Cytosolic RNag#hibitor only affects RNases with
intrinsic cytotoxicity..J Biol Chem?279 39195-39198.

Murthy, B.S., De Lorenzo, C., Piccoli, R., D’AlessiG. and Sirdehmunk, R. (1996) Effects of
protein RNase inhibitor and substrate on the quoatgrstructures of bovine seminal RNase.
Biochemistry35, 3880-3885.

Murthy, B.S., and Sirdeshmukh, R. (1992) Sensitivif monomeric and dimeric forms of
bovine seminal ribonuclease to human placentalntiblease inhibitorBiochem J 281, 343-
348.

Newton, D.L, Boqué, L., Wlodawer, A., Huang, C.Y. and RybakylS(1998) Single amino
acid substitutions at the N-terminus of a recommirtgtotoxic ribonuclease markedly influence

biochemical and biological propertid®&ochemistry 37, 5173-5183.

Nitta, K., Ozaki, K., Ishikawa, M., Furusawa, S.ps$dno, M., Kawauchi, H., Sasaki, K.,
Takayanagi, Y., Tsuiki, S. and Hakomori, S. (19@#ibition of cell proliferation byRana
catesbeianaand Rana japonicdectins belonging to the ribonucleasesuperfantilgncer Res
54 920-927.

167



Bibliografia

Nitta, K., Takayanagi, G., Kawauchi, H. and Halom&. (1987) Isolation and characterization
of Rana catesbeiankectin and demonstration of the lectin-bindingaglgrotein of rodent and
human tumor cell membrangdancer Res47, 4877-4883.

Nogués, M.V., vilanova, Mand Cuchillo, C.M. (1995) Bovine pancreatic ribolease A as a
modelo f an enzyme with mutiple substrate binditgssBiochem Biophys Actd253 16-24.

Nogués, M.V., Moussaoui, M., Boix, E., Vilanova,,NRib6d, M. and Cuchillo, C.M. (1998) The
contribution of noncatalytic phosphate-binding stdssto the mechanism of bovine pancreatic
ribonuclease ACell Mol Life Sci 54, 766-774.

Ogawa, Y., Iwama, M., Ohgi, K., Tsuji, T., Irie, Mtagaki, T., Kobayashi, H. and Inokuchi, N.
(2002) Effect of replacing the aspartic acid/gluamesidues of bullfrog sialic acid binding
lectin with asparagines/glutamine and arginine taminhibition of cell proliferation in murine
leukaemia P388 cell8®iol Pharm Bul| 25, 722-727.

Parés, X., Nogués, M.V., de Llorens, R and cuchitaM. (1991) Structure and function of
ribonuclease A binding subsitdsssays Biochen26, 89-103.

Parge, H.E., Arvai, A.S., Murtari, D.J., Reed, Shd Tainer, J.A. (1993) Human CksHs2

atomic atructure: A role for its hexameric assembliell cycle controlScience262, 387-395.

Piccoli, R., Di Gaetano, S., De Lorenzo, C., Graudo, Monaco, C., Spalletti-Cernia, D.,
Laccetti, P., Cinatl, J., Matousek, J. and D'Alesgk. (1999) A dimeric mutant of human
pancreatic ribonuclease with selective cytotositityard malignant cellf2roc Natl Acad Sci
USA 96, 7768-7773.

Piccoli, R. and D’Alessio, G. (1984) relationshiptlween nonhyperbolic kinetics and dimeric
structure in ribonuclease$Biol Chem259 693-695.

Piccoli, R., Tamburrini, M., Piccialli, G., Di Dot A., Parente, A. and D’Alessio, G. (1992)
The dual-mode quaternary structure of seminal RNgisehemistry89, 1870-1874.

Piccoli, R., Di Donato, A. and D’Alessio., G. (19880-operativity in seminal ribonuclease
function. Kinetic studiesBiochem J253 329-336.

168



Bibliografia

Piccoli, R., Di Donato, A., Dudkin, S. and D’AlessiG. (1982) Bovine seminal ribonuclease:
non-hyperbolic kinetics in the second reaction JE&BS Lett 140, 307-310.

Picone, D., Di Fiore, A., Ercole, C., Franzese, Bica, F., Tomaselli, S. and Mazzarella, L.
(2005) The role of the hinge loop in domain swapgpihBiol Chem280, 13771-13778

Reddi, K.K. (1975) Nature and possible origin ofrfain serum ribonucleasBiochem Biophys
Res Commuré7, 110-118.

Richards, F.M. and Wyckoff, HW. (1971) “The enzygh€ed. Boyer, P.D.}4, 647-806.

Roth, J.S. and Juster, H. (1972) On the absencéhafuclease inhibitor in rat liver nuclei.
Biochim Biophys Act&87, 474-476.

Rushizky,. G. W., Knight, C.A. and Sober, H.A. (19&tudies on the preferential specificity of
pancreatic ribonuclease as deduced from partiaistsg) Biol Chem236, 2732-2737.

Rybak, S.M., Saxena, S.K., Ackerman, E.J. and YoRleJ. (1991) Cytotoxic potential of
ribonuclease and ribonuclease hybrid protelr8iol Chem?266, 21202-21207.

Rybak, S.M. and Newton, D.L. (1999) Natural and ieegred cytotoxic ribonucleases: the
therapeutic potentiaExp Cell Res253 325-335.

Sakakibara, F., Kawauchi, H., Takayanagi, G. aed ks (1979) Egg lectin dRana japonica
and its receptor glycoprotein of Ehrlich tumor se@ancer Res39, 1347-1352.

Saxena, S.K., Gravell, M., Wu, Y.N., Mikulski, S,Mshogen, K., Ardelt, W. and Youle, R.J.
(1996) Inhibition of HIV-1 production and selectidegradation of viral RNA by an amphibian
ribonucleasel Biol Chem271, 20783-20788.

Saxena, S.K., Rybak, S.M., Winkler, G., Meade, HMcGray, P., Youle, R.J. and Ackerman,

E.J. (1991) Comparision of RNases and toxins upgeciion into Xenopus oocyted. Biol
Chem 266, 21208-21214.

169



Bibliografia

Saxena, S.K., Sirdeshmukh, R., Ardelt, W., MikulskiM., Shogen, K. and Youle, R.J. (2002)
Entry into cells and selective degradation of tRN#sa cytotoxic member of the RNase A
family. J Biol Chem277, 15142-15146.

Schein, C.H. (1997) From housekeeper to microsurgebe diagnostic and therapeutic

potential of ribonucleaseBlat Biotechnql15, 529-536.

Schmitz, A., Herrgen,H., Winkeler, A. and Herzog, (2000) Cholera toxin is exported from
microsomes by the Sec61p compléxXell Biol 148 1203-1212.

Sica, F., Di Fiore, A., Merlino, A. and Mazzarella,(2004) Structure and stability of the non-
covalent swapped dimmer of bovine seminal riboraggel Biol Chem279, 36753-36760.

Sierakowska, H and Shugar, D. (1977) Mammaliareaalygtic enzymesProc Nucleic Acid
Res Mol Biol 20, 59-130.

Sorentino, S. (1998) Human extracellular ribonusdsa multiplicity, molecular diversity and
catalytic properties of the major RNase typgesll Mol Lifie Scj 54, 785-794.

Sorrentino, S., Naddeo, M., Russo, A. and D’Ales&0(2003) Degradation of double-stranded
RNA by human pancreatic ribonuclease: crucial aflaoncatalytic basic amino acid residues.
Biochemistry42, 10182-10190.

Sorrentino, S. and Libonati, M. (1994) Human paaticetype and nonpancreatic-type
ribonucleases: a direct side-by-side comparisornhefr catalytic propertiesArch Biochem
Biophys 312 340-348.

Sorrentino, S. and Libonati, M. (1997) Structuradiion relationships in human ribonucleases:

main distinctive features of the major RNase typ&BS Lett404, 1-5.

Soucek, J., Pouckova, P., Matousek, J., Stockb&uemostal, J. and Zadinova, M. (1996)

Antitumor action of bovine seminal ribonucleaSeoplasma43, 335-340.
Suzuki, M., Saxena, S.K., Boix, E., Prill, R.J.,sdadani, V.M., Ladner, J.E., Sung, C. and

Youle, R.J. (1999) Engineering receptor-mediatetbtoxicity into human ribonucleases by
steric blockade of inhibitor interactioNat Biotechnqll7, 265-270.

170



Bibliografia

Tamburrini, M., Scala, G., Verde, C., Ruoco, M.Rarente, A., Venuta, S. and D’Alessio, G.
(1990) Immunosupressive activity of bovine semifRdllase on T-cell poliferationEur J
Biochem 190 145-148.

Taniguchi, T. and Libonati, M. (1974) Action of abuclease BS-1 on a DNA-RNA hybrid.
Biochem Biophys Res Comm&8, 280-286.

Tarnowski, G.S., Kassel, R.L., Mountain, I.M., Btharn, P., Wilson, G. and Wang, D. (1976)
Comparison fo antitumor activities of pancreatiooriucleases and its cross-linked dimmer.
Cancer Res36, 4074-4078.

Thompson, J.E., Venegas, F.D. and Raines, R.T.4j1%nergetics of catalysis by
ribonucleases: fate of the 2’,3'-cyclic phophodéesnhtermediateBiochemistry33, 7408-7414.

Tubert, Pere (2005) Treball de Recerca. Incorpérde seqtiéncies NLS (d'import nuclear)

amb la finalitat de dotar de citotoxicitat a laaiucleasa pancreatica humana (HP-RNasa).

Usher, D.A, Richardson, D.l., Jr. and Eckstein, F. (1970apdMe stereochemistry of the
second step of ribonuclease actiNature 228 663-665.

Usher, D.A, Richardson, D.I., Jr. and Oakenfull, D.G. (1978t)dels of ribonuclease action.
Il. Specific acid, specific base, and neutral patysvfor hydrolysis of a nucleotide diester
analog.J Am Chem S0®2, 4699-4712.

Vasandani, V.M., Wu, Y.N., Mikulski, S.M., Youle,.R and Sung, C. (1996; )Molecular
determinants in the plasma clearance and tisstribdison of ribonucleases of the ribonuclease
A superfamily.Cancer Res56, 4180-4186.

Vasandani, V.M.,Burris, J.A. and Sung, C. (1999yé&sible nephrotoxicity of onconase and
effect of lysine pH on renal onconase uptd&ancer Chemother Pharmacdy, 164-169.

Vescia, S., Tramontano, D., Augusti-Tocco, G. ardlé&ssio, G. (1980) In vitro studies on
selective inhibition of tumor cell growth by semimé&onucleaseCancer Res40, 3740-3744.

Vicentini, A.M., Kieffer, B., Mathies, R., Meyhack3., Hemmings, B.A., Stone, S.R. and

Hofsteenge, J. (1990) Protein chemical and kineliaracterization of recombinant porcine

ribonuclease inhibitor expressedSaccharomyces cerevisidiochemistry29, 8827-8834.

171



Bibliografia

Witzel, H. and Barnard, E.A (1962a) Mechanism aimdling sites in the ribonuclease reaction

l. Kinetic studies on the second step of the reactBiochem Biphys Res Commin289-294.

Witzel, H. and Barnard, E.A (1962b) Mechanism aimdling sites in the ribonuclease reaction

Il. Kinetic studies on the first step of the reanti Biochem Biphys Res Commin295-299.

Wlodawer, A. and Sjolin,L. (1983) Structure of nuxlease A: results of joint neutron and X-
ray refinement at 2.0-A resolutioBiochemistry22, 2720-2728.

Wu, Y., Mikulski, S.M., Ardelt, W., Rybak, S.M. antfoule, R.J. (1993) A cytotoxic
ribonuclease. Study of the mechanism of onconasetaxicity. J Biol Chem 270, 17476-
17481.

Wu, Y., Saxena, S.K., Ardelt, W., Gadina, M., Migkil, S.M., De Lorenzo, C., D’Alessio, G.
and Youle, R.J. (1995) A study of the intracellutauting of cytotoxic ribonucleaseg. Biol
Chem 270, 17476-17481.

Yan, Y., Winograd, E., Viel, A., Cronin, T., Harois, S.C. and Branton, D. (1993) Crystal
structure of the repetitive segments of spec8mence262, 2027-2030.

Youle, R.J., Wu, Y.N., Mikulski, S.M., Shogen, Kamilton, R.S. Newton, D., D’Alessio, G.
and Gravel, M. (1994) RNase inhibition of human iamodeficiency virus infection of H9
cells.Proc Natl Acad Sci USA1, 6012-6016.

Youle, R.J. and D’Alessio, G. (199Antitumor RNases in “Ribonucleases: Structures and

Functions”. Academic Press, Nova York.

Zhang, J., dyer, K.D. and Rosenberg, H.F. (2002p$8\8, a novel RNase A superfamily
ribonuclease expressed uniquely in placetaleic Acids ReS80, 1169-1175.

Zhou, H.M. and Strydom, D.J. (1993) The amino asmduence of human ribonuclease 4, a

highly conserved ribonuclease that cleaves spatiifion the 3’ side of uridindeur J Biochem
217, 401-410.

172



Apendix






Apéndix

Analisis de la capacitat citotoxica de PMS8E103C

1. Analisis de la interaccié amb I'inhibidor proteic de ribonucleases.

Tal com s’ha esmentat a la introduccié d’'aquesta ten dels factors que contribueixen a la
capacitat citotoxica de certes RNases citotoxigo@s, la onconasa i la BS-RNasa és I'habilitat
per escapar I'RI (Lelandt al, 1998; Haigiset al, 2002; Haigiset al, 2003; Matousek et al.,
2003; Lee and Raines, 2005). En el cas de la BSsRNaquesta homés presenta activitat
citotoxica quan es troba en forma dimérica perr@atevi de dominis i es creu que aquesta
estructura quaternaria produeix un impediment iesfger la unié del RI. Era doncs, molt
interessant assajar la interaccio del dimer de PMIBE amb I'RI per tal d’avaluar les seves
possibilitats com a agent citotoxic. Es va descataajar la citotoxicitat del dimer de PM8 ja
que la forma dimerica presentava una estabilitdt mferior (veure capitol 3). Previament, en
el grup s’havia realitzat un modelat molecular denteraccié del dimer de PM8 amb I'RI
(Canalset al, 2001). Aquest model indicava que un cop una nuded’'RI| interaccionava amb
una de les dues subunitats del dimer, no era pedailnteraccié d’'una segona molécula amb
I'altra subunitat per impediment estéric, deixartessible al substrat un dels centres catalitics.
Per tal de valorar la capacitat d’escapament ad®la forma dimérica de PM8E103C es va
procedir a la realitzacié d'un assaig d’escapanannhibidor en gel d’agarosa. En aquest
assaig qualitatiu de la formacié del complex RNRbas'analitza electroforeticament la
degradaci6 dels rRNA 16S i 23SEd'Coli per part de cadascuna de les proteines recombinant
incubades amb diferents concentracions d’inhibid@om a control negatiu s'utilitza la HP-
RNasa que no escapa al inhibidor, mentre que coomi@ol positiu es va utilitzar I'onconasa.

Els resultats obtinguts de I'analisi d’escapametiRa es presenten a la Figura 5.1.A on
s'observa que lI'onconasa és capac de degradaNél tét en preséncia com en abséncia de Rl
i, per altra banda, que la HP-RNasa només degrB#i&A ren absencia de RI. Tal com
s'esperava, la forma monomerica de PM8E103C tarapoapa a I'RI. Per altra banda, aquest
assaig sembla indicar que el dimer de PM8E103C danés capa¢ d'evadir I'accié del RI.
Aquest fet, es podria explicar perque la concertrde DTT inclosa a I'assaig (10 mM),
necessaria per a poder mantenir I'estructura débishor activa, fos suficient per reduir el pont
disulfur que estabilitza I'estructura dimérica deIgE103C. Per aix0, es va repetir I'assaig
sense afegir DTT en el tamp6 de reaccid, tot icpre que la solucié estoc de Rl conté 8 mM
de DTT, la reacci6 es realitza a una concentragi6.d mM de DTT. Tal i com es pot observar
a la Figura 5.1.B, no hi havia diferéncies en @hportament de cap enzim a aquesta nova

concentracié de DTT.
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A . Monomer Dimer
Substrat Onc HP-RNasa PMBE103C PMSE103C

Unitats RI (0] 0 40 0 40 0O 8 20 40 8 20 40

B Monomer Dimer
Substrat O HP-RN.
i s g PMSE103C PM8SE103C
Unitats RI 0 0 40 0 40 0 8 20 40 0 8 20 40

Figura 5.1.: Assaig d’escapament a I'Rl de diferents RNases esepota de 10 mM (A) i 0,4 mM (B) de DTT. La
inhibicié per part del Rl es va determinar quahf@tnent seguint unl protocol descrit préviament (Rcetcal., 2004).
S’incubaren 15 ng de RNasa en tamp6 Hepes 20 mMlesntoncentracions de Rl indicades a la figura (umigat
es defineix com la quantitat de Rl necessaria pabiinal 50% 5ng de RNasa A), en un volum total @euR
Després d'incubar 10 min a 25 °C, es va afegir lsétsat de I'enzim a cada tub, i es va incubar 19 més a 25 °C.
Finalment, la reacci6 es va aturar afegint tamméarssa 40% (p/v), 0.2% dietilpolicarbonat, 0.25%)blau de
bromofenol. La degradacio del substrat es va \ilgaalen un gel d’agarosa a 1,5% en el que s'indwia mostra de

substrat no degradat. El substrat degradat preaeatenobilitat electroforética superior.

S’ha descrit que la introduccié de dues Cys gdsicido 89 de la HP-RNasa, permeti la
formacié d’'una estructura dimérica pero que lagme® de 5 mM de DTT per a la realitzacié
de l'assaig d’escapament al RI trenca aquestactsteu (Suzukiet al, 1999). Per tal de
comprovar aquesta hipotesis, es va determinarrparatografia de gel-filtracié la preséncia de
la forma monomérica quan s’incubava DPM8E103C dut@mminuts en tamp6 Hepes 20 mM
en presencia i abséncia de DTT 0,4 mM. Tal i conpasobservar a la Figura 5.2, aquesta
concentracié de DTT era suficient com per produiissociacié completa de la forma dimérica
de PM8E103C.
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Figura 5.2: Caracteritzacié cromatografica del dimer de PM&EL@n absencia (A) i presencia (B) de DTT. Es
mostren els perfils cromatografics de la variamhética de ribonucleasa pancreatica humana PMSEHIBG&
columna gel filtraci6 G75 HR10/30. Els pics corresgnats a la forma dimérica i monomérica s’assenyateh D i

M respectivament.

2. Propietats citotoxiques en cultius cel-lulars.

Malgrat de no ser capa¢ d’escapavitro a I'accié de l'inhibidor a aquestes concentracions
de DTT, es va voler comprovar si aquesta RNasartim@resentava activitat citotoxica. Per
aix0, es van realitzar assajos de citotoxicitatresda linia cel-lular HeLa (carcinoma cérvix).
Aquesta capacitat es va mesurar aplicant concémisacreixents de cada una de les proteines
sobre la linia cel-lular i mesurant la sintesiggioa amb la incorporacié d&-metionina.

A la Figura5.3 es representen les corbes dosi-resposta de I'detidimer de PM8E103C.
Com a control positiu es va utilitzar 'onconasa pela qual es va obtenir un valor dedC
(definit com la concentracié de RNasa que proveareduccié del 50% del valor de la sintesis
proteica) de 0,3 uM. Aquest valor és del mateixek magnitud que els descrits préviament
(Boschet al, 2004). Tal i com es pot observar, la variantétioa no va presentar una activitat
citotoxica significativa (veure Figura.3). Aquests resultats poden ser deguts a qué lentor
citosolic on les RNases exerceixen la seva actidogica, presenta un caracter reductor que

podria induir la dissociacio del dimer i per tanthenomer generat podria ser capturat per I'RI.

177



Apéndix

120

100 +

80

60 -

% sintseis proteica

40 -

20 A

0 T T T T
le-9 le-8 le-7 le-6 le-5 le-4

RNasa (M)

Figura 5.3.: Citotoxicitat de la variant dimerica de PM8E103C i de I'onconasaRepresentacid del percentatge de
sintesi proteica en cél-lules Heles van fer créixer les cél-lules en medi DMEM sopaptades amb 10% de FCS,
50 U/ml de penicil-lina i 50 U/ml d’estreptomicinBer a I'assaig de citotoxicitat, s'utilitzaren B56¢l-lules en
plaques de 96 pous i després de 96 hores d'indulzmb la RNasas (DPM8E103C, o Onc) s'adicion&®S-
metionina (500.000 c.p.m./pou) durant 24 hores ra&slisaren les cél-lules en amb NaOH i es prexipit les
proteines amb TCA al 15%. Les proteines foren lidesl en filtres de fibra de vidre, rentades amtATaL 5% i
resuspeses en liquid d'escintil-lacid per tal de comtades al contador corresponent. Com a congghtiu,
s'utilitzaren les mateixes cél-lules tractades aoitdoheximidia 1mM (Bosclet al,2004). Els resultats per a cada

experiment individual sén la mitjana de quatre deieacions.
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