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Presentaci(’)

En estructura de la tesi doctoral que teniu a les mans, els tres capitols que composen
I’apartat de resultats i discussio segueixen el format d’articles cientifics. Tots ells s ’han
enviat a revistes d’ambit internacional trobant-se en procés de revisio. En aquesta
memoria s ha respectat l’estructura i el llenguatge original dels articles, per facilitar la
seva lectura per part dels avaluadors i membres del tribunal, que pertanyen a centres
de recerca d’altres estats europeus diferents de la nacio on es presenta aquesta tesi
(d’acord amb la normativa vigent per a la obtencio del doctorat europeu). No obstant,
al final de la present tesi s ’adjunta un annex de material i metodes que no pretén altra
cosa que recopilar i traduir aquella metodologia més especifica que ha estat utilitzada
al llarg de tot el treball.

In the structure of this thesis, the chapters that constitute the results and discussion
section follow the scientific articles format. All of them have been submitted to
international scientific journals, being all under revision at the moment. In this memory
the original structure and languages of the articles have been respected, in order to
facilitate its comprehension by the evaluators and members of the jury, who belong to
research centres of countries different from the nation where this thesis is presented
(according to the present regulation for the European PhD degree acquisition).
Nevertheless, at the end of this thesis it has been enclosed a material and methods
chapter with the purpose of compiling and translating the most specific methodology
used throughout this work.

il
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RC suIm

Utilitzant temperatura i pressi6 com a agents desnaturalitzants s’ha explorat la
contribucio a I’estabilitat de diferents residus del principal nucli hidrofobic de la RNasa
A, essent els més critics per a la estabilitat: V54, V57, 1106 1 V108. Aquests
experiments han mostrat que les diferéncies en 1’estabilitat poden ser atribuides tant a
les interaccions hidrofobiques com a la densitat d’empaquetament, amb magnituds
energetiques equivalents. L’estudi de diferents variants de la RNasa A, suggereix que el
principal nucli hidrofobic d’aquest enzim, esta fortament empaquetat i ha revelat
I’existeéncia de reordenacions en l’interior de la proteina, fins i tot després de delecions

drastiques.

La técnica de salts de pressio i el metode dels valors @, han permes estudiar el
paper de les interaccions hidrofobiques establertes pels residus que pertanyen al
principal nucli hidrofobic de la RNasa A en el seu estat de transici6 induit per pressio.
La mitjana dels valors de @ ha estat de 0.43, la qual cosa situa 1’estat de transici6 a mig
cami entre I’estat plegat i el desplegat. Des del punt de vista de les interaccions
formades, 1’estructura de 1’estat de transicio €és una forma relativament i uniformement
expandida de I’estructura plegada. Per altra banda, la mitjana dels valors de Bp ¢s de 0,4,
la qual cosa significa que I’estat de transicio és en un 40% igual a I’estat plegat, des del
punt de vista de la compactacio. En conjunt, aquests resultats suggereixen que 1’estat de
transicio induit per pressio de la RNasa A, s’assemblaria a un globul col-lapsat amb una

cadena polipeptidica estructurada perd amb un debilitat nucli hidrofobic.

S’ha explorat també, el paisatge energetic del plegament/desplegament proteic
de la variant Y115W de la RNasa A, mitjancant cinétiques de relaxaci6 induides per
salts de pressio. S’ha comparat el comportament de la proteina a diferents temperatures,
mostrant en tots els casos cinetiques mono-exponencials en el procés de replegament.
Per contra, les cinetiques de desplegament han presentat perfils bifasics a pressions
baixes (per sota de P;;) i monofasics a pressions altes, excepte a 50°C on totes les
cinétiques s’han mostrat monofasiques. L’analisi del volum d’activacio6 de la fase rapida
suggereix un canvi estructural de I’estat de transicid del desplegament dependent de la
temperatura. Aquest estat de transicid sembla interaccionar fortament amb la capa

d’hidratacio d’aquest estat, tal i com indiquen els resultats en preséncia de glicerol.
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Aquest estudi constitueix la primera evidencia, detallada cineticament, d’un

paisatge energétic complexe del plegament proteic en funci6 de la temperatura i pressio.
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Summary

Using temperature and pressure as denaturants we have explored the contributions to
stability of the hydrophobic core residues of RNase A with the positions most critical
for stability being V54, V57, 1106 and V108. It is also shown that the stability
differences can be attributed to both hydrophobic interactions and packing density with
an equivalent energetic magnitude. These results are consistent with an exquisite tight
core packing and the existence of rearrangements in the protein interior even after

drastic deleterious substitutions.

The role of hydrophobic interactions established by the residues that belong to
the main hydrophobic core of RNase A in its pressure-folding transition state, was
investigated using the ®-value method. The folding kinetics was studied using pressure-
jump techniques both in the pressurization and depressurization directions. The
structure of the transition state of the hydrophobic core of RNase A, from the point of
view of formed interactions, is a relatively, uniformly expanded form of the folded
structure with a mean @y -value of 0.43. This places it half way between the folded and
unfolded states. On the other hand, for the variants, the average of Pp-values is 0.4,
suggesting a transition state that is 40% native-like. Altogether the results suggest that
the pressure-folding transition state of RNase A, looks like a collapsed globule with

some secondary structure and a weakened hydrophobic core.

Pressure-jump induced relaxation kinetics was used to explore the energy
landscape of protein folding/unfolding of Y115W variant of RNase A. Whereas
downward p-jumps resulted always in single exponential kinetics, the kinetics induced
by upward p-jumps was biphasic in the low pressure range (below P;;) and monophasic
at higher pressures. At 50 °C, only one phase was observable. Analysis of the activation
volume of the fast phase suggests a temperature dependent structural shift of the
unfolding transition state. The latter appears to interact strongly with the hydration
shell, as indicated by results in the presence of glycerol. The present report gives first
detailed kinetic evidence of a temperature and pressure dependent complex protein

folding energy landscape.
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Introduccid

1. El plegament proteic

Les proteines son les macromolécules encarregades de portar a terme les diferents
funcions bioldgiques codificades en els gens, per tant sén unes de les macromolecules
més importants per a la vida. Existeixen diferents funcions associades a les proteines,
com son el moviment, la sintesi 1 degradacio de diferents materials, multiples funcions
reguladores, participacio en la replicacié6 de I’ADN per promoure la divisio cel-lular,

etc....

Existeix una relaci6 directa entre la funcié de les proteines i la seva estructura o
forma. Si es conegués I’estructura de totes les proteines es veuria que existeixen
diferéncies molt importants en quan a la seva forma, caracteristica que els permet
realitzar la funci6 per a la qual estan dissenyades. De fet, el nom de proteina prové del
mot grec proteus, deu grec que adoptava multiples formes; a ’any 1830, G.J.Muder va
escriure en la revista Journal fiir Praktische Chemie «...la substancia organica que esta
present en tots els constituents del cos animal, i que es trobara aviat en el regne vegetal,

podria ser denominat “proteina”... del grec proteus, per ser un constituent primari...».
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Les proteines presents en un organisme viu es fabriquen mitjancant la uni6
d’aminoacids en una cadena lineal, que constitueix el que s’anomena cadena
polipeptidica. L’ordre d’aquests aminoacids en la seqiiéncia ve definit per I’ordre de
nucleotids que conté un gen determinat en les cadenes d’ADN. Els mecanismes pels
quals aquesta cadena polipeptidica assoleix la seva estructura tridimensional 1 funcional,

ha intrigat als cientifics durant moltes décades, és el que s’anomena plegament proteic.

A comencaments del segle XX, €época on es desconeixia tot sobre la seqiiéncia o
I’estructura tridimensional de les proteines, i en el qual, fins i tot alguns cientifics no
consideraven les proteines com a molécules reals, Wu [1] va analitzar-ne el procés de
desplegament 1 la recuperacid de I’estat natiu. Als anys 30, moltes publicacions ja
mostraven la reversibilitat del procés de desplegament, destacant el concepte de que el
procés de plegament era un procés espontani. Als anys 50, autors com Linderstrom-
Lang, Lumry, Klotz i Kauzmann entre d’altres, subratllaven la importancia de les
interaccions no covalents en ’estabilitat de les proteines. E1 1959 va sorgir un concepte
important quan Kauzmann, va suggerir que I’efecte hidrofobic era la for¢a conductora

que dirigia el procés de plegament proteic [2].

A principis del 1960, la determinaci6é de 1’estructura de proteines mitjancant la
cristal-lografia i difraccio de Raigs X (als 80 s’hi va unir I’espectroscopia de ressonancia
magneética nuclear, NMR) proporcionava una nova base per a I’analisi estructural i per a
I’estudi del procés de plegament. Als anys 70, Anfisen va tenir exit amb els seus intents
d’aconseguir un enzim completament actiu després de replegar la Ribonucleasa de
pancrees bovi o Ribonucleasa A completament desplegada i reduida. Aquest triomf es
va traduir en el seu famos postulat, on deia que el plegament d’una proteina esta
determinat en la seva seqiiéncia primaria. Es va proposar també, que aquests mateixos
mecanismes eren els que estaven involucrats en el plegament “in vivo”. A partir
d’aquest moment 1 gracies al nombre creixent de treballs sobre el plegament proteic 1
també al progrés en els plantejaments 1 en la instrumentacié experimental, s’ha

aprofundit enormement en el coneixement del cami de plegament proteic.

El nombre creixent d’estructures tridimensionals en el Brookhaven PDB (35026
al febrer del 2006) ha mostrat que el nombre de plegaments ¢és relativament petit, amb
I’existencia de 32 arquitectures diferents dels dominis de plegament [3] . El 1987, el
descobriment de les xaperones moleculars va provocar un nou debat sobre el procés de

plegament. No obstant, I’evidéncia generada al llarg del anys corrobora I’anomenat
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postulat d’Anfinsen [4], fins 1 tot pel plegament in vivo el qual es troba assistit per
xaperones moleculars. La qiiestio fonamental continua essent com la seqiiencia codifica
per al plegament d’una proteina. Diversos models han estat proposats al llarg dels anys
per tal de descriure el mecanisme de plegament. El desenvolupament d’estudis tedrics
des de finals dels anys 70 va proporcionar noves perspectives per aquest problema.
Amb la convergeéncia d’estudis teorics 1 experimentals, als anys 90 va emergir
progressivament una visio unificada del plegament proteic, la qual es va anomenar “new

view” i que actualment podriem anomenar “present view”.

El plegament proteic €s un tema d’un gran interés intel-lectual ja que completa la
transferéncia d’informacié de ADN al producte, ¢és a dir, a la proteina activa; representa
la Gltima part del missatge genétic en diferents sentits; en un sentit, representa el primer
pas de la morfogenesi. Tal i com va descriure Jaques Monod “Dans le processus de
structuration d’une protéine globulaire, on peut voir a la fois I’image microscopique et
la source de développement epigenetique de I’organisme lui-méme” [5]. A més a més,
els principis fonamentals del plegament proteic tenen aplicacions practiques en la
comprensio de diferents processos cel-lulars, diferents patologies, en 1’explotacio dels
avencos obtinguts a partir de la genomica i en el disseny de noves proteines amb

funcions especials.

Per altra banda, els desenvolupaments espectaculars en biologia molecular han
proporcionat accés a milers de seqiiéncies genomiques incloent el genoma huma, fent
més urgent la solucio del problema del plegament proteic. Ha proporcionat estimuls
reals per la recerca en la prediccid d’estructures. El procés de replegament €s crucial en
la producci6 industrial de proteines recombinants. El disseny de noves proteines també
requereix el coneixement del mecanisme de plegament. I ara sabem que diverses
patologies resulten de 1’agregacio o del plegament incorrecte de proteines. Per tant,
entendre els mecanismes del plegament proteic representa un dels reptes més importants
de la biologia avui en dia. Aquest camp extremadament actiu de la recerca, involucra

tant aspectes biologics, com quimics, bioquimics, fisics i fins i tot bioinformatics.

1.1. El postulat d’Anfinsen i la paradoxa de Levinthal

L’exit remarcable d’Anfinsen amb el seu experiment sobre el replegament de la

Ribonucleasa A in vitro recuperant l’activitat completa de 1’enzim, va marcar el
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comengament d’una intensa recerca sobre el plegament proteic. La seva conclusio va ser
concisa “All the information necessary to achieve the native conformation of a protein
in a given environment is contained in its amino acid sequence”[4]. El corol-lari
d’aquest postulat és el control termodinamic del plegament proteic, el que significa que

la conformacié nativa representa un minim de 1’energia lliure de Gibbs.

Aquest postulat va ser discutit per Levinthal basant-se en els temps relativament
curts requerits per al plegament proteic tant in vitro com in vivo, els quals son de I’ordre
de segons o minuts [6]. De fet, per a una proteina composta per una cadena
polipeptidica d’uns 100 aminoacids, i assumint que cada aminoacid té només dues
possibles conformacions, existeixen al voltant de 10°° possibles conformacions de la
cadena. Si s’assumeix que es necessiten només 107" segons per passar d’una
conformacié a I’altra, aleshores el temps requerit per una cerca a I’atzar de totes les
conformacions seria de 10'' anys. Aquesta situacio ha estat anomenada la paradoxa de
Levinthal 1 ha dominat les discussions en les ultimes tres deécades, proporcionant
diferents models pel plegament proteic. S’han proposat diferents mecanismes per
solucionar la paradoxa de Levinthal. Pel mateix Levinthal i després per Wetlaufer [7], el
plegament proteic estaria sota un control cinétic en lloc d’un control termodinamic. Es a
dir, I’estructura d’una proteina biologicament activa correspondria a una conformacid

de minima energia assolible cineticament.

1.2. Les vies del plegament proteic

1.2.1. Models classics del plegament proteic

Com a conseqiiéncia del temps, que suposa la cerca a 1’atzar de la conformacio
nativa, la concepcié del plegament proteic va encaminar-se a la definici6 de vies de
plegament que fessin compatibles els models amb els temps de plegament reals de les
proteines. Aixi, s’han proposat diferents models sorgits tant de consideracions teoriques.

[8-12], de simulacions [13-18], com d’observacions experimentals [19-21].

El model classic de nucleacio-propagacio, el qual s’aplica a transicions cabdell-
helix [22, 23], implica un pas de nucleacié seguit per una rapida propagacioé on el pas
limitant seria el procés de nucleacio. Aquest model va ser proposat inicialment per
explicar els resultats cinetics del replegament obtinguts per a la Ribonucleasa A. Encara

que es consideri la cooperativitat del procés, el model es va abandonar després d’obtenir
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nous resultats experimentals [24]. Més recentment Fersht va proposar el model de
nucleacio-condensacio [25]. Aquest model proposava la formacié d’un nucli local débil

estabilitzat per interaccions de llarg abast.

Durant molts anys es va acceptar un model jerarquic i seqiiencial de plegament
proteic el qual va ser defensat per diversos autors [21, 25]. D’acord amb aquest model,
el primer esdeveniment, la nucleacio, és seguida per una rapida formaci6 d’estructures
secundaries les quals s’associen per generar estructures supersecundaries, els dominis i
finalment la proteina activa, seguint una Unica ruta. Igualment el model “framework”
implica que les estructures secundaries es formen en una pas inicial del procés de
plegament abans que les estructures terciaries tinguin lloc. Aquest model emfatitza el

paper de les interaccions de curt abast en el direccionament del plegament proteic [26].

Tenint en compte les estructures tridimensionals de les proteines, es va proposar
un model modular. Els dominis consisteixen en subestructures compactes dins de
molecules proteiques més llargues de 15 o 20 kDa. Els dominis han estat considerats
com unitats de plegament capaces de plegar-se independentment, els quals s’agrupen
per donar lloc a la proteina nativa [27, 28]. Es va suggerir que no només els dominis
sind també els sub-dominis es poden considerar com a unitats de plegament [29, 30]. El

model modular també accepta un Uinic cami jerarquic de plegament.

El model de difusio-colisio va ser desenvolupat a I’any 1976 per Karplus 1
Weaver [8] i revisat el 1994 [9] amb I’ajuda de dades experimentals més recents.
Assumeix que la nucleaci6 ocorre simultaniament en diverses parts de la cadena
polipeptidica generant microestructures que difonen, associades i cohesionades, per
formar subestructures amb una conformacio nativa. Aquestes microestructures tenen un
temps de vida controlat per una difusi6 de segments, per tant el plegament d’una cadena
aminoacidica de 100 o 200 aminoacids pot dur-se a terme en un temps realment petit
(menys d’un segon). D’acord amb aquest model, el plegament ocorre a través de

diversos passos de difusio-colisio.

El model de collapse hidrofobic considera que el primer esdeveniment del
plegament proteic consisteix en un col-lapse que ocorre via interaccions de llarg abast,
després o en el mateix moment que la formacid de les estructures secundaries [31].

Aquest model va ser proposat per Kauzmann i inspirat en I’efecte hidrofobic.
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El model de puzle, va ser introduit per Harrison 1 Durbin al 1985 [32]. Els autors
proposen I’existéncia de multiples camins del plegament proteic, com en el muntatge
d’un puzle en el qual existeixen multiples rutes per aconseguir una unica solucid final.
D’acord amb aquest model, la identificacid d’intermediaris representa una descripciod
cin¢tica més que una d’estructural, cada intermediari consisteix en un conjunt
d’espécies heterogenies en rapid equilibri. Aquest model presenta algunes similituds
amb el proposat per Karplus i Weaver. No obstant aquest model ha estat objecte de

controversia en els Ultims anys.

1.2.2. Deteccid i caracteritzacio d’intermediaris del plegament proteic

El procés de desplegament/replegament sota condicions d’equilibri sovint s’ha
descrit com un procés en dos estats, el qual presenta transicions molt cooperatives.
L’aproximacid en dos estats €s acceptada sovint per proteines petites; els intermediaris
son generalment inestables 1 pobrament poblats a 1’equilibri. Quan el procés de
plegament segueix una aproximacid en dos estats, el canvi d’energia lliure de
desplegament, AG, pot ser determinat facilment. Aquest valor oscil'la entre 5 1 15
kcal/mol per a la majoria de proteines, indicant una estabilitat relativament baixa [33-

35], sobretot quan es compara amb 1’energia d’algunes interaccions febles.

Els intents per resoldre la paradoxa de Levinthal han estimulat molts estudis
cinetics. Aquestes investigacions han demostrat 1’existencia d’intermediaris en els
camins de plegament, fins i tot quan I’aproximacié en dos estats descriu el procés
global. Freqiientment, per moltes proteines, s’han observat cinetiques monofasiques de
desplegament i cinétiques polifasiques de replegament. La caracteritzacid estructural
d’intermediaris és un prerequisit per solucionar el problema del plegament. No obstant,
hi ha dos grans impediments per a caracteritzar aquestes especies; 1’alta cooperativitat i
la rapidesa del procés. Com que les espécies d’intermediaris tenen generalment un
temps de vida molt curt, I’analisi de les seves propietats estructurals esdevé complex.
Tot 1 aquestes dificultats inherents, s’han esmercat molts esforgos per caracteritzar
aquestes especies transitories. Els avencos tecnologics han permes caracteritzar
estructuralment alguns d’aquests intermediaris. A més a més, per algunes proteines,
s’han acumulat intermediaris transitoris de plegament utilitzant pH baixos, enginyeria

de proteines, o treballant amb fragments de proteines incapagos de completar el procés
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de plegament, fent possible la seva caracteritzaci6. Més recentment, metodes de
cinetiques que arriben a detectar processos que tenen lloc en ’escala de submillisegons
han millorat el temps de resolucié dels estudis cinétics, permetent la deteccid

d’esdeveniments en les etapes inicials del plegament.

L’enginyeria de proteines també s’ha utilitzat eficientment per estabilitzar
intermediaris o per explorar regions particulars, i tamb¢ per analitzar 1’estat de transicio
durant el procés de plegament [36-38]. Un altre enfoc utilitzat freqiientment és 1’estudi
de fragments de proteines [39, 40]. S ha vist que per a diferents proteines s’acumulaven
especies transitories de plegament a pH baixos, particularment per la a-lactalbumina,

permetent 1’estudi de les seves propietats estructurals [41].

Ohgushi 1 Wada [42] van classificar especies de “molten globule”. Ptitsyn i
col-laboradors [43] van suggerir que el “molten globule” és un intermediari general en
els camins de plegament de proteines. Com que en la literatura el terme “molten
globule” era una mica confos, Goldberg i col-laboradors van introduir el terme “specific
molten globule” amb una definicio precisa [44]: el “molten globule” o “globul fos” és
un intermediari bastant compacte amb un alt contingut d’estructura secundaria nativa
perd amb una estructura terciaria fluctuant i conté superficies hidrofobiques accessibles
les quals s’uneixen a un colorant hidrofobic com el ANS (anilinonaphtalene sulfonate).
La presencia d’aquest intermediari anomenat “globul fos™ ha estat descrita per diverses

proteines [37, 41, 45, 46].

No obstant, les estructures secundaries observades en els passos inicials del
procés de plegament no son sempre estructures semblants a estructures natives. Per
diverses proteines en els passos inicials del plegament es troben formades estructures

secundaries no-natives [43, 47].

Una especie intermediaria que precedeix el “globul fos” va ser identificada per
Ptitsyn [48] i per Uversky [49, 50]. Aquesta especie €s menys compacte que el “globul
fos”, exhibeix regions hidrofobiques accessibles al solvent i posseeix un contingut
significatiu d’estructura secundaria, perd menor al del “globul fos”. Va ser anomenat
“pre-globul fos” per Jeng i Englander, i la seva preseéncia s’ha observat durant el
replegament en diverses proteines [51-53]. En referéncia al “globul fos” es van publicar
molts treballs durant els anys 90. Les propietats i el paper de ’estat de “globul fos” en

el procés de plegament va ser revisat per Arai i Kuwajima [54]. La rapida formacié
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d’intermediaris transitoris amb un contingut significatiu d’estructura secundaria ha estat
confirmat per un gran nombre d’experiments [53-55]. Tanmateix, aquestes especies

b

transitories apareixen en el temps mort de 1’aparell de “stopped flow” emprat en
I’experiment 1 és possible que la seva formacio estigui precedida per un esdeveniment

previ.

D’acord amb un altre punt de vista, I’esdeveniment primerenc en el plegament
d’una cadena polipeptidica és el col-lapse hidrofobic el qual pot precedir o bé
transcorrer simultaniament a la formacio d’estructura secundaria. Aquests processos
anirien seguits per la reorganitzacié d’un petit nombre d’estats condensats, tal i com va
postular Dill [31]. Aquest punt de vista emfatitza tant 1’efecte hidrofobic, proposat
primer per Kauzman, com el paper de les interaccions de llarg abast en la iniciaci6 del
plegament proteic. Diversos estudis experimentals estan d’acord amb aquest mecanisme
1 s’han caracteritzat per diverses proteines, microestructures residuals durant el procés
de desplegament [38, 56-58]. Aquestes microestructures, podrien estar involucrades en

el procés de plegament com a centres de nucleaci6 hidrofobics.

La caracteritzacié d’esdeveniments que inicien el procés és crucial per resoldre
el mecanisme de plegament proteic. S’han aconseguit avengos técnics recents per
millorar el temps de resolucid en estudis cinétics [59]. Aixi s’han desenvolupat
técniques de barreja en I’escala de submillesegons [60, 61]. S’han descrit també,
tecniques sense barreja com els classics salts de temperatura [62], salts de temperatura
en nanosegons induits per laser infraroig [63], salts de temperatura en picosegons [64],
fotolisis amb laser en nanosegons [65], transferéncia optica d’electrons [66], 1 métodes
de NMR dinamica [67]. Aquestes técniques permeten la deteccid d’esdeveniments molt
rapids que ocorren en una escala de temps més petita que un microsegon. El limit
maxim per la velocitat del plegament proteic s’ha descrit com 1us™ [68] en concordanga

amb estimacions teoriques [69].

A partir d’aquests estudis, sembla que els esdeveniments de fase rapida del
plegament proteic consisteixen en un col-lapse hidrofobic acompanyat per la formacio

d’estructures secundaries, encara que aquest segon aspecte depen de la proteina.

La formaci6 del “globul fos” ocorre despres dels esdeveniments de fase molt
rapida, els quals podrien ser seguits per esdeveniments de velocitats mitjanes que

precedeixen el pas limitant de la velocitat que permet arribar a les proteines natives i
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funcionals. Aquest ultim pas inclou I’ordenament precis dels elements d’estructura
secundaria [70] i1 el correcte empaquetament del nucli hidrofobic [71]. En algunes
proteines, perd no en totes, consisteix en la isomeritzaci6 cis-trans de les prolines [19,
72], la remodelacié dels ponts disulfur [27], el correcte aparellament de dominis en
proteines multidominis 1 1’assemblatge de subunitats en proteines oligomeriques [25,
73]. Per diverses proteines, ’etapa limitant de la velocitat consisteix en un

reordenament d’espécies mal plegades.

1.2.3. La teoria de I’estat de transicié i I’analisi dels valors ®@

La reacci6 de plegament o desplegament d’una proteina, com qualsevol reaccid
quimica, passa per un o més estats de major energia que els estats que immediatament el
precedeixen o segueixen en la reaccio i que es denominen estats de transicid (figura

1.2).

L’existéncia d’un o més estats de transicid ve determinada per la preséncia o no
d’intermediaris de plegament al llarg de la coordenada de reacci6. Aixi doncs per
aquelles proteines que no presenten cap intermediari estable i que per tant la reaccié de
plegament es dona en dos estats, natiu i desplegat, només existira un sol estat de
transicio. A diferéncia dels intermediaris de plegament, que no posseeixen una energia
tant elevada i son conformacions més estables, els estats de transicid séon molt dificils

d’estudiar degut a la seva gran inestabilitat.

En Destat de transici6 part de les interaccions de 1’estat desplegat estan
trencades, mentre que part de les interaccions de 1’estat natiu estan formades. L’estat de
transicié representa 1’etapa limitant del procés i1 la seva formacidé determinara la

velocitat de la reaccio.

Com ja s’ha comentat anteriorment, actualment s’accepta ’estat de transicié no
com a una unica conformacio, sind com a un conjunt de conformacions estructurals i

energéticament semblants.

Un dels métodes experimentals més potents per tal de caracteritzar I’estat de
transicio del plegament proteic, I’inic estat existent entre N (natiu) i D (desplegat) en
una reacci6 de dos estats, és 1’analisi dels valors @, inicialment desenvolupat per Fersht

1 col-laboradors [74]. La importancia crucial de I’analisi dels valors @ és que ens permet
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estudiar les interaccions de les cadenes laterals en ’estat de transicio, les quals poden
ser utilitzades per deduir informaci6 sobre 1’estructura secundaria i terciaria d’aquest

estat de transicio.

L’estratégia per analitzar ’estat de transicid experimentalment és utilitzar les
cinétiques de plegament/desplegament i I’analisi dels valors @ [74-76]. Fins avui ha
estat aplicat amb diferents graus de complexitat a més de dues dotzenes de proteines
[77]. En molts d’aquests estudis, les cinétiques dels processos de
plegament/desplegament es van seguir utilitzant técniques de “stopped-flow”, utilitzant
desnaturalitzants quimics per induir les transicions. En comparaci6, hi ha pocs treballs
en els quals es descriu I’estat de transicio del procés de plegament/desplegament d’una
proteina induit per un agent fisic, com ¢€s la pressio. Amb el desenvolupament de les
tecniques de salts de pressid el nombre d’estudis cinétics de plegament duts a terme ha
anat creixent utilitzant diferents proteines. Alguns estudis han utilitzat només pressio
[78-81], o pressid juntament amb altres agents desnaturalitzants [82], per estudiar les
cinctiques de plegament de la proteina salvatge, incloent la RNasa A [83]. Molts pocs
treballs tracten de la utilitzacid de mutants per estudiar I’estat de transici6 del procés de

plegament induit per disminucid de pressio d’una proteina [84, 85].

El métode dels valors @ es pot explicar de manera senzilla; en primer lloc i
mitjancant mutagenesis dirigida s’elimina la interacci6 a estudiar d’una cadena lateral
amb la resta de residus de la proteina. A continuacié i utilitzant técniques
termodinamiques a 1’equilibri, es calcula I’energia lliure de Gibbs del procés de
desplegament tant per la proteina salvatge com per la proteina mutant. Per altra banda,
mitjancant estudis cinétics es calcula 1’energia lliure d’activacid de la reaccio tant per la
proteina salvatge com per la proteina mutant. Finalment es calcula el valor de @ tal i

com descriu la equaci6 (1)
®¢ = AGrs-pwt - AGT8-Dmut/ AGN-Dmut — AGN-Dwt = AAGTs-p/AAGN-D (1)

D’aquesta manera un valor de @y de 0 significa que I’energia de 1’estat de transicio en la
proteina mutada esta igual d’alterada que en I’estat desplegat. Mentre que un valor de
@¢ (de plegament) de 1 significa que 1’energia de ’estat de transicio en la proteina
mutada esta igual d’alterada que en I’estat natiu. Aixi també, un valor de @¢ de 0
significa que les interaccions existents en 1’estat de transicid en el punt de la mutacid

son iguals a les que estableix aquell residu en I’estat desnaturalitzat, mentre que un
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valor de ®¢ de 1 significa que les interaccions que estableix el residu mutat en 1’estat de

transicio son iguals a les que trobem a I’estat natiu de la proteina (fig 1.1).

Aixi doncs, es podria resumir que, realitzant un nombre suficient de mutacions,
es poden definir quines regions de 1’estat de transicid presenten una estructura nativa i

quines no presenten una estructura nativa formada.

Figura 1.1
A B
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Representacio esquematica de 1’analisi dels valors ®. Es representa el perfil energétic de la reaccid i
esquemes de les diverses conformacions de la proteina durant el plegament. (A) la mutaci6 afecta a una
interaccid present a I’estat natiu N, perd no a I’estat de transicio TS ni a I’estat desnaturalitzat D. (B) La
mutacio afecta a una interaccidé present a N i a TS, pero no a D. S’indica en blau fosc el diagrama
energetic de la proteina salvatge, i en verd clar el diagrama de la proteina mutant.

1.2.4. Els paisatges energetics: La visié actual del plegament proteic

A partir de la gran quantitat d’estudis experimentals sobre plegament proteic,
molts investigadors han acceptat un model seqiiencial del cami de plegament tal i com
es mostra en la figura 1.2. Aquest cami inclou una competicidé cinética entre el
plegament correcte i una reaccid paral-lela la qual genera espécies mal plegades i
eventuals agregats. Més recentment, va sorgir un model unificat de plegament proteic a
partir d’estudis teorics, el qual es basa en la superficie energética efectiva d’una cadena
polipeptidica. Aquest model va ser introduit per Wolynes i col-laboradors [86]. Es va
anomenar ‘“new view” 1 descriu el procés de plegament en termes d’un paisatge
energetic i d’un embut de plegament. El model ha evolucionat durant els ultims anys a

partir tant de resultats experimentals com teorics, a través de la utilitzaci6 de models
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més simplificats. Aquest model descriu el comportament termodinamic 1 cinetic de la
transformacid d’un conjunt de molecules desplegades cap a un estat predominant natiu,
com s’il-lustra esquematicament en la figura 1.3. Aixi doncs, tal com van escriure
Wolynes i col-laboradors “to fold, a protein navigates with remarkable ease through a
complicated landscape” [86]. D’acord amb aquesta visio, el plegament proteic
consisteix en una organitzacid progressiva d’un conjunt d’estructures parcialment
plegades, que sorgeixen a través de diferents rutes [87-89]. Una gran varietat de
mecanismes de plegament sorgeixen a partir del paisatge energeétic depenent dels
parametres energetics i les condicions. Cap al final de I’embut de plegament, el nombre
de conformacions proteiques decreix tant com 1’entropia de la cadena. Aixi mateix, com

més accentuat és el pendent més rapid ¢€s el plegament.

Figura 1.2

Proteina Intermediari Glabul fos Proteina
Desplegada Plegada

Espeéecies
Malplegades

Representacié esquematica del plegament proteic. Entre cada estat existeix el que s’anomena estat de
transicié (%), de major energia que I’estat que immediatament el precedeix. No totes les espécies son
freqiients en un plegament determinat.

El paisatge energétic més simple del plegament proteic s’assembla a un embut
parcialment rugés bidimensional (fig 1.3), on les rugositats locals corresponen a
trampes transitories de la proteina en uns minims d’energia lliure locals. En la figura 1.4
(A) es representa un embut llis idealitzat en tres dimensions; en aquest cas, el procés de

plegament és molt rapid i segueix un comportament en dos estats. Els processos de

14



Introduccid

plegament i desplegament seguirien un mateix cami. En la figura 1.4 (B) es mostra un
paisatge energetic rugds en tres dimensions on les trampes cinétiques sorgeixen de
barreres energetiques previes; aquest paisatge energetic correspondria a un plegament
lent en multiples estats. Quan les barreres locals son prou altes, les molécules proteiques

poden quedar atrapades i, depenent de la naturalesa dels estats, eventualment, agregar.

Figura 1.3
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Representacio esquematica bidimensional d’un embut de plegament en dues dimensions. L’amplada de
I’embut representa 1’entropia, mentre que la profunditat de I’embut, representa I’energia. S’observa la
preséncia dels estats de globul fos i d’intermediaris de plegament. Q és la fraccié de contactes natius
presents a cada conformacio.

Tal com van escriure Dobson i Karplus [90] “An important aspect of the new
view is that it provides a simple way of understanding why the Levinthal paradox is not
a real problem”. El paisatge energétic i I’analogia de I’embut de plegament proporciona
un marc conceptual per entendre diferents escenaris del plegament proteic 1 també pel
plegament incorrecte i 1’agregacid de proteines. Aquesta visi0 és de fet una

racionalitzaci6 del model de puzle [32].

Aixi doncs, aquesta nova visi6 o visid actual ha reemplagat progressivament el
model classic d’un cami de plegament seqiiencial 1 jerarquic i ara és generalment més
acceptat. Fins i tot, Baldwin ho va recon¢ixer al 1994 “ In retrospect, it seems that

Harrison and Durbin may have had the right idea” [91].
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Figura 1.4

Representacio tridimensional de diferents paisatges energétics. En 1’eix vertical es representa 1’energia
lliure, mentre que els eixos horitzontals representen els graus de llibertat de les diferents conformacions.
Cada conformacio possible esta representada en un punt en el paisatge. Dy, D, i D3 representen estats
desplegats de la proteina mentre que N representa I’estat natiu d’aquesta. (A) Representacid d’un paisatge
ideal, per tant poc probable. El paisatge és llis, el plegament és rapid. Els camins de plegament i
desplegament de la proteina seran els mateixos. (B) Representacié d’un embut de plegament abrupte.
Presencia de minims energétics locals poblats per especies intermediaries. Els camins de plegament i
desplegament de la proteina seran diferents. [92]

Resultats experimentals recents son conseqiients amb aquesta visio. Hi ha una
creixent quantitat d’evidéncies mostrant que la cadena polipeptidica estesa inicial, es
plega a través de poblacions heterogénies d’especies intermediaries parcialment
plegades en un equilibri fluctuant. Interpretacions recents d’experiments d’enginyeria de
proteines, donen suport a la idea que ’estat de transicid per la reaccido de plegament

consisteix en una distribucio d’estructures més que en una sola estructura [93].

1.3. La pressio com a eina d’estudi de I’estabilitat i el plegament

proteic

Ara que estem entrant en la era de la genomica estructural, la utilitzacio de la
informacio estructural en la investigacid de la funcionalitat proteica esdevé cada vegada

més freqiient.

No obstant, la funcionalitat proteica no esta basada en una estructura estatica
sind més aviat en una estructura dinamica. Des dels treballs als anys 70 de les primeres

mesures de bescanvi d’hidrogen 1 “fluorescence quenching”, i les primeres simulacions
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per dinamica molecular, la comunitat biofisica/bioquimica ha mostrat un interés

creixent en les fluctuacions de I’estructura proteica.

L’ordre conformacional s’ha associat a la funcié en molts casos, incloent unid a
lligands 1 catalisis i també interaccions proteines-acids nucleics. No obstant, identificar i
estudiar els subestats conformacionals proteics funcionalment rellevants no és senzill,
en gran part degut a que els estats objecte d’interes representen una poblaci6 baixa. En
aquest context, la pressi6 ha esdevingut una eina Unica per provar la proximitat
d’aquests subestats a 1’estat desplegat o a I’estat plegat. L’alta pressio té la propietat que
la pertorbaci6 que provoca en les macromolécules en solucié depén tnicament dels
canvis de volum del procés [94]. Aquesta caracteristica contrasta amb les pertorbacions
causades per ’alta temperatura i els agents desnaturalitzants quimics, els efectes dels
quals depenen d’altres factors. Un increment en la temperatura produeix canvis
simultanis en 1’energia i el volum total, mentre que els efectes d’un desnaturalitzant
quimic depen de les seves propietats d’interaccid amb la molécula d’estudi. Tot 1 aixi,
per algunes proteines, la pressid sola no causa una desnaturalitzacié completa degut a
petits canvis en el volum o a una gran estabilitat. Aquest fet fa necessari combinar la
pressid amb la temperatura (alta o baixa) /0 amb agents desnaturalitzants quimics [95,

96].

En general, els estats conformacionals de les proteines difereixen en el seu grau
d’organitzacid i per tant en la solvatacio, una peculiaritat que pot ser explotada utilitzant
la pressio hidrostatica. De fet, I’efecte de la pressié en I’estructura proteica afavoreix els
estats que mostren el volum especific més petit, ja que la derivada del canvi en ’energia
lliure de Gibbs entre dos estats en funcid de la pressio és igual a la seva diferéncia en
volum. Per tant, ’aplicacid de la pressio pot portar a una poblacié de conformacions de
proteina, incloent estats poc excitats i conformacions parcialment o completament
desplegades, ja que tots aquests estats exhibeixen un grau d’ordre baix, i1 per tant estan
més solvatades, que I’estat natiu. Utilitzant la pertorbacid per pressido també es pot
mesurar el coeficient de compressibilitat isotermic f=(-1/V)(dV/dp), de diversos estats
de les proteines. La compressibilitat macroscopica esta relacionada amb la fluctuacio
del volum (dV/V) en I’estat conformacional, i pot aportar informaci6 addicional sobre la
dinamica estructural. Per exemple, mesures utilitzant NMR de proteines natives o

d’intermediaris de plegament en funci6 de la pressid, indiquen la compressibilitat de
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cada residu, proporcionant, per tant, coneixements sobre la fluctuacio en el volum (i per

tant de la dinamica) de tota 1’estructura.

El decrement en el volum especific induit per pressio i observat en el
desplegament parcial o global d’una proteina nativa es creu que pot ésser degut a la
combinacio de diversos efectes: 1’electroestriccid de les molecules d’aigua al voltant
dels nous grups carregats i polars exposats al solvent, al decrement en volum especific
dels residus hidrofobics després de la transferéncia de I’interior proteic no polar a
I’aigua, 1 a I’eliminaci6 dels defectes d’empaquetament. La magnitud de la disminucio
en volum en el desplegament és petita, aproximadament 0,5-1% del total del volum
especific de la proteina, i els canvis de volum per les poblacions d’intermediaris
tendeixen a ser encara més petits. Tot 1 aixi, donada 1’estabilitat marginal de la majoria
de proteines, els canvis de volum d’aquesta magnitud normalment resulten en un

desplegament complet per sota de 800MPa.

La magnitud relativa de les contribucions individuals de 1’electroestriccio, la
hidratacio o els defectes d’empaquetament al valor del canvi de volum en I’equilibri
conformacional proteic, encara no ha estat clarificat i, en el cas que el canvi de volum
estigui acompanyant a 1’exposicié dels residus hidrofobics, fins i tot el signe de la

contribuci6 del canvi de volum encara és objecte de debat [97].

L’alta pressio es pot utilitzar també per aconseguir temperatures per sota de zero,
que no impliquin congelacié de la mostra, per tal d’estudiar la desnaturalitzaci6 per fred
i/o per estudis dissociatius ja que disminueix el punt de congelacié de I’aigua ( per
exemple a -20°C a 200MPa) [98]. Pel que fa a la solvataci6 hidrofobica, la pressio i les
baixes temperatures tenen un efecte additiu. Les conformacions parcialment plegades de
moltes proteines desnaturalitzades per pressid inclouen una quantitat substancial
d’aigua, 1 la desnaturalitzacié per pressido no té lloc quan I’aigua és retinguda [99].
D’aquesta manera, en termes de volum i d’hidratacio, les proteines no s’ajusten al
model hidrofobic tal i com classicament s’entén, encara que avengos teorics recents
indiquen una relaci6 entre la hidratacié hidrofobica i el volum exclos [100, 101]. A més
a més, estrictament parlant, és precisament en les caracteristiques d’empaquetament de
les proteines on resideixen I’especificitat de les seves estructures individuals i la seva
estabilitat [102, 103]. S’han obtingut evidéncies que suggereixen que les cavitats
internes en 1’estructura d’una proteina contribueixen en la magnitud del canvi de volum

observat [104], pero s’han d’estudiar més casos per determinar el grau amb que les
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cavitats internes i els defectes d’empaquetament contribueixen a I’efecte de la pressio en

I’estructura proteica.

En els ultims anys, s’han realitzat un gran nombre d’estudis dels efectes de la
pressid en I’estructura proteica utilitzant NMR multidimensional d’alta resolucid.
Estudis de NMR d’una o dues dimensions de diverses proteines han revelat efectes
suaus de pressio en els seus estats plegats [105]. Molts d’aquests efectes son deguts a la
compressibilitat dels ponts d’hidrogen, la qual varia al llarg de I’estructura d’una
proteina donada, i segons els angles de torsio i I’orientacié de les helix. Fuentes i Wand
[106] han demostrat, examinant la dependéncia del bescanvi d’hidrogen de la pressid
hidrostatica, que diferents regions de [I’apocitocrom bss; exhibeixen diferents

sensibilitats a la pressio.

A part de modificar les poblacions minoritaries d’estats conformacionals
alternatius que no difereixen gaire de I’estat natiu, la pressid pot provocar un
desplegament més substancial. Un nombre relativament gran de treballs indiquen que la
desnaturalitzacidé proteica a 1’equilibri induida per pressid va associada a canvis de
volum de desplegament d’entre -10 i -250 ml mol™ [107]. Estudis de NMR d’una i dues
dimensions a altes pressions han revelat la preséncia d’estructura secundaria residual en
els estats desnaturalitzats per pressio, com €s el cas del repressor Arc [108, 109]. També
s’han observat poblacions d’intermediaris parcialment plegats durant el desplegament

per pressio pel lisozim i la dihidrofolat reductasa [88].

Estudis comparatius de nucleasa estafilococal utilitzant fluorescéncia a altes
pressions, espectroscopia a I’infraroig amb transformada de Fourier (FTIR), NMR i
escombrat de raigs X d’angle petit (SAXS) [79, 110, 111] indiquen que la pressio
provoca una disrupcid completa de 1’estructura terciaria, deixant present només un petit

grau residual de estructura secundaria semblant a un full 3.

Els estudis cinétics sota altes pressions s’han iniciat recentment [78, 112]. Els
estudis de relaxacié de salts de pressid6 poden revelar la base cinética per la
desestabilitzacio de ’estat natiu de les proteines sota pressio. Encara que els salts de
temperatura s’han utilitzat com un meétode de relaxaci6 en el passat, els investigadors
han comengat a utilitzar els salts de pressié com una via per a pertorbar un equilibri. El
sistema es desplaca cap a aquest nou equilibri a través d’un temps de relaxacid que és

I’invers de la constant de velocitat. En el cas de la nucleasa estafilococal, els temps de
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relaxacid mesurats per salts de pressio amb fluoresceéncia, FTIR, NMR i1 SAXS van ser
identics, indicant que els parametres d’ordre depenen de la velocitat limitant del mateix
pas [79, 110, 111]. Cal dir que per aquesta proteina i pel repressor trp, salts de pressio,
tant positius com negatius, tornant a pressio atmosférica, donaven un perfil de relaxacio
mono-exponencial sense fase de “burst”, implicant la desestabilitzacio dels
intermediaris 1 una modificacié del conjunt desplegat. En aquest i d’altres estudis
descrits [80, 82], I’efecte de la pressid provoca una disminucié significativa de la
velocitat de plegament, mentre que la velocitat de desplegament, o bé es veu només
lleugerament afectada o tendeix a incrementar amb I’augment de la pressid. Aplicant la
teoria de D’estat de transicié de Eyring, la disminuciéo de la velocitat de plegament
induida per la pressidé pot ser entesa en termes d’un volum d’activacid positiu pel
plegament, indicant que el pas des de I’estat desplegat a I’estat de transicid esta
acompanyat per deshidratacio i col-lapse de la cadena (acompanyat dels corresponents
defectes d’empaquetament) resultant en un increment del volum especific. En tots els
casos estudiats fins avui, els valors de volum d’activacio pel plegament i1 el
desplegament posicionen 1’estat de transicid més a prop de I’estat plegat al llarg de la

coordenada de reaccio6 corresponent al volum especific.

La teoria del paisatge energetic ha portat a un mecanisme de plegament, unificat,
proporcionant un context per a millors aproximacions experimentals i1 teoriques [88,
113]. Aquesta visio6 actual del plegament contrasta amb el concepte inicial d’un sol cami

de plegament amb uns intermediaris quimics perfectament definits.

La forma de I’embut s’origina amb I’increment de la fraccido de molécules amb
contactes natius (parametre Q) (figura 1.3) a mesura que progressa la reaccio [113]. El
coeficient de difusi6 configuracional depen tant dels moviments locals permesos per la
proteina com de la rugositat de la superficie del paisatge energetic [88]. En alguns
casos, la pressid podria incrementar la rugositat local d’un paisatge limitant els
moviments locals permesos per la proteina i d’aquesta manera disminuir el coeficient de
difusi6 mentre energcticament es desestabilitzarien trampes degut a I’increment de
volum especific. Aquesta possibilitat es podria utilitzar per a explicar els
comportaments cinetics simplificats en algunes proteines malgrat la disminucid
observada en les constants de velocitat de plegament. Aquesta disminuci6 en la velocitat
de plegament també¢ es podria explicar per un efecte directe en la barrera energetica

(AG"). En altres casos, la profunditat de les trampes en I’embut pot augmentar i per tant
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estabilitzar els intermediaris. En aquesta darrera situacio les configuracions atrapades es
troben més hidratades i tenen, per tant, un volum més petit. En aquest cas, la rugositat
del paisatge incrementa i els intermediaris que estan només poblats transitoriament en
els experiments de replegament a pressido atmosférica, i son per tant més dificils de

detectar, poden ser caracteritzats sota altes pressions [108, 109, 114-118].

2. La Ribonucleasa de pancrees bovi (RNasa A)

Per tal de comprendre el plegament d’una proteina, és important caracteritzar els
diferents estats involucrats en el procés. Es a dir, ’estat natiu o plegat, 1’estat desplegat,
els estats intermediaris (si n’hi ha) i els estats de transici6. Aquesta caracteritzacid cal
realitzar-la tant estructuralment com termodinamicament 1 establir les relacions
cinetiques entre els diferents estats. La cristal-lografia de raigs X i I’espectroscopia de
NMR han estat ampliament utilitzades en la determinaci6 de I’estructura tridimensional
de I’estat natiu de les proteines. En la caracteritzacio de 1’estat desplegat s’han utilitzat
diferents técniques biofisiques especialment 1’espectroscopia NMR heteronuclear
multidimensional. En el cas de proteines que presenten intermediaris de plegament,
s’han utilitzat també una gran diversitat de técniques per tal de caracteritzar-los. Els
estats de transicio, degut a la seva naturalesa efimera constitueixen els “intermediaris”

productius menys abundants en el cami de plegament de la proteina.

Aix0 impedeix estudiar-los experimentalment d’una forma directa i ha motivat
el desenvolupament de métodes indirectes per a la seva caracteritzaci6. En aquestes
aproximacions a I’estudi dels estats de transicio, les caracteristiques d’aquestes especies
es van deduir inicialment a partir de les conseqiiéncies cinetiques derivades de canvis en
les condicions experimentals [119] i posteriorment a partir de com es veia afectada la
cinetica de plegament degut a una mutacié determinada en la seqiiencia d’aminoacids.
Aquesta segona estratégia es basa en I’anomenat métode d’enginyeria de proteines o
analisi dels valors @ inicialment desenvolupat per Fersht i col-laboradors [74]. Aquest
metode d’estudi, ha esdevingut un dels métodes amb més potencial per a I’estudi i

caracteritzacio dels estats de transici6 del plegament proteic (veure apartat 1.2.3.).

La majoria d’aquests estudis han estat realitzats a pressid atmosférica utilitzant
diferents agents fisico-quimics pertorbadors de I’equilibri de plegament com ara la

temperatura, pH o reactius quimics com la urea o el clorur de guanidina. Els efectes de
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la pressio en les proteines son coneguts des de les observacions realitzades inicialment
per Bridgman [120]. I tanmateix, durant molt de temps 1’estudi de les biomolécules sota
condicions de pressio alta s’ha vist dificultat, en bona part degut a limitacions técniques.
Actualment perd, la majoria de les metodologies emprades per a estudiar el
comportament de les macromolécules, i en particular I’estudi del plegament proteic,

s’han adaptat per tal de poder treballar a les altes pressions [121].

La Ribonucleasa A (RNasa A E.C. 3.1.27.5.) ha estat tamb¢ utilitzada com a
model per a estudiar els efectes de la pressid en les diferents etapes involucrades en el
plegament d’una cadena polipeptidica. En estudis previs a la realitzacié d’aquest treball
s’ha combinat 1’enginyeria de proteines i1 diferents técniques fisico-quimiques amb la
finalitat d’estudiar ’estat plegat, I’estat desplegat i1 ’estat de transicid del plegament
proteic induits per pressio de la RNasa A. Cal fer esment també que la RNasa A ha estat
subjecte d’una gran quantitat d’estudis de plegament utilitzant una gran diversitat de
tecniques [122-125]. Aixo la converteix en un bon model atés que permet la comparacio
dels resultats obtinguts utilitzant diferents agents desnaturalitzants. Aquesta seccid pero
se centrara en els resultats obtinguts utilitzant pressio com a agent desnaturalitzant per a

I’estudi dels diferents estats del plegament de la RNasa A.

2.1. Estructura tridimensional de la RNasa A: I’estat natiu

La RNasa A ¢és una proteina d’un sol domini que catalitza la degradacid de
I’RNA. Conté 124 residus, amb quatre ponts disulfur a les posicions 26-84, 40-95, 58-
110 1 65-72. La seva estructura €s ben coneguda. Ha estat resolta mitjangant raigs-X
[126, 127] i NMR [128, 129]. L’estructura consisteix en tres helix o helix al (residus
4-12), helix oll (residus 25-32) 1 helix oIl (residus 51-59), i un full B antiparal-lel
format per la cadena BI (residus 43-47), la cadena BII (residus 61-63), la cadena BIII
(residus 72-74), la cadena BIV (residus 79-86), la cadena BV (residus 97-111) i la
cadena BVI (residus 116-124) (figura 1.4). Hi ha també quatre residus de prolina a les
posicions 42, 93, 114, 117, dues de les quals, Pro93 i Pro114, es troben en 1’estat natiu
en posicio cis.

La RNasa A es pot convertir en RNasa S per la hidrolisi de I’enllag peptidic
entre la Ala20 i la Ser21 utilitzant la subtilisina. Els dos fragments, S-peptid (residus 1-

20) 1 la S-proteina (residus 21-124), es poden aillar i1 reconstituir per donar un complex
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no covalent completament funcional. L’estructura cristal-lografica de la RNasa S ¢és

molt similar a I’estructura de la RNasa A [130], encara que mostra una estabilitat menor

[131-133].

Figura 1.4
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Representacio esquematica de la molécula de RNasa A a partir de D’estructura cristal-lina [127],
visualitzada amb el programa MOLMOL [134]. S’assenyalen els elements predominants d’estructura
secundaria (A) i a partir de la seqiiéncia d’aminoacids amb la corresponent assignacié d’estructura
secundaria calculada amb el programa PROCHECK [135] (B).

2.2. L’estat desnaturalitzat per pressio de la RNasa A

Molts estudis de I’estat desnaturalitzat per pressié de la RNasa A estan d’acord,
en que aquest estat es troba molt lluny de considerar-se una estructura completament

desplegada i que conté una quantitat significativa d’estructura secundaria.

En un estudi molt interessant del grup de Jonas [136, 137] es van analitzar 1
comparar els estats desnaturalitzats per fred, calor i pressio de la RNasa A utilitzant
I’espectroscopia NMR, monodimensinal i bidimensional, centrant-se en les regions
aromatiques 1 alifatiques. Una troballa significativa en aquest treball va ser que 1’estat
desnaturalitzat per pressi6 de la RNasa A a pH baixos retenia estructura plegada, en

particular prop de I’extrem N-terminal.

En aquestes condicions 1’estat desnaturalitzat per pressio de la RNasa A exhibeix
certes caracteristiques d’un “globul fos” o un estat intermediari compacte, el qual
sembla una molécula col-lapsada amb estructura secundaria semblant a I’estat natiu i
amb un interior liquid. A més a més, mentre s’estudiava el bescanvi d’hidrogen/deuteri

d’aquest estat desnaturalitzat per pressio de la RNasa A es va trobar que les estructures
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estabilitzades per ponts d’hidrogen protegeixen els hidrogens amida de 1’esquelet del
bescanvi amb el solvent, principalment en el nucli de fulls B. Aquest fet dona encara
més suport a la existéncia d’un estat desnaturalitzat amb un estructura semblant a un

“globul fos”.

A partir d’aquests estudis es va concloure que les estructures dels estats
desnaturalitzats per pressid6 i1 per fred sén diferents de I’estructura de [’estat
desnaturalitzat per calor: mentre que els primers presenten algun tipus d’estructura
residual, en particular al voltant del residu His12, aquestes estructures no son presents
en |’estat desnaturalitzat per calor tant a altres pressions com a pressio atmosferica. La
comparacio dels espectres dels estats desnaturalitzats per pressio i per fred de la RNasa
A indica que I’estat desnaturalitzat per fred encara esta més estructurat que 1’estat

desnaturalitzat per pressio en la regid N-terminal.

L’estat desnaturalitzat per pressid de la RNasa A també ha estat estudiat per
diferents grups utilitzant diferents técniques espectroscopiques [83, 138, 139]. Els
resultats del nostre grup i1 els de Panick 1 Winter estan d’acord amb els obtinguts per
NMR i amb el fet que I’estat desnaturalitzat per pressié de la RNasa A reté un grau
significatiu d’estructura secundaria. En el nostre cas utilitzant FTIR, aquest fet és cert
fins 1 tot en aquelles variants més desestabilitzades [138]. En els espectres per FTIR, es
va observar que el maxim de la banda amida I’ de ’espectre de 1’estat desnaturalitzat
per pressio de la RNasa A ¢és diferent del maxim de I’espectre de 1’estat desnaturalitzat
per calor, la qual cosa indica que els dos estat son estructuralment diferents. La major
intensitat a 1670 cm™ de 1’espectre de I’estat desnaturalitzat per temperatura suggereix
un major contingut en llacos, mentre que la major intensitat a 1630 cm™ de I’espectre de
I’estat desnaturalitzat per pressio indica un major contingut en fulls . Els resultats
trobats per Takeda i col-laboradors indiquen que els estats desnaturalitzats per pressio i
per temperatura de la RNasa A no retenen estructura residual, perd els grups de
I’esquelet peptidic de 1’estat desnaturalitzat per pressié estan hidratats d’una manera
més estable. La discrepancia entre els resultats descrits per Takeda [139] i els altres
treballs esmentats no €s del tot clara. En relacié amb aquests resultats cal esmentar que
els mateixos autors han dut a terme estudis comparatius dels estats desnaturalitzats per
pressio de la RNasa A i la RNasa S en els quals han trobat que 1’estat desnaturalitzat per

pressio de la forma S no ¢és tant desestructurat com el de la forma A [140]. Aquest
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resultat sembla sorprenent, ja que la forma S presenta una estabilitat conformacional

reduida [131-133] comparada amb la RNasa A.

En general, les evidéncies experimentals indiquen que els estats desnaturalitzats
per pressido de les proteines retenen més estructures secundaries que els estats

desnaturalitzats per temperatura o agents quimics, i la RNasa A no n’és cap excepcio.

2.3. Estudis de desplegament en I’equilibri

La RNasa A es desplega a pressions relativament altes, tot i que els parametres
termodinamics varien depenent de les condicions experimentals (pH i temperatura). Per
exemple, a pH 2.5 1 20°C té un valor al mig de la transicié de 600 MPa [83], mentre que
a pH 5.0 i 40°C aquest valor esta al voltant de 500 MPa [141]. Aquests valors son alts
comparats amb altres proteines 1 son deguts probablement a la preséncia dels quatre
ponts disulfur que uneixen els vuit residus de cisteina que té la RNasa A. Sota diferents
condicions experimentals, el procés de desplegament per pressio de la RNasa A ¢és
completament reversible i segueix un mecanisme en dos estats. Aquest fet permet el
calcul dels parametres termodinamics, entre els quals, el volum de reacci6 és d’especial
interés. Des dels primers estudis de Gill i Glogovsky [142] 1 Brandts i col-laboradors
[143] fins als estudis més recents [83, 138, 141, 144, 145], s’ha trobat sempre un valor
negatiu per el volum de reaccié (AV) de la RNasa A. Aquest volum de reaccid es va
observar que depenia de la temperatura i el pH de la mostra [146]. En un estudi inicial
[147], es va proposar un diagrama de fases de pressio-temperatura de forma el-liptica
on, per a la majoria de temperatures, el canvi de volum de desplegament era més petit
que zero. A més a més, quan es va seguir el procés de desplegament per pressio de la
RNasa A a diferents temperatures, mantenint el pH constant, els volums de reaccié de
desplegament trobats van ser negatius per a totes les temperatures assajades [143].
Aquest resultat demostra que 1’expansivitat térmica del volum molar parcial de 1’estat
desplegat és més gran que el de I’estat natiu. S’han observat resultats similars per altres
proteines, proporcionant una explicacid plausible pel canvi de signe del volum de

reacci6é de desplegament a altes temperatures [ 146].

Tal com s’ha esmentat abans, tot i que esta ampliament acceptat que el signe del
volum de reaccid en el desplegament per pressio de les proteines és negatiu, almenys en

temperatures no extremes, encara ¢és tema de controversia que contribueix realment a la
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magnitud d’aquest canvi de volum del desplegament a 1’equilibri [146]. No obstant, es
pensa que pot ser degut a deficiéncies en I’empaquetament de 1’estat natiu [100, 104,
148] 1 diferencies en les interaccions amb el solvent entre I’estat natiu i ’estat desplegat
[100, 149]. L’estructura de la RNasa A nativa no presenta cavitats prou grans com per
acomodar molecules d’aigua en el seu interior [127]. El canvi de volum més gran
descrit és de -59 ml/mol [136] que correspon només a un 0,52% del volum total de la
proteina. Aixi doncs, fins i tot petites diferéncies en la proteina nativa podrien contribuir

al volum de reaccio.

Altres contribucions a AV son degudes a canvis en les interaccions entre el
solvent i la cadena polipeptidica. Aquest efecte és especialment pronunciat al voltant
dels grups carregats (electroestriccio). Ates que els estudis de desplegament induit per
pressio de la RNasa A s’han dut a terme a diferents pH, des de 2.0 fins a 7.0 [146], no
es pot descartar que I’electroestriccid contribueixi als valors de AV de la RNasa A,
especialment per aquells experiments a valors alts de pH on els grups carboxil estan
ionitzats parcialment o completament. La RNasa A és una proteina basica en la qual hi
ha un predomini de grups basics respecte al nombre de grups acids. Com que no es
troben grups basics enterrats a 1’interior de la proteina nativa, no és d’esperar que hi
hagi contribucions degudes a 1’electroestriccié al voltant de les carregues positives
[127]. No es pot descartar pero, una contribuci6 dels grups acidics, depenent del pH de
I’experiment, als canvis de AV, tot i que aquesta contribuci6 sigui probablement molt
petita. Per tant, és possible assumir que la disminuci6 en volum de 1’estat desplegat per
pressi6 de la RNasa A ¢és principalment una conseqiiéncia de les deficieéncies
d’empaquetament en el cor hidrofobic de la proteina, aixi com dels canvis en les
interaccions amb el solvent per part de la cadena polipeptidica, mentre que la
contribuci6 de I’electroestriccié seria minima. Aixo estaria amb concordanga amb el que

esta descrit per altres proteines [82, 104, 148, 150].

Quan es va estudiar I’evolucid de I’estructura secundaria i terciaria de la RNasa
A en funcié de I’increment de pressio, emprant FTIR i espectroscopia d’absorcié en
I’ultraviolat de quarta derivada [83, 138, 141], transicions locals i globals mostraren un
comportament similar suggerint un mecanisme de desnaturalitzacié concertat. Es van
observar, trencaments simultanis d’elements d’estructura secundaria 1 canvis
pronunciats en I’ambient dels grups de la cadena lateral de les tirosines, la qual cosa

suggeri que es tractava d’un procés de desplegament altament cooperatiu. Aixd no esta
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d’acord amb resultats obtinguts per NMR [136]. En aquest treball Zhang i
col-laboradors, observaren que cada un dels residus de histidina seguia una corba de
desnaturalitzacid diferent, el que indicava que es tractava d’un procés de desplegament
no cooperatiu. No obstant, els mateixos autors reivindicaven que degut als limits
d’exactitud experimental en determinar el grau de desplegament a cada pressio, no
podien interpretar els seus resultats experimentals com una prova inequivoca de que el
procés de desplegament per pressio de la RNasa A no era cooperatiu. De fet, un estudi
independent [144], on el desplegament per pressié de la RNasa A era seguit per NMR,
concloia que els canvis en la intensitat de les ressonancies dels protons & de les
histidines es produien de forma paral-lela, la qual cosa suggeria que el procés de

desplegament podria ser un procés cooperatiu.

2.4. L’estabilitat de la RNasa A estudiada per mutagenesi dirigida

utilitzant pressio

Scheraga i col-laboradors van utilitzar la mutagénesi dirigida per oligonucleotid
en la RNasa A principalment, per estudiar el cami de plegament oxidatiu i el no oxidatiu
a pressio atmosférica, alterant els residus de Cys i Pro (per estudiar les reaccions de
plegament lent causades per la isomeritzaci6 cis-trans dels enllagos peptidics Xaa-Pro),
respectivament (Shin i col. [151] 1 Bhat i col. [152], i les referéncies citades en aquests

treballs).

En el nostre grup es van comencar a estudiar variants de la RNasa A a altes
pressions, introduint canvis en els residus hidrofobics descrits com a membres del
centre d’inici del plegament proteic (CFIS) situat a I’extrem C-terminal de la molecula
(aminoacids 106-118) [153, 154]. La majoria de les substitucions d’aminoacids van ser
dissenyades per ser conservatives, delecions no disruptives. Aixi doncs les cadenes
laterals apolars llargues es van truncar sistematicament. Es van comparar els processos
de desplegament induits per pressio i temperatura de 13 variants, de les posicions 106,
107, 108, 109, 116 i 118, utilitzant tant I’espectroscopia d’absorcié en 1’ultraviolat de
quarta derivada com FTIR [138, 141]. També¢ es va seguir el procés de desnaturalitzacio
termica utilitzant la calorimetria de rastreig diferencial [155]. Per a totes les variants, es
va observar un procés de desplegament en dos estats i reversible, tant per pressié com

per temperatura. Amb aquests estudis es van obtenir valors d’energia lliure de
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desplegament virtualment ideéntics tant pels experiments de desplegament induits per
pressid com pels induits per temperatura. Aquest fet suggeri que el mecanisme de
desplegament és comparable i concertat per tota la serie de proteines variants i implica
que el procés de desplegament requereix una energia equivalent ja sigui induit per
pressid o per temperatura. La correlacid observada entre els canvis d’estabilitat per
pressio i per temperatura per a les diferents variants mostra que les substitucions de cada
un dels aminoacids tenien un efecte analeg en el desplegament induit per pressio i en
I’induit per temperatura. No es van trobar diferéncies significatives en 1’estat plegat de
les diferents variants en relacio a I’enzim salvatge, aixi la correlacid entre els valors de
AGp i AGr mostra que el desplegament per pressid i per temperatura resulta en
estructures de D’estat desplegat amb unicament petites diferéncies energetiques. No
obstant, com s’ha apuntat abans, s’han descrit diferéncies estructurals entre els estats
desplegats induits per pressio i per temperatura de la RNasa A salvatge [136] i també es
van trobar canvis entre els estats desplegats induits per pressio i temperatura de les
diferents variants utilitzant FTIR [138]. En resum, encara que els estats desnaturalitzats
induits per pressid i temperatura siguin energeticament equivalents per a totes les

variants, presenten diferéncies estructurals.

El mencionat CFIS es va proposar com a part d’un lloc de nucleaci6 més gran
present en un dels dos lobuls de I’estructura de la RNasa A [132, 156]. Aquest nucli
redefinit compreén les quatre regions B Lys62-Ala64, Cys72-Ser75, 1le106-Cys110 i
Vall16-His119, juntament amb la cara de I’helix alll que conté els residus Val54 i

Val57.

A part dels resultats descrits, Chatani i1 col-laboradors van estudiar el
desplegament induit per pressio i per temperatura de variants construides a la posici6 46
[145] ocupada en I’enzim salvatge per un residu de Phe. Només un dels canvis
introduits en aquesta posicid era conservatiu, mentre que les altres dues substitucions
introduides eren per residus carregats (Phe46Glu i Phe46Lys). En base al canvi de
pendent en representar AGp vs AGr, calculats a diferents temperatures per les proteines
variants respecte a la proteina salvatge, els autors suggereixen un paper per la Phe46
com a residu clau per I’estabilitzacié d’un segon nucli hidrofobic, situat al limit dels dos

10buls de ’estructura de 1a RNasa A.

28



OBJECTIUS






Obijectius

Objectius

Esta descrit que el principal centre de nucleacié o d’inici del plegament de la RNasa A
(CFIS) coincideix amb el nucli hidrofobic més important d’aquest enzim, constituit per
les regions plegades en fulla : Lys62-Ser64, Cys72-Ser75, 1le106-Cys110 i Valll6-
His119, juntament amb la cara de I’hélix alll que conté els residus de Val 54 1 Val 57.
El nostre grup de recerca va iniciar 1’estudi de la contribucié dels aminoacids
hidrofobics de la regidé 106-118 sobre ’estabilitat de I’enzim comparant el procés de
desnaturalitzacié induit per pressido i per temperatura de variants d’aquesta regio.
L’estudi tenia com a objectius, en primer lloc, caracteritzar les posicions més critiques
per a I’estabilitat de I’enzim 1, en segon lloc, comparar el procés de desnaturalitzacio
induit per pressié amb el provocat per temperatura. Malgrat que es coneix des de fa
temps que la pressid provoca la desnaturalitzacid proteica, aquest és un procés

relativament poc conegut.

En el present treball de tesi ens proposarem continuar els estudis de 1’equilibri
ampliant el nombre de variants analitzades i alhora comencar estudis cinctics de
plegament proteic emprant pressiéo com a inductor del desplegament. A la literatura es
troben relativament pocs treballs que combinin 1’ts de mutants amb técniques de salts
de pressio amb la qual cosa I’estat de transicid del procés de desplegament proteic induit

per pressio és molt poc conegut. Aixi doncs els objectius proposats van ésser:

1. Comprovar quins residus del principal nucli hidrofobic de la RNasa A eren més

critics per a la seva estabilitat.

2. Comparar el procés de desnaturalitzacié induit per pressi6 amb el provocat per
temperatura emprant un nombre estadisticament significatiu de variants senzilles

(fins a 31).

3. Avaluar la importancia energetica de les forces hidrofobiques en front del grau

d’empaquetament dels residus del principal nucli hidrofobic de I’enzim.

4. Comprovar el grau de plasticitat d’aquest nucli hidrofobic calculant energies

d’interaccié emprant cicles termodinamics de dobles mutants.
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5. Estudiar I’estat de transicio del procés de desplegament de la RNasa A induit per
pressio (técniques de salts de pressid) emprant les variants del nucli hidrofobic

principal més critiques per a I’estabilitat de I’enzim (méetode dels valors ®@).

6. Comparar la informaci6 obtinguda sobre 1’estat de transicid del procés de
desnaturalitzacié induit per pressid a partir del metode dels valors @ amb la

informacio6 obtinguda a partir dels volums d’activacio.

7. Estudiar la cinética de plegament de la RNasa A emprant salts de pressid a
diferents temperatures, introduint una sonda fluorescent en la regi¢ descrita com
a principal centre de nucleacid. La sonda fluorescent triada fou la variant
Y115W la qual havia estat caracteritzada préviament des d’un punt de vista

termodinamic i podia aportar informacio local sobre la regio estudiada.

8. Estudiar I’efecte de la temperatura i la viscositat del medi sobre les cinétiques de

plegament de la variant Y115W de la RNasa A.
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Objectives

It is described that the main chain folding initiation site (CFIS) of RNase A belongs to
the major hydrophobic core of this enzyme, which comprises four stranded regions:
Lys62-Ser64, Cys72-Ser75, 1le106-Cys110 and Vall16-His119, together with the face
of helix III which contains Val 54 and Val 57 residues. Our research group previously
studied the contribution of the hydrophobic residues of the region 106-118 on the
RNase A stability comparing the pressure and temperature-unfolding processes of
conservative variants on this region. Two aims were pursued; first to characterize the
most critical positions for the stability of the enzyme, and second to compare the
pressure- and temperature-unfolding processes. Although it is known that pressure

induces protein unfolding, this process remains poorly explored.

In the present work one of the goals was to continue the equilibrium-unfolding
studies expanding the number of analyzed variants and at the same time, to initiate
protein folding kinetic studies using pressure-jump techniques. In the literature,
relatively few works deal with the combined use of mutants and pressure-jump

technique. Therefore, the pressure-folding transition state of proteins is scarcely known.

The most precise proposed objectives were:

1. To test which residues of the main hydrophobic core of RNase A were more

critical for its stability.

2. To compare the pressure- and temperature-unfolding processes by using a

significant number of single variants (up to 31).

3. To evaluate the energetic importance of the hydrophobic interactions in front of

the packing degree of the residues of the main hydrophobic core of the enzyme.

4. To test the degree of plasticity of the main hydrophobic core of the enzyme by

calculating interaction energies using thermodynamic double mutant cycles.

5. To study the pressure-folding transition state of RNase A (pressure-jump
technique) using the most critical variants for the stability of the enzyme (®-

value analysis).
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6. To compare the data obtained from the ®-value analysis regarding the transition

state with the data obtained from the activation volumes.

7. To study the folding kinetics of the RNase A using pressure-jump at different
temperatures, by introducing a fluorescent probe in the region described as the
main CFIS. The fluorescent probe is a Trp residue introduced at position 115.
The Y115W RNase A variant was previously characterized from a
thermodynamic point of view, and was considered a good candidate to provide

local information on the studied region.

8. To study the effect of temperature and viscosity on the folding kinetics of

Y115W RNase A variant.
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ABSTRACT

In this work we demonstrate that heat and pressure induce only slightly different
energetic changes in the unfolded state of RNase A. Using pressure and temperature as
denaturants on a significant number of variants, and by determining the free energy of
unfolding at different temperatures, we estimated the stability of variants unable to
complete the unfolding transition owing to the experimental conditions required for the
pressure experiments. The overall set of results allowed us to map the contributions to
stability of the hydrophobic core residues of RNase A with the positions most critical
for stability being V54, V57, 1106 and V108. We also show that the stability differences
can be attributed to both hydrophobic interactions and packing density with an
equivalent energetic magnitude. The main hydrophobic core of RNase A is tightly
packed, as shown by the small-to-large and isosteric substitutions. In addition, we found
that large changes in the number of methylene groups have non-additive positive
stability interaction energies that are consistent with an exquisite tight core packing and
the existence of rearrangements of van der Waals’ interactions in the protein interior

even after drastic deleterious substitutions.

Keywords: hydrophobic interactions; packing interactions; pressure denaturation;

ribonuclease A; temperature denaturation; UV-spectroscopy.
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INTRODUCTION

The finding that steric factors may be more important in determining the course of
protein evolution than functional group conservation or codon similarity is consistent
with the fact that protein cores are tightly packed (Richards, F.M. 1977) and that
cavities in protein interiors tend to be few in number and small (Connolly, M.L.
1986;Rashin, A.A., et al. 1986). A well packed protein optimizes van der Waals’
interactions and minimizes protein cavities. A cavity represents the loss of potential van
der Waals’ interactions, not to mention the associated entropic cost. The degree to
which core packing determines structural individuality and thermodynamic stability is
not yet fully understood. Randomization studies have shown that drastic changes in
composition may be tolerated in the hydrophobic core, while retaining the ability to fold
or function, and suggest that hydrophobicity is a sufficient requirement for core
positions (Lim, W.A., and Sauer, R.T. 1989;Baldwin, E.P., et al. 1993;Axe, D.D., et al.
1996). On the contrary, it has been proposed that specific core packing arrangements are

critical for maintaining protein stability (Finucane, M.D., and Woolfson, D.N. 1999).

The ability of the local environment to adapt to core substitutions is highly
context-dependent, so that the same substitutions made at different positions of the
hydrophobic core can have widely varying effects that are difficult to predict, even if
structural information is available. The capacity to predict precisely how packing
interactions and stability will change following hydrophobic core substitutions is useful
in the process of homology modelling of unknown proteins and in understanding how

modifications of the core packing may affect protein shape and function.

Several groups (Baldwin, E., et al. 1996;Zhang, H., et al. 1996;Holder, J.B., et
al. 2001;Di1 Nardo, A.A., et al. 2003) have focused on the effects of perturbing the
packing of protein hydrophobic cores by altering side chain size and shape, and
comparing the importance of packing and hydrophobic interactions in stabilizing the
folded state of proteins. Furthermore, accessibility to large set of protein sequences and
structures and determinination the thermodynamic stability of core variants have shown
that packing is a crucial selection factor in the evolution of protein hydrophobic cores
(Chen, J., and Stites, W.E. 2001) and that mutations that favor optimal native state
interactions have been selected during evolution ahead of those that could increase

folding rates (Kim, D.E., et al. 1998).
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To improve our knowledge on the relationship between the nature of interactions
in the protein interior and the stability of the folded state, and to broaden our study on
the effect of pressure as a denaturant compared to temperature we used ribonuclease A

(RNase A) as a model.

RNase A (EC. 3.1.27.5) is a single domain protein that contains 124 residues,
with four native disulphide bonds at positions 26-84, 40-95, 58-110 and 65-72. Its
native structure is well known, it has been solved by X-ray crystallography (Wlodawer,
A., and Sjolin, L. 1983;Wlodawer, A., et al. 1988) and by NMR spectroscopy (Rico, M.,
et al. 1991;Santoro, J., et al. 1993).

In a previous work, our group used site-directed mutagenesis to alter
hydrophobic residues described as belonging to a chain folding initiation site (CFIS)
located at the C-terminal part of the molecule (amino acids 106-118). The temperature
and pressure-equilibrium unfolding of these mutants in relation to the wild-type enzyme
were studied using fourth-derivative absorption spectroscopy, FTIR and differential
scanning calorimetry (Coll, M.G., et al. 1999;Torrent, J., et al. 1999;Torrent, J., et al.
2001). The above mentioned CFIS was further described as belonging to a wider
nucleation site present in one of the two lobes that can be distinguished in the RNase A
structure (Neira, J.L., et al. 1999;Kolbanovskaya, E.Y., et al. 2000) which comprises the
four stranded region Lys62-Ala64, Cys72-Ser75, 1le106-Cys110 and Vall16-His119
together with the face of helix III which contains Val54 and Val57 (see Figure 1).
Therefore, we widened our study by looking at different hydrophobic residues from this
putative nucleation site. These new variants have been thermodynamically characterized
by monitoring the pressure- and temperature-induced unfolding using UV absorption
spectroscopy. The results obtained with conservative large-to-small substitutions allow
a direct comparative characterization of the stability of an extensive set of variants using
pressure and temperature-induced protein unfolding under identical experimental
conditions. These data allow us to illustrate a complete map of the contribution of each

of the core residues to the stability of the enzyme.

Pressure is used much less as a denaturing agent compared to chemicals or heat.
However, it provides information about the thermodynamics of the chemical
equilibrium that is reversibly perturbed, including the system volume. Hence, it is of
interest to investigate how the pressure data can be connected to data for other

denaturing agents (Taulier, N., and Chalikian, T.V. 2002). With this aim, we studied the
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relationship between the free energies associated to the pressure- and temperature-

induced unfolding of RNase A and variants of the hydrophobic core.

Replacing residues that are critical to stability with larger or isosteric
hydrophobic residues allowed us to measure the effect of altering side chain packing in
the hydrophobic core. Hence, for these residues we have been able to compare the
relative energetic importance of packing and hydrophobicity. Double variants for the
more critical positions have led to a deeper understanding of the interactions in the

RNase A interior.

RESULTS

The positions selected for study of their contribution to RNase A stability were those
defined by Rico and co-workers (Neira, J.L., et al. 1999) as belonging to the putative
CFIS and which are occupied by a hydrophobic residue (see Figure 1). Positions V54,
V57,1106, 1107, V108, A109 have solvent-accessible surfaces smaller than 8 % and are
much more buried than V63 (17%), A64 (33.6%), V116 (17.8%) and V118 (17.0%). In
addition, V47 (0.6%) and 181 (2.0%) were included in the study because these residues
are located at the edge of the main CFIS. All the large-to-small single substitutions
(V47A, V47G, V54A, V54G, V57A, V57G, V63A, V63G, A64G, 181V, I81A, I81G,
1106V, 1106A, 1107V, 1107A, V108A, V108G, A109G, V116A, V116G, VI118A,
V118G) are changes that shorten the hydrophobic side chain instead of modifying its
shape. The small-to-large (V541, V54L, V571, V57L, V1081, V108L), and the isosteric
Ile to Leu replacements (I106L, 11017L) were used to evaluate the redistribution of
side-chains in the protein interior and thus the contribution of packing to the protein
stability. Finally, the double-variants (V54A/I1106A, V54A/V108A, V57A/1106A,
V57A/V108A, V541/1106A, V541/VI08A, VSTU/I106A, VS571I/V108A) affecting
positions in which substitutions have shown to be more destabilizing have allowed a

better understanding of the interactions existing among these hydrophobic core residues.

Characterization of the produced recombinant proteins

The steady-state kinetic parameters for the cleavage of poly(C) and the
hydrolysis of C>p by the whole set of single variants of RNase A are very similar to the

values found for the wild-type enzyme (results not shown).
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CD spectroscopy was used to discern if there are significant structural
differences between the RNase A variants. Spectra monitored in the aromatic region
showed a very similar optical activity profile for all the variants at both 15°C and 70°C,
which suggests that there is a common folded and denatured state for all of them. The
a-helix percentage values calculated are in agreement with the value estimated for the
wild-type RNase A by X-ray diffraction crystallography (Wlodawer, A., et al. 1988) and
in every case the differences observed are within the error of the methodology. Taken
together, the activity and CD results indicate that there are no significant structural

differences among all the variants or in relation to the wild-type.

Stability Contribution Analysis of the Single Large-to-Small Variants

To complete the work initiated by our group (Coll, M.G., et al. 1999;Torrent, J.,
et al. 1999;Torrent, J., et al. 2001) and to probe the strategic importance of all the
hydrophobic residues within the redefined CFIS to the stability of the protein,
temperature- and pressure-induced unfolding of 12 new variants (V47A, V47G, V54A,
V54G, V57A, V57G, V63A, V63G, A64G, 181V, I81A, I81G) were monitored by UV

absorbance spectroscopy as described in the materials and methods section.

The thermodynamic parameters of both pressure- and temperature-induced unfolding
for the wild-type protein and all the variants are presented in Table 1. Relative changes
among the AG values for the different variants together with the T, or P, values, give
a consistent idea of the relative stabilities, both between the different sites and between
different variants at the same site. Although it is tempting to discuss each result from
Table 1 in terms of lost and gained interactions, analyzing each particular mutant would
lead to a non-productive rationalization. Instead, we will focus on the broader trends

that this large data set may show.

For the wild-type and for all the variants, simple two-state reversible transitions
were observed. It is worth mentioning that all the single variants resulted in a loss of
stability when using either temperature or pressure as a denaturing agent. Among the
variants at each site, the stability follows the order Ile > Val > Ala > Gly although the

relative stabilities within each series vary slightly.

In all cases Ile to Val is a destabilizing but well-tolerated substitution with

average AAG values for temperature and pressure experiments of 4.27 kJ mol™ and 3.12
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kJ mol™ respectively. Since Ile to Val substitutions are not too deleterious, changes to
Ala result in a good measure of the relative stabilities of the different variants. Thus,
unfolding studies using either pressure or temperature as an equilibrium-perturbing
agent indicate that V47, V54, V57 and 181, together with the previously characterized
[106 and V108 are the most critical residues for RNase A stability. However,
substitutions at positions V63, 1107, V116 and V118 suggest a minor role for these
residues while A64 and A109, would play an irrelevant role in maintaining overall

RNase A stability.

All the transition curves for the large-to-small variants could be recorded
completely when using temperature as a denaturing agent. However, when using
pressure, unfolding transition curves for V47G, V54G, V57G, 181G, and V108G were
incomplete because all these variants have a T, value less than or equal to 41.0°C, and
thus at 40°C, the temperature at which the pressure experiments were performed, it was

not possible to determine the post-transition region of the curve.

To overcome this technical inconvenient when comparing the wild-type protein
with the most unstable variants two approaches were used. First, the pressure unfolding
of wild-type RNase A, V54A, V57A, V108A, V54G, V57G, V108G, 1106A, 1106V and
A64G was monitored at various temperatures below the corresponding T, values. The
thermodynamic parameters (AGp, AV) obtained from pressure transition curves at
different temperatures are shown in Table 2. AGr was calculated at the temperatures at
which pressure-induced-unfolding experiments were conducted. Fitted curves of AGp
obtained at different temperatures vs. AGr calculated at the corresponding temperatures
were used to estimate the AGp values at 40°C of the V54G, V57G and V108G variants
using the experimental AGr values at 40°C from Table 1. Estimated AGp values at 40°C
using this approach are listed in Table 2. In the variants for which they are available,
these estimated values can be compared with the experimental AGp values from Table 1
A very good linear correlation is obtained, with R = 0.96 or higher. All the variants
showed AGp/AGr values between 1.57+0.2 (for the wild-type protein) and 0.92+0.12
(for the V57G variant).

In a second approach, the AGp values at 40°C for these proteins were also
estimated using the linear equation derived from the fitting of AGt vs. AGp

experimentally obtained for all the variants (data from Table 1). Within experimental
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errors, AG values are very similar for pressure and thermal unfolding. Therefore, it is
possible to estimate (Table 2) the AGp (40°C) of V47G, V54G, V57G, 181G, and
V108G for which transitions were incomplete at 40°C. Hence, this approach allows the
thermodynamic parameters of very unstable variants to be estimated and compared to
the wild-type protein for a given temperature, provided that highly destabilized variants

follow a similar linear AGp /AGr relationship.

Remarkably, there is a good correspondence among the estimated AGp values
(Table 2) when using the linear equation obtained for the AGp vs. AGrt at different
temperatures for each particular variant or when using the linear equation derived from
AGp vs. AGt obtained for the different variants at 40°C. While the latter approach can
be used for estimating AG at 40°C for any variant, the former, measuring AGp of a
particular variant at different temperatures, allows this parameter to be estimated at any

temperature, provided that linearity holds at the temperatures at which AGp is estimated.

For wild-type RNase A and some of the variants, an experimental value of AGp
at 40°C is available. In such cases good correlation is also found between the
experimental and estimated values of AGp at 40°C obtained by the two approaches. It is
also apparent (Table 2) that the second approach yields estimated values closer to the

experimental AGp value determined at 40°C in most of the cases analyzed.

Stability Contribution Analysis of the Single Small-to-Large Variants and Isosteric

Substitutions

To further understand the nature of the contribution of the residues most critical
to RNase A stability, the effects of altering side chain packing in the hydrophobic core
were quantitatively investigated by introducing small-to-large substitutions, for which
Val residues of positions 54, 57, and 108 were replaced by Ile or Leu. These positions
were selected because of their critical role in stability and because all of their CB-Cf
atomic distances are <6.61 A which indicates that they are in close proximity in the
tertiary structure and that their side chains pack against each other. All unfolding
transitions were observed to be reversible. The fitted thermodynamic parameters are
listed in Table 1, together with those of 1106 and 1107 characterized in a previous work

(Torrent, J., et al. 1999). Isosteric Ile to Leu substitutions are slightly more destabilizing
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than the Ile to Val substitutions, which indicates that moving a single methyl group in
the protein interior has a higher energetic cost than removing the same group. The effect
varies, depending on the position, and is likely influenced by either the hydrophobicity
and/or the degree of packing surrounding a particular side-chain. A highly packed
interior might easily circumvent the loss of a single methyl group, but it might not be

able to accommodate the redistribution of this same group.

Substituting a Val for an Ile or Leu or vice versa did not stabilize the protein in
all the variants tested. The isosteric Ile to Leu changes were also unfavourable from an
energetic point of view. The relative stabilities due to the presence of different side
chains at a given position are shown in Table 3. These data are used in the discussion to

evaluate the contribution of packing interactions to the stability of RNase A.

Double variants: Interaction Energy Analysis

Eight double variants involving positions 54, 57, 106 and 108 were constructed
to gain a better understanding of the interactions between the residues of the
hydrophobic core shown to be critical for RNase A stability. These positions were
selected because residues V54 and V57 are located in a-helix III. This secondary
structure element packs against the C-terminal B-hairpin, in which the most critical
positions for RNase A stability are 1106 and V108. Additional reasons were their
contribution to the enzyme stability and their proximity in the tertiary structure. The CB-
CpB distances found for these residues are the smallest of all the distances determined for
residues in this study. Furthermore, without taking hydrogens into consideration, these
residues have a carbon atom at a distance closer than 4A from each other. Variants
V54A/1106A, V54A/V108A, V57A/I106A, V5TA/V108A were double large-to-small
variants while V541/1106A, V541/V108A, V57I/I106A and V571/VI08A partially
compensated the side chain truncation. Overall, all the double variants resulted in losing

a varying number (1 to 5) of methyl/methylene groups.

The free energies of temperature-induced unfolding were calculated at 40°C for
comparisonto the values for the single variants. As shown in Table 4, all of the double
variants were more unstable than the wild-type protein. V54A/I106A and V54A/V108A
variants have negative AG values, which indicates that these positions are not

completely folded at 40°C. V57A/1106A and V57A/V108A were not successfully
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produced and strong aggregation was observed during the refolding step, which

suggests that the refolding and/or the stability is seriously compromised.

Stability changes in the double mutants in relation to the wild-type RNase A
(AAGyouble) are compared in Table 4 to the sum of stability changes of the corresponding
single mutants (XAAGginge). The free energy of interaction (AzGim) 1s calculated as
described in the materials and methods section. For all the variants,
AAG ouble<EAAGgingte and thus the XAAGgingle/ AAGgouble Tatio is far from the unity in all
the variants which indicates, that the two substituted side chains in these double variants

interact strongly with each other.

DISCUSSION
Pressure versus thermal unfolding

In this study we used the dependence of Tyr absorbance on the environmental
conditions to monitor the structural changes in the RNase A structure upon denaturation
by temperature or pressure. For all the variants, a two state reversible unfolding process
is observed for both pressure and temperature. Good correlation (R = 0.95) was found
between AGp and AGr at 40 °C, for all the variants. The slope, AGp (40°C)/AGt (40°C)
= 1.20+£0.08, provides an average value of the connection between the two
thermodynamic parameters. This correlation implies that for the whole series of

variants, the unfolding process requires equivalent energy for both denaturing agents.

Taking into account the fact that significant differences in the folded state have
not been observed, as can be deduced from kinetic and CD results, it can be inferred
from the AGp (40°C)/AGr (40°C) value that pressure and temperature lead to unfolded
state structures with only slight energetic differences. The virtual equivalence of free
energy for unfolding under pressure, thermal and chemical denaturation was also
reported for staphylococcal nuclease (Royer, C.A., et al. 1993;Frye, K.J., et al.
1996;Vidugiris, G.J., et al. 1996;Frye, K.J., and Royer, C.A. 1998;Panick, G., et al.
1999).

However, it should be mentioned that structural differences in the pressure- and
heat-induced unfolded state of wild-type RNase A have been described (Zhang, J., et al.

1995). The latter observation was also confirmed in an FTIR study of RNase A variants
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(Torrent, J., et al. 2001). While pressure as a denaturing agent appears to lead to a
molten globule state, in which native-like secondary structure is retained but solvent is
admitted to core regions (Yamaguchi, T., et al. 1995;Zhang, J., et al. 1995), the
thermally unfolded state appears to be more extensively unfolded (Zhang, J., et al.

1995).

The AV values (Table 1) observed for all the variants are generally more
negative than for the wild-type protein, as expected when creating cavities within the
interior of the protein. However, no trend is observed for the change in residue volume
in the protein interior —AV ¢ (from Harpaz et al,.1994 (Harpaz, Y., et al. 1994)) which
might be symptomatic of rearrangement of the surrounding groups in response to a

particular deletion, particularly when there is a high degree of packing.

Pressure-induced unfolding at different temperatures

According to the results observed, AGp is 1.57-fold higher than AGt for the
wild-type protein, which suggests that the unfolded states under pressure and
temperature are slightly energetically different as observed when the AGp (40°C)/AGr
(40°C) ratio from all the variants was determined (see previous section). The true
meaning of this ratio is not clear. It has previously been suggested (Chatani, E., et al.
2002) that the differences among the observed AGp/AGt values obtained at different
temperatures might indicate that pressure or temperature have a different effect on the
mechanism of unfolding for each particular mutation. This could be argued with the
observation that pressure and temperature lead to different structures of the unfolded
state (Yamaguchi, T., et al. 1995;Zhang, J., et al. 1995) which does not necessary imply
that the unfolding mechanisms are different. The fact is that a decrease in the stability,
as observed for all the variants assayed in this section, makes AGp and AGt more
equivalent. This compensates for the differential effect of both denaturing agents, but

does not necessarily have an effect on the unfolding mechanism.

The results show that for all the mutants, as well as for the wild-type enzyme,
Py, decreases as the experimental temperature is increased. Under all assay
temperatures, the volume change upon unfolding is negative, and its absolute value
decreases as the temperature increases. The decrease in the absolute value of AV with

increasing temperature is equal to the overall change in the coefficient of thermal
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expansion between the folded and unfolded states, Aoy (ml/mol deg) (Zipp, A., and
Kauzmann, W. 1973;Royer, C.A. 2002). For most of the proteins in this study the
absolute value of equilibrium volume change of unfolding decreases linearly (R = 0.93
or higher) as the temperature increases. Thus, the thermal expansivity of the partial
molar volume of the unfolded states is greater than that of the native states, resulting in
positive Aoy values. For V57G and V108G variants the linear relationship between AV
and T, but also between AGp and T are lost. This might be because at the temperatures

used for these variants, the cold denaturation process is initiated.

Hydrophobic Interactions

One of the purposes of the present study was to map the stability contributions
of the hydrophobic residues within the main core of RNase A. Using the same
equilibrium unfolding conditions and given the similarities in activity and CD profiles
allows us to compare the variants directly and interpret thermodynamic changes in

terms of perturbations of the well-known wild-type structure.

To evaluate the contribution of the hydrophobic effect to globular protein
stability, we applied the analysis developed by Pace (Pace, C.N. 1992) which is based
on comparison of the changes in variant stability relative to wild-type protein (AAG)
with the free energy change in transferring model amino-acid side-chain compounds
from water to n-octanol (AGy) (Table 5). To correct for variable solvent accessibility,
experimental AAG have been scaled to 0% solvent accessibility (AAGy,,). There is a
good correlation between AGy, and AAGy,,, for each particular type of substitution, both
for temperature (R = 0.98) and pressure (R = 0.93) measurements. These results for
RNase A are in agreement with those reported in the combined analysis of barnase,
staphylococcal nuclease, T4 lysozyme, and gene V protein variants probed using
chemical denaturation (Pace, C.N., et al. 1996). The mean decrease in the free energy of
unfolding associated to the removal of a methyl(ene) group (AAGy,/CH;) (excluding
Xaa to Gly variants) upon pressure and temperature denaturation was 5.31+1.12 and
5.46+0.63 kJ mol™, respectively. The energetic cost of deleting methyl(ene) groups
from the protein interior both pressure and temperature denaturation experiments shows
good comparison and with values for equivalent substitutions in other proteins (Serrano,

L., et al. 1992;Jackson, S.E., et al. 1993;Pace, C.N., et al. 1996). Taken together, these
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data indicate that the contribution of the hydrophobic interactions in the main core of

RNase A is at least as quantitatively important as has been described for other proteins.

Packing interactions

It is clear from our results (Table 1), that equivalent amino-acid substitutions at
different positions in the protein have a different effect on the overall stability. This
variation must arise from dissimilarities, from either the solvent or from the protein, in
the environment surrounding the different positions. It is interesting that there are no
hydrophobic core mutants that significantly increase thermodynamic stability, which is

indicative of a very well-packed core.

In this study V54, V57, 1106, 1107 and V108 were used to assess the role of
packing at the very core of RNase A by calculating the relative stabilities (Table 3)
owing the presence of different side-chains (V, L or I) at these positions. The data in
Table 3 show that the stability differences are large, in spite of the identity of the wild-
type side chain at a particular position. This can be attributed to the high level of burial
of these side chains, as observed with a large number of mutants in staphylococcal
nuclease (Holder, J.B., et al. 2001). As pointed out by Stites and co-workers, this fact is
consistent with the expected effects of packing since good packing optimizes van der
Waals’ interactions and minimizes cavities, factors that are critical in fully buried

residues.

It is interesting to compare the variation in stability between Ile and Leu at
various positions. Both residues should have very few differences in hydrophobicity and
loss of degrees of freedom upon folding. Comparison of AAGy_,. values shows that, in
all the positions except V54, an Ile is better tolerated than a Leu residue. Since V57 is
found in the same a-helix, it is unlikely that the difference could be attributable to a
local secondary structure feature. In our models, S6 and Ce atoms of Met 13 would be
closer to the CB, Cyl and Cy2 atoms of an Ile at position 54 than to the CB, Cy or C62
of a Leu at the same position. This would be a feasible explanation for why a Leu side
chain is accommodated with less strain in this position, even though both Ile and Leu
promote unfavourable steric contacts with surrounding residues. Regardless of the sign,
it is clear that the larger AAG_,1. values correspond to positions in which an Ile residue

is found naturally. This is in agreement with a high packing density in the RNase A
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interior, where both the van der Waals’ interactions and the geometry of the groups that
participate in these interactions are important. We have also observed a significant good
correlation (R = 0.91 for pressure and R = 0.76 for temperature data) between AAG and
the packing density, represented by the number of methyl(ene) groups plus the Ca
atoms within a sphere of 6 A radius of the hydrophobic group deleted. This also
indicates that the packing density around a particular residue is important in
determining the contribution the residue makes to protein stability. During molecular
evolution, important residues in the protein sequence are highly conserved for
functional and structural reasons, including structural stability reasons. In accordance
with their role in protein stability, buried hydrophobic residues are commonly well
conserved during evolution (Koshi, J.M., and Goldstein, R.A. 1997;Finucane, M.D., and
Woolfson, D.N. 1999).

Protein sequence alignments have been proposed as a potentially rich source of
information for investigating the packing interactions within hydrophobic cores (Di
Nardo, A.A., et al. 2003). In the alignment of 41 amino-acid sequences of mammalian
ribonucleases (Fitch, W.M., and Beintema, J.J. 1990), it can be observed that of the
positions studied in this work, all are extremely well conserved (87 to 100%), except for
A64 (44%), which is the most exposed residue with 33.6% solvent-accessible surface
area. Furthermore, the few changes in the conserved positions, are always conservative.
As observed in other proteins, such as staphylococcal nuclease (Chen, J., and Stites,
W.E. 2001;Chen, J., et al. 2004) and the SH3 domain (Di Nardo, A.A., et al. 2003) our
results with RNase A core mutants also stress the importance of the core packing
interactions in the folded state as a key element in the evolution of protein hydrophobic

Cores.

Hydrophobic vs. packing interactions

It is now interesting to quantitatively compare the importance of hydrophobicity
and packing in energetic terms. Therefore, the absolute value of each AAGy_,;, AAGy_,.
and AAGy,, value has been averaged. Since all the positions in this analysis are highly
buried, it can be assumed that the change in the amount of buried hydrophobic surface
upon mutation does not differ significantly among them and thus it will not complicate

interpretation. The average value of absolute AAGy_,. values at the five positions is
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5.75+1.75 kJ mol™". In other words, this is the mean energetic cost of moving a single
methyl group in the RNase A hydrophobic core. The average absolute values of
AAGvy_; = 5.86£1.09 kJ mol'and AAGvy_,, = 6.31+1.29 kJ mol™! give consistency to this
result, despite the difference in hydrophobicity. It is clear that the average energetic cost
of a V—I substitution is smaller than that associated to the V—L exchange. Since both
Val and Ile are B-branched residues, there are fewer packing rearrangements required
and this translates into the energetics of each type of substitution. These values are
similar to those previously reported (Holder, J.B., et al. 2001) for the hydrophobic

packing in staphylococcal nuclease using guanidine hydrochloride-induced unfolding.

When comparing the mean absolute values of the change in free energy
associated with a methyl(ene) group burial (AAGp,/CH,, 5.46+0.63 and 5.31+1.12 kJ
mol™ for temperature and pressure, respectively) and with repacking a buried methyl
group within the main core (AAGiLL, 5.75+1.75 kJ mol”, only measured for
temperature) it is clear that the contribution of packing in the native state of RNase A is

of at least equal energetic importance to hydrophobicity in maintaining the native state.

Double variants: Interaction Energies Analysis

To obtain further insight into interactions existing within the main hydrophobic-
core residues of RNase A, eight double mutants were made constructed involve four

selected positions.

The interaction energy for each variant shown in Table 4 is equal to the
difference between the stability changes of the double mutants relative to the wild-type
and the sum of the stability changes of corresponding single variants. If A’Giy is
negative, this indicates that strains are introduced between the substituted side chains,
while a positive value of A’Giy implies that there are favourable interactions among the
modified side chains. All of the double mutants studied have positive A’Giy, values
indicative of non-additive stability effects. This effect is greater the fewer is the number
of methyl/methylene groups deleted. Variant V57I/I106A shows greatest non-additive
stability effect (A’Giy). which is approximately 16 kJ mol” more stable than expected
from the component single variants. It is noteworthy that double variants V54A/1106A
and V54A/V108A with a change in the number of methylene groups of -5 and -4

respectively, still have non-additive positive AzGim values, which is consistent with an
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exquisite taut core packing. The results suggest that V108 plays a key role in the
hydrophobic core of the RNase A, since variants in which this position is mutated show
a lower AzGim value than the corresponding 1106 variant with the same substitution.
Comparison of residues V54 and V57, located in o-helix III shows that V57
interactions, either with V108 or 1106, are more crucial for the hydrophobic core

interactions and for RNase A stability than those established by V54.

Importance of hydrophobic core residues on RNase A stability related to the

stability imposed by the disulfide bridges

The relative contribution of each disulfide bond to the conformational stability
of RNase A depends on its location within the polypeptide chain relative to other
disulfide bonds. The values of T;, for the C65A-C72A and C40A-C75A RNase A
variants are decreased by approximately 19 and 22°C, respectively, while for C26A-
C84A and C58A-C110A they are decreased by approximately 34 and 38°C, respectively
(Klink, T.A., et al. 2000). Because of the different experimental conditions, these values
of Ty, cannot be directly compared to the T;, values obtained for the variants
characterized in this work. However, it is clear from Table 1 that some of the single
point mutations of the hydrophobic core of RNase A decrease the T, value by an
amount similar to that observed upon removal of the most critical disulfide bridges. In
addition, the double variants V57A/I106A and V57A/V108A destabilize the protein to a
degree that makes its recovery from inclusion bodies impossible. Therefore, RNase A
stability depends on the four disulfide bridges, but the hydrophobic core interactions
and the high packing of the residues from this core cannot be considered to be less

important.

CONCLUSIONS: proposal of a model

Taken together, all the results suggest that V54, V57, 1106 and V108 constitute the most
critical positions for the stability of the main hydrophobic core of RNase A. In our
structure model (Figure 2) these residues adopt a cage-like disposition in which the lid
is featured by Phe 8 and Phe 120. Phe 8 has been shown to be an important residue for
the stability of RNase S (Richards, F.M., and Wyckoff, H.-W. 1971;Goldberg, J.M., and
Baldwin, R.L. 1999) and variants at this position have been used as proof of the

contribution of van der Waals’ interactions to the stability of proteins (Ratnaparkhi,
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G.S., and Varadarajan, R. 2000). It is worth to mentioning that V47 and 181 contribute
significantly to the stabilization of the folded state and lie in the two-lobe junction of
RNase A. We propose that these two residues could act as a link between the
hydrophobic cores located within each lobe. The thermodynamics observed for the
fremaining variants suggests that these positions that surround the main hydrophobic
core play a secondary and more localized role in the stability of RNase A. For instance,
large-to-small substitutions affecting V63 side chain have not been shown to be critical
for the stability of RNase A. However, the side chain of this residue is packed against
the 1107 side chain with a CB-CP distance of 5.19 A and both contribute to burying the
C65-C72 disulfide bond, perhaps protecting it from reduction. Similarly, A109 packs
against Q69 on the opposite side of the same disulfide bond, and both residues could
play an equivalent role to that proposed for V63 and 1107.

Finally, from the thermodynamic data presented in this work and in the absence
of detailed structural analysis, it should be mentioned that some of the mutations
constructed can likely promote a conformational change that minimizes the potential

cavities formed by the deletions introduced.

MATERIALS AND METHODS
Materials.

Escherichia coli strain BL21(DE3) used for the expression of the recombinant
wild-type ribonuclease and the corresponding variants was from Novagen (Madison,
WI, USA). Oligonucleotides used for site-directed mutagenesis and molecular biology
enzymes were from Roche (Base, Switzerland). Other chemicals were from Sigma (ST.

Louis, MO).
Mutagenesis.

Mutant plasmids used to express the different variants were constructed on the
pBXR vector (Torrent, J., et al. 1999) by site-directed mutagenesis using the Quick-
Change kit from Stratagene (La Jolla, CA, USA). The introduction of mutations was
confirmed by sequence determination at the Serveis Técnics de Recerca of the

Universitat of Girona, Spain.
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Protein Expression and Purification.

Mutant and wild-type genes were expressed in BL21(DE3) cells using the T7
expression system, and the recombinant proteins were purified essentially as described
by torrent et al. (Torrent, J., et al. 1999). Protein purity and homogeneity were
confirmed by SDS-PAGE and by cation-exchange using a Mono S HR 5/5 column.
Thus single (V47A, V47G, V54A, V54G, V57A, V57G, V63A, V63G, A64G, 181V,
I81A, 181G, V541, V54L, V571, V57L, V108I, V108L) and double (V54A/1106A,
V54A/V108A, V57A/1106A, V57A/V108A, V54I/T106A, V541/V108A, V5T7I/1106A,
V571/V108A) RNase A variants were prepared. Their molecular mass was confirmed by
MALDI-TOF mass spectrometry using a Bruker-Biflex equipment at the Servei de
Biocomputacié 1 Seqiienciacidé de Proteines of the Institut de Biotecnologia i
Biomedicina at the Universitat Autonoma of Barcelona (Spain). Protein concentration
was determined by UV spectroscopy using a molar extinction coefficient of €273 = 9800
M em™,

Thermodynamic stability determined by temperature and pressure

denaturation.

The proteins were dissolved to a concentration of 0.8 mg/mL in 50 mM sodium
acetate buffer at pH 5.0, for thermal experiments and in 50 mM MES buffer, pH 5.0, for
pressure experiments. These buffers were selected for their relatively small pressure and

thermal pH dependencies (Kitamura, Y., and Itoh, T. 1987).

In the temperature-unfolding experiments, the decrease in absorbance at 287 nm
(1 nm bandpath) was recorded as a function of temperature at room pressure using a
Lambda Bio20 (Perkin-Elmer, Boston, MA, USA) absorption spectrometer. In the
pressure-unfolding experiments a modified Cary3 (Varian, Palo Alto, CA, USA)
absorption spectrometer, described elsewhere, was used (Lange, R., Frank, J., Saldana,
J.L., Balny, C. 1996). All pressure experiments were initially carried out at 40°C, which
allowed most of the transition curve for each protein to be determined within the
pressure limitation of the apparatus. The thermodynamic parameters obtained by
monitoring the decrease of absorbance at 287 nm single wavelength have been
compared to those obtained using the 4th derivative method reported previously
(Torrent, J., et al. 1999). Ty, and AGrt (40°C) values calculated using both approaches

presented differences that were within the standard errors.
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To correlate the difference in free energy of pressure- and temperature-induced
unfolding, pressure experiments were also performed (see results section) at different
temperatures. The AGr values were calculated at each temperature as previously
described (Torrent, J., et al. 1999). Following each pressure or temperature increment,
typically in steps of 20-50 MPa or 2-5°C respectively, the decrease in absorbance at 287

nm was observed to equilibrate well within a 5-min pause before each measurement.

The equilibrium absorbance intensity was corrected for the pressure-dependent
change in volume as previously described (Lange, R., Frank, J., Saldana, J.L., Balny, C.
1996). The equilibrium intensity profile versus pressure was fitted to the following

equation:

X - - X g (D
o [(AG+pAV)/RT]

1 +

Where X, is the absorbance of the native state, X; is the absorbance of the
denatured state, X is the measured absorbance intensity at 287 nm value for each

pressure, AG and AV are the free energy and volume change of unfolding, respectively.

The free energy of unfolding for pressure (AGp) was measured in relation to the
folded state at 40°C and 0.1 MPa. For comparison, the free energy for thermal unfolding
(AGr), under the same conditions was calculated as previously described (Torrent, J., et

al. 1999). The AC, value was fixed at 5.3+0.1 kJ K' mol™ (Pace, C.N.,, et al. 1999).
Calculation of Interaction Energies

The difference between the free energy change in the double mutant and the
summed stability effects of the component single mutant is the so-called energy of
interaction between the two mutated residues. Horovitz and Fersht (Horovitz, A., and
Fersht, A.R. 1990) laid out the general theory for evaluating the energetics of side chain
interactions between multiple residues. The interactions energy (A"Giy), where n

indicates the number of side chains being modified is defined by these authors as:
AZC}int = AAGqouble — (AAGsinglel + AA(}singlcﬂ) (2)

To estimate the error in A’Giy calculation, the procedure followed by Stites and
co-workers (Chen, J., and Stites, W.E. 2001) was used. The experimental error for

determining AG based on the reproducibility of wild-type denaturation is +0.21 kJ mol™
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Therefore, the error in AzGim 1S G(AzGim) =+ 0.42 kI moll. If AzGim falls in the range of
0+0.42 kJ mol™, the stability of the double variant is considered experimentally
indistinguishable from that predicted by the effects of single variants. In other words,

the effects are said to be additive.
Determination of Steady-State Kinetic Parameters.

Spectrophotometric assays were used to determine the kinetic parameters for the
cleavage of poly(cytidylic) acid (poly(C)) and the hydrolysis of cytidine 2°,3’-cyclic
monophosphate (C>p) by wild-type and variant RNase A, as previously described
(Boix, E., et al. 1994;Torrent, J., et al. 1999). Steady-state kinetic parameters were
obtained by non-linear regression analysis using the program ENZFITTER
(Leatherbarrow, R.J. 1987).

Circular Dichroism Spectroscopy.

Circular dichroism spectra were recorded using a Jasco-J715 spectropolarimeter
equipped with a thermostated cell holder. All proteins were dissolved in 10 mM sodium
cacodylate buffer, pH 5.0, and were performed as previously described (Torrent, J., et
al. 1999). Spectra were signal-averaged over four scans. The dichroic absorbance for the
solvent was subtracted using the Jasco software. The far-UV CD spectra were
deconvoluted using the DICHPROT suite of programs (Deleage, G., and Geourjon, C.
1993). The a-helix content was estimated from the molar ellipticity value at 222 nm

from the far-UV spectra using the method reported by (Chen, Y.H., et al. 1972).
Molecular Modelling.

To gain structural insight into the effect of amino acid substitutions and to
correlate changes in interactions and stability, the different RNase A variants were
modeled and superimposed on the wild-type structure. The variant models were
generated with the TURBO-FRODO program (Roussel, A., and Cambillau, C. 1989)
based on the RNase A protein crystal structure (PDB code: 7rsa) (Wlodawer, A., et al.
1988). Energy minimization of the wild-type structure and the variant models without
water molecules was performed with the program GROMOS (van Gunsteren, W.F., and
Berendsen, H.J.C. 1991) for 10 runs of 1000 steps each. Optimized models were
superimposed and solvent-accessible surfaces were calculated using the XAM program
(Xia, T.H. 1992). Packing densities were estimated by counting the number of carbon

atoms at a distance of less than 6 A of the methyl carbon affected by the substitution.
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The number of contacts of the deleted side chain was calculated using the program
CONTACT from the CCP4 package (Potterton, E., et al. 2003). Secondary structures
were assigned with the DSSP program (Kabsch, W., and Sander, C. 1983).
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Tablel.- Thermodynamic parameters calculated from temperature and pressure

denaturation curves of wild-type and its variants forms at 40°C and 0.1 MPa. *

Temperature-unfolding

Pressure-unfolding

Variant AH.,, (kJ mol) T,, (°C) AG;° (kJ mol') AV(cm’mol!) P, (MPa) AG; (k] mol )
Wild type 437(12) 58.0(0.1) 21.16 (0.67) -46.5(3.3) 529 (22.5) 24.61 (0.70)
large-to-small substitutions
V47A 346 (7) 45.0 (0.1) 5.26 (0.94) -73.4(2.1) 87 (2.4) 6.39 (0.81)
V47GP 309 (9) 31.2(0.1) -9.55(0.32) - - -
V54A 365 (14) 49.8 (0.1) 10.37 (0.60) -71.3(0.9) 189 (0.4) 13.55(0.22)
V54Gb 323 (4) 40.8 (0.0) 0.80 (0.19) - - -
V57A 363 (8) 48.7 (0.1) 9.23 (0.54) -63.9 (1.0) 160 (0.6) 10.23 (0.23)
V57Gb 308 (6) 38.1(0.1) -1.93 (0.82) - - -
V63A 398 (5) 58.1(0.0) 12.69 (0.57) -57.6 (2.0) 235(2.2) 13.59 (0.63)
V63G 356 (6) 46.1 (0.1) 6.53 (0.36) -59.7 (2.6) 173 (4.2) 10.35(0.76)
A64G 440 (7) 55.8(0.1) 19.34(0.58) -51.7(2.7) 502 (8.8) 25.90 (5.90)
181V 412 (5) 57.3(0.2) 19.37(1.22) -57.8 (3.8) 405 (1.5) 23.46 (1.82)
IS1A 377 (4) 47.7(0.1) 8.66 (0.57) -60.6 (2.2) 164 (0.5) 9.96 (0.71)
181GP 337 (11) 41.0 (0.1) 1.07 (0.15) - - -
1106V 431 (21) 55.0(0.1) 17.81 (0.94) -52.8(2.7) 330 (0.4) 17.42 (0.91)
1106A 301 (14) 43.1(0.2) 2.87(0.21) -63.4 (3.8) 39 (5.5) 2.50 (0.50)
1107V 422 (17) 58.6(0.1) 20.83 (0.96) -52.2(6.9) 455 (16.1) 23.75 (2.30)
1107A 405 (13) 47.7 (0.1) 9.26 (0.32) -47.4(2.3) 209 (2.7) 9.89 (0.35)
V108A 350 (10) 43.3(0.1) 3.59(0.14) -55.9(2.7) 56 (2.7) 3.13(0.30)
V108G 237 (9) 29.4(0.2) -9.31(0.37) - - -
A109G 455 (21) 55.4(0.1) 19.36 (0.98) -53.2(3.4) 446 (5.4) 23.72 (1.23)
V116A 447 (27) 54.8 (0.2) 18.38 (1.22) -53.6 (1.5) 374 (0.8) 20.04 (0.52)
V116G 468 (52) 53.6(0.1) 16.21 (0.57) -57.9 (3.8 318 (1.6) 18.41 (1.30)
V118A 454 (89) 52.5(0.1) 13.12 (0.60) -51.2(3.9) 317 (1.4) 16.25 (1.31)
V118G 451 (58) 47.9 (0.1) 9.56 (0.36) -55.1(4.8) 216 (8.1) 11.90 (1.48)
isosteric and small-to-large substitutions
1106L 410 (15) 51.7(0.1) 13.68 (0.54) -47.7(1.7) 267 (2.7) 12.72 (0.58)
1107L 435 (19) 49.4(0.1) 11.98 (0.58) -47.5(1.0) 244 (2.4) 11.60 (0.36)
V54L 405 (92) 54.7(0.1) 16.62 (0.12) ND ND ND
V541 316 (14) 55.4(0.2) 13.02 (0.17) ND ND ND
V57L 367 (14) 50.7 (0.1) 11.25(0.13) ND ND ND
V571 336 (26) 57.8(0.4) 15.73 (0.25) ND ND ND
V108L 422 (10) 55.6(0.1) 18.23 (0.14) ND ND ND
V108I 399 (11) 58.1(0.1) 19.34(0.16) ND ND ND
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* Numbers in parentheses are the standard errors of the data.
® Unfolding transition curves of these variants were incomplete at 40°C.

¢ AGt was calculated at 40°C as previously described (Torrent, J., et al. 1999) to be

comparable to AGp

ND, not determined
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Table 2.- Thermodynamic parameters calculated from pressure transition curves at

different temperatures. ©

protein T (°C) P,,, (MPa) AV (ml mol!) AG,, (kJ mol'!) AG,, [40°C] (kJmol1)® AG,, [40°C] (kJmol 1)
50.0 371 (9.6) -43.96 (2.1) 14.46 (0.41)

VtvyillDdC' 52.0 319 (4.8) -39.85 (1.6) 12.74 (0.34) 3276 24.92
55.0 249 (1.2) -38.55 (4.5) 10.86(1.06)
30.0 284 (0.6) -85.19 (3.2) 24.27 (0.87)
35.0 237(0.2) 73.07 3.3) 16.51 (0.77)

V54A 37.0 221 (0.1) -69.58 (2.6) 16.20 (0.60) 12.66 11.97
40.0 189 (0.1) 71.33 (1.0) 13.55 (0.20)
420 165 (1.0) -63.49 (1.6) 10.49 (0.33)
25.0 290 (0.6) -86.31 (2.4) 25.07 (0.64)

vsia 30.0 254 (0.1) 7623 (1.9) 19.41 (0.49) o 06
35.0 213 (0.1) -73.48 (1.8) 15.66 (0.38)
40.0 160 (0.3) -63.95 (1.0) 10.23 (0.17)
20.0 240 (0.4) -95.30 (5.3) 22.93 (1.25)
25.0 211 (0.1) -93.87 (2.6) 19.88 (0.55)

VI108A 4.34 3.84
30.0 169 (0.2) -87.90 (2.0) 14.92 (0.36)
35.0 129 (2.0) -80.19 (4.5) 10.37 (0.74)
10.0 260 (0.3) -102.74 (7.2) 26.79 (0.10)

V54G 20.0 257 (0.1) -94.31 (3.6) 19.98 (0.09) 1.17 0.49
30.0 254 (0.6) -76.23 (4.7) 19.41 (0.09)
10.0 231(0.7) -81.70 (3.1) 18.88(0.07)

V57G 15.0 208 (0.1) 93.74(5.2) 19.57 (0.09) -1.90 2.79
20.0 171 (0.1) 7371 (4.5) 12.64 (0.07)
5.0 129 (1.0) -107.46 (9.0) 13.97 (0.11)

V108G 10.0 117 (0.1) -139.50 (13) 16.44 (0.14) -9.74 -11.64
20.0 67(0.9) -120.98 (7.8) 8.18(0.12)
20.0 254 (0.7) -97.36 (4.7) 22.81(1.13)
25.0 218 (0.1) -89.54 (2.5) 21.28 (0.55)

1106A 4.47 2.97
30.0 177 (0.1) -84.89 (3.3) 15.04 (0.59)
35.0 138 (0.2) -80.27 (1.1) 11.13 (0.16)
32.0 415 (0.1) -63.95 (0.1) 26.55(0.1)
37.0 364 (0.2) -55.62 (4.0) 2030 (1.4)

1106V 17.81 20.90
40.0 329 (0.4) -52.89 (2.7) 17.42 (0.9)
50.0 173 2.1) -39.34(2.9) 6.84 (0.4)
48.0 318 (4.2) -53.64 (2.7) 17.09 (0.63)

A64G 50.0 287 (0.5) -49.18 (2.0) 14.13 (0.55) 29.20 274
52.0 224 (10) -45.20 (12) 10.16 (3.15)

* Estimated AGp (40°C) values using the linear equation derived from fitting AGp

determined at different temperatures (listed in this Table 2) represented as a function of

AGr calculated at the temperatures used for each variant.
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® Estimated AGp (40°C) values using the linear equation derived from the fitting of
AGt (40°C) vs. AGp (40°C) experimentally obtained for the wild-type and the variants

(values of these thermodynamic parameters are presented in Table 1).

“ Numbers in parentheses are the standard errors of the data.

66



Resultats i discussiod

Capitol I

Table 3.- Relative stability of proteins with different side chains at a given position. f

.. b 4  side-chain
position AAGvy_" AAGy_,L AAGLLS AAGyiA
SASA (%)°
V54 2958 (0.04) -5.98(0.09)  3.6(0.05) -12.23(0.04) 3.1
V57 -6.87 (0.04) -11.35(0.08) -4.48(0.12) -13.37 (0.08) 0.9
1106 479(0.73)  -4.13(0.40)  -8.92(0.33)  -19.73 (0.00) 1.1
1107 1.77(0.75)  -8.85(038) -10.62 (037) -13.34(0.11) 7.6
V108  -3.26(0.05 -437(0.07) -1.11(0.02) -19.01 (0.07) 1.1

* AAGy_1 = AGre — AGyal
b AAGVHL = AC}Leu - AC}Val
¢ AAGI—»L = ACTLeu - A(}Ile

Y AAGyia = AGal — AGy

¢ Solvent accessible surface area of the side chain in the wild type structure calculated

using the program XAM (Xia, T.H. 1992).

"Numbers in parentheses are the standard errors of the data.
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Table 4-. Thermodynamic parameters from temperature denaturation curves of the

double variants. °

AGT* (kJ/mol)  AAGrioute EAAGrgingle A’Gine ACH,®
V54I/1106A  5.13 (0.13) -17.47 -29.31 11.84 2
V54I/VI08A  2.67 (0.32) -19.93 -28.60 8.66 -1
V57I/I106A 1242 (0.37)  -10.18 -26.60 16.42 2
V57I/V108A  4.75(0.10) -17.85 -25.88 8.03 -1
V54A/I06A  -4.36(0.31)  -26.96 -34.96 8.00 -5
V54A/VI08A  -5.45(0.23)  -28.05 -31.24 3.19 -4
V57A/T106A° - ; - - 5
V57A/V108A° - ; - - 4

“ Calculated at 40°C in order to be comparable to single-mutant data as previously

reported (Torrent, J., et al. 1999).
® Change in the number of methyl(ene) groups upon mutation.

¢ The two double variants V57A/I1106A and V57A/V108A were expressed but could

be not recovered from the insoluble fraction.
¢ Calculated from values presented in Table 1.

 Numbers in parentheses are the standard errors of the data.
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Table 5.- Average values of stability losses for equivalent amino acid substitutions
made at different positions and relationship with changes in solvent transfer values and

residue volume corresponding to the amino acid replacements.

Temperature Pressure
denaturation denaturation
Type of no' Of AAGbur AAGbur/CHz AAGbur AAGbur/CHz AGtr _AVres

substitution variants (jmol")  (kJmol")  (kimol")® (kImol’Y* (kimol') (A%

Ile-Ala 3 16.23 5.41 17.77 5.92 16.07 74.80
Ile-Val 3 4.39 4.39 3.13 3.13 5.69 25.80
Ile-Gly 0°/1 22.98 5.74 - - 20.29 101.10
Ile-Leu 2 6.94 - 13.25 - -0.08 0.30

Val-Ala 7 13.19 6.59 13.74 6.87 10.38 49.00
Val-Gly 37 23.01 7.67 13.18 4.39 14.60 75.30
Ala-Gly 2 4.01 4.01 -2.69 -2.69 4.27 26.30

* For pressure denaturation experiments. When not distinction is made, variants where

studied under pressure and temperature.

® Average AAG values expected for each equivalent amino acid substitution made if
the side chain was 100% buried. This value was calculated as previously described

(Pace, C.N. 1992;Pace, C.N., et al. 1996)

¢ The average AAGy, values for aliphatic side chains have been divided by the

number of CH, CH; or CHj groups.

4 The AGy values corresponding to these amino acid substitutions are based on
measurements for water to octanol (Fauchére, J.L., and Pliska, V. 1983) and have been

corrected for the difference in volume between the solutes and solvents (Sharp, K.A., et

al. 1991).

¢ The —~AV,¢s values are based on the volumes occupied by buried residues (Harpaz,

Y., et al. 1994).
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FIGURE LEGENDS

Figure 1.- Ribbon diagram of RNase A structure (A) Schematic representation of the
three-dimensional structure of RNase A showing the elements of secondary structure
involved in the putative nucleation site proposed by Rico and co-workers (Neira, J.L., et
al. 1999). (B) Detail of the hydrophobic core with the side chains of the residues that
have been substituted by site-directed mutagenesis (see Table 1) in order to study their
contribution to the stability. The figure has been drawn using the program PyMol
(DeLano, W.L. 2002).

Figure 2.- Representation of the anticipated model. Residues of the main hydrophobic
core of RNAse A are shown as spheres of van der Waals radius and coloured according
to their contribution to the native state stability: V54, V57, 1106 and V108 that
constitute the most critical positions are in red, V47 and 181 which are positioned in the
two-lobe junction are coloured in white, while the rest of the residues, V63, A64, 1107,
A109, V116 and V118 are coloured in yellow. The figure has been drawn using the
program PyMol (DeLano, W.L. 2002).
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Figure 1
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Figure 2
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ABSTRACT

The role of hydrophobic interactions established by the residues that belong to the main
hydrophobic core of ribonuclease A in its pressure-folding transition state was
investigated using the ®-value method. The folding kinetics was studied using pressure-
jump techniques both in the pressurization and depressurization directions. The ratio
between the folding activation volume and the reaction volume (Bp-value), which is an
index of the compactness or degree of solvation of the transition state, was calculated.
All the positions analyzed presented fractional ®gvalues and the lowest were those
corresponding to the most critical positions for the ribonuclease A stability. The
structure of the transition state of the hydrophobic core of ribonuclease A, from the
point of view of formed interactions, is a relatively, uniformly expanded form of the
folded structure with a mean ®svalue of 0.43. This places it half way between the
folded and unfolded states. On the other hand, for the variants, the average of Bp-values
is 0.4, suggesting a transition state that is 40% native-like. Altogether the results suggest
that the pressure-folding transition state of ribonuclease A looks like a collapsed globule
with some secondary structure and a weakened hydrophobic core. A good correlation
was found between the ®gvalues and the APp-values. Although the nature of the
transition state inferred from pressure-induced folding studies and the results of the
protein engineering method have been reported to be consistent for other proteins, to the

best of our knowledge this is the first direct comparison using a set of mutants.

Keywords: protein folding, high pressure, pressure-jumps, ribonuclease A, pressure-

folding transition state.
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INTRODUCTION

To understand the folding of a protein, it is important to characterize all the states
involved in this process, i.e. the native or folded state, the unfolded state, the
intermediate states (if present) and the transition states, structurally and
thermodynamically, as well as the kinetic relationship between them. X-ray
crystallography and NMR spectroscopy have been used extensively in determining the
three-dimensional structure of native proteins. Heteronuclear multidimensional NMR
techniques, among other biophysical techniques, have been used to characterize the
unfolded states of the proteins (Logan et al. 1993; Wang and Shortle 1995; Freund et al.
1996; Smith et al. 1996; Wong et al. 1996; Zhang and Forman-Kay 1997). From these
studies it has become clear that unfolded proteins usually contain regions of residual
structure (Shortle 1993). In the case of proteins with folding intermediates different
techniques have been used to characterize them (Baldwin 1993). Intermediates were
thought to be essential to the folding process in order to help restrict the conformational
space and direct the protein to its folded conformation. However, well-populated
intermediates do not always seem to be required for the fast efficient folding of a
protein (Jackson and Fersht 1991). In addition, many small proteins have now been
shown to fold with simple two-state kinetics (Jackson 1998). The transition states, due
to their fleeting nature, are the least well-populated productive “intermediates” on the
folding pathway, which precludes their direct experimental investigation. Instead,
experimental studies have been limited to indirect approaches in which the properties of
the transition state were inferred at first from the kinetic consequences of changes in
environmental conditions (Tanford 1968) and later from studies of the kinetic
consequences of mutations, i.e. by applying the protein engineering method or ®-value
analysis initially developed by Fersht and co-workers. Since this pioneering work
(Matouschek et al. 1989; Fersht et al. 1992) to the present day, the ®-value analysis has
been applied with varying levels of completeness to more than two-dozen proteins
(Raleigh and Plaxco 2005) and has become one of the experimental methods with most

potential for characterizing folding transition states (Fersht 2004).

In most of these studies the kinetics of folding-unfolding processes has been
monitored by stopped-flow techniques using chemical denaturants to induce the
transition. In comparison, there are few works describing the transition state of the

folding/unfolding processes of a protein induced by a physical agent, such as pressure.
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However, with the development of the pressure-jump techniques, an increased number
of folding kinetic studies have been performed with different proteins. Some of them
have used pressure alone (Vidugiris et al. 1995; Desai et al. 1999; Mohana-Borges et al.
1999; Panick et al. 1999; Panick and Winter 2000; Woenckhaus et al. 2001; Tan et al.
2005) or pressure in combination with other denaturing agents (Pappenberger et al.
2000) to study the folding kinetics of a wild-type protein. Very few works deal with
using mutants to study the pressure-folding transition state of a protein (Jacob et al.

1999; Perl et al. 2001).

In the present work, we have performed an approach to this research subject that
uses pancreatic ribonuclease A (RNase A) as a model protein. The folding kinetics of
RNase A variants from the most critical positions for enzyme stability i.e. Val 47, Val
54, Val57, 1le81, I1e106, Ile107 and Val108 which have been described previously (Coll
et al. 1999; Torrent et al. 1999; Torrent et al. 2001; Font et al. 2005), have been studied

using pressure-jump techniques.

The pressure-jump technique has several advantages over other trigger
mechanisms: it does not significantly change the solvent properties, pressure propagates
rapidly so that sample homogeneity is not a problem and, pressure-jumps can be
performed bidirectionally, i.e. in both the positive and negative pressure directions. In
addition, using pressure as a denaturant agent allows the reaction volume to be
calculated (equilibrium measurements) as well as the activation volumes for folding and
unfolding reactions, which can give information on the solvation of the transition state.

These parameters are not available using other denaturing agents.

The results obtained indicate a pressure-folding transition state for the main
hydrophobic core of RNase A that is approximately half way between the native and
unfolded states. The ®-value analysis shows that it is a relatively uniformly expanded

form of the folded structure presenting a weakened hydrophobic core.

RESULTS

Non-disruptive mutants (Fersht et al. 1992; Fersht and Sato 2004) constructed in
positions that belong to the main hydrophobic core of RNase A, whose contribution to
protein stability has been previously characterized by pressure and temperature-

equilibrium unfolding studies (Coll et al. 1999; Torrent et al. 1999; Torrent et al. 2001;
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Font et al. 2005), were selected to test their contribution to the transition state of the
pressure-induced unfolding/refolding processes of RNase A. Xaa to Ala substitutions
were chosen to apply the ®-value analysis. This change is described as the most
convenient since it is unlikely that Ala will form new non-native interactions when
substituted into a protein (Zarrine-Afsar and Davidson 2004). According to the RNase
A structure solved by x-ray crystallography (Wlodawer et al. 1988) and NMR (Rico et
al. 1991) the elements of secondary structure where the mutations were introduced are
the B-strands 1, 4 and 5 and the a-helix III (Figure 1). Table 1 shows the mutations
produced in RNase A, their location, and accessibility as well as the contacts of the
deleted groups. All the performed mutations form hydrophobic contacts. They affect
local interactions and, at the same time, involve long-range interactions. Therefore, they
report on both the integrity of a particular region of the protein and on the tertiary
structure of the protein. Val54Ala and Val57Ala substitutions may report on a-helix III,
Ile106Ala, Ile107Ala and Val108Ala substitutions may report on strand 5 and Ile81Ala
change may report on strandf34. Val47 located near to the C-terminal edge of strand (1

reports mainly on tertiary contacts.

Pressure-induced equilibrium unfolding studies

Table 2 summarizes the free energy of unfolding (AG) as well as the changes in
reaction volume upon unfolding (AV) for the wild-type enzyme and the variants that
have been kinetically characterized in this work and previously published in (Coll et al.
1999; Torrent et al. 1999; Torrent et al. 2001; Font et al. 2005). As expected for core
hydrophobic residues, the mutant’s stability decreases significantly with respect to the

wild-type enzyme, and the positions that are most affected are 47, 106 and 108.

The observed changes in reaction volumes (AV) for all the variants, with the
exception of the Ile107Ala variant, are more negative than the value found for wild-type
protein. The volume of the native RNase A at 40°C is increased 46.51 = 3.3 cm’/mol
compared with the denatured form. This value and the values found for the variants are
similar to the reaction volumes for folding of many other small single domain proteins

(Heremans 1982; Royer 2002)
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Analysis of two-state behaviour

One of the advantages of the pressure-jump techniques is that it is possible to
follow the process being studied in the two directions: pressurization and
depressurization. Therefore, this allows comparing the changes in the observed rate
constants (k,ps) vs. pressure for the positive (unfolding process) and negative (refolding
process) jumps. In a simple two-state process, the observed rate constants should be the
same for forward and backward pressure-jumps. If this is not the case, the process under
consideration is path-dependent. Figure 2 shows the plot of Ink, vs. pressure for the
wild-type protein. Our data show that the observed rate constants do not depend on the
direction of the jump, which indicates that the process is consistent with a two-state

model. The same was found for each variant analyzed (data not shown).

Kinetic analysis

For wild-type RNase A and the variants, linear plots of natural logarithms of k¢
and k, versus pressure allowed both constants to be calculated at 0.1 MPa. Table 3
summarizes the unfolding and refolding kinetic parameters obtained for RNase A and
the variants for positive jumps. Similar results were obtained for negative jumps (data

not shown). The values of the mutant unfolding rate constants relative to the parent

molecule &, rel (kT/kLV t) as well as the values of the mutant folding rate constants

relative to parent enzyme kgrel (kfm /k }W ) are detailed in Table 3. All the variants appear

to fold slower than wild-type enzyme by about one order of magnitude while much
more diversity is observed in the unfolding rates. The variant Val54Ala has an
unfolding rate constant that is only one order of magnitude greater than that of wild-
type enzyme. Variants Val57Ala, Ile§1Ala and Ilel07Ala have an unfolding rate
constant about 1.5 orders of magnitude greater than that of RNase A, and finally,
Val47Ala, lle106Ala and Vall08Ala, present an unfolding rate constant between two to
three orders of magnitude greater than the one of wild-type enzyme. Overall the
unfolding process is more significantly affected than the folding process for Val47A,
[le106A and V108A whereas for the other variants the destabilization can be considered

to be a consequence of affecting both processes by a much more similar magnitude.
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The activation volumes for folding (AV?) and unfolding (AVj) reflect the

slopes of the plots of Ink; or Ink, vs. pressure. Figure 3 presents the plots of Inkf and Ink,

vs. pressure for positive jumps. The slopes differ for the different mutants.

In chemical denaturant-induced folding studies, the denaturant dependence of the
kinetic rate constants can provide information about the solvent accessibility of the
transition state. This can be expressed in terms of the Tanford B-value (Br) (Tanford
1970; Fersht 1999) which is a useful index of the compactness of the transition state and
provides an approximate measure of the position of the transition state on the reaction
coordinate. An analogous parameter, which it is called 3, (for pressure), can be derived

from the volume changes associated with pressure-induced unfolding:
Bp = (BAG” /3pressure) / (SAG/dpressure) = AV” / AV

where AV” is the activation volume and AV is the volume change measured upon
unfolding at equilibrium (Perrett and Zhou 2002). Comparing activation and
equilibrium volume changes has likewise been used to measure the extent to which the
transition state resembles the native state or to estimate the position of the transition
state along the reaction coordinate (Vidugiris et al. 1995; Desai et al. 1999;
Pappenberger et al. 2000; Woenckhaus et al. 2001). When Bt and 3, were compared for
the same protein, the values were found to be similar (Desai et al. 1999; Pappenberger

et al. 2000).

The equivalence between Br and (3, is particularly true if volume changes during
the folding of a protein arise mainly from changes in solvent interactions of the
polypeptide chain and packing deficiencies in the hydrophobic core (Pappenberger et al.
2000). This is the case for RNase A and the variants studied here (see discussion). The
B, values are listed in Table 3 for positive jumps. The more destabilized variants present
B, values closer to the value found for the wild-type enzyme (0.62, 0.56, 0.47 and 0.42
for wild-type, V108A, 1106A and V47A respectively) than the other more stable

variants, which present lower values ranging from 0.26 to 0.34.
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Protein engineering analysis

The ®¢values for the single destabilizing mutations of the hydrophobic core of
RNase A are presented in Table 3 for positive jumps. A good agreement is found
between the ®¢ values obtained from positive and negative jumps. No mutation of the
hydrophobic core of RNase A results in a @¢value of 1 or 0, rather all the d¢values are
fractional, ranging from 0.35 to 0.55. Therefore, none of the RNase A core residues
analysed in the present work present their interactions completely formed or lost in the
transition state. By comparing the location and contacts of the different variants (Table
1) it is shown that each altered side-chain establishes contacts both with residues
belonging to the secondary structure element at which it belongs and with residues from
other elements of secondary structure as well. Thus, it is not possible to discern between
the contribution of side chains in the formation of a particular element of secondary
structure and their implication in long-range interactions. Therefore, the results have to
be interpreted globally, considering the participation of the side chains in both types of

interactions in the hydrophobic core of RNase A.

The most critical positions for RNase A stability, 108, 106 and 47, are those for
which the change for Ala gives the lowest ®¢values, 0.35, 0.36 and 0.37, respectively.
The rest of the variants present ®¢values between 0.46 and 0.55. These results indicate
that the interactions of the side chains of Vall08, Ile106 and Val47 are less formed in
the transition state than the interactions of the rest of the variants. On average, the @
value for all the core side chains studied here is 0.43. This value is consistent with a
transition state in which all the interactions established by the side chains of these core

residues in the native state are 43% formed.

Brgnsted behaviour: single vs. parallel pathways

Intermediate @ values are difficult to interpret since they could correspond to
partial formation of interactions or to a mixture of fully folded and unfolded states
arising from parallel pathways. Fersht et al. (Fersht et al. 1994) used simple physico-
chemical reasoning, to show that it is possible to distinguish between these two
possibilities by performing a Bronsted plot analysis. If there are simple relationships
between the rate constants and the changes in interaction energies, and assuming that all

mutations are testing the same degree of structure formation, the natural logarithm of
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the unfolding/folding rate constants should exhibit Brensted behaviour, in which plots

of Ink, and Inks versus AAG / RT for a set of mutants are approximately linear.

The variation in Inkrand Ink, versus the difference in energy between the wild-
type and the different mutants is plotted in Figure 4. There is a very good linear
correlation between these two variables for the unfolding reaction (r = 0.99) and for the
folding reaction (r = 0.94), which indicates that there are no discrete populations with

different degrees of structure in the transition state.

DISCUSSION

Although intermediates for the folding and unfolding process of RNase A have been
detected and described (Neira and Rico 1997; Nogués 1997; Kimura et al. 2005) in the
present study no stable intermediates have been detected and thus the only structure to
be analysed was the transition state. The structure of the transition state of the main
hydrophobic core of RNase A has been mapped by comparing the kinetics and
equilibrium of folding of seven mutants belonging to this core. According to the protein
engineering method the ®pvalues obtained from pressurization experiments and ®u-
values obtained from depressurization experiments accomplishes the relationship @ =
1-®,. The same complementary is observed for the activation volumes for folding and
unfolding, obtained from the positive and negative-jumps kinetics. Both analysis shows
that the structure of the transition state obtained is kinetically indistinguishable when
measured in the direction of unfolding and refolding. Therefore, the results of the ®-
value analysis and those of the B,-value analysis satisfactorily prove the energetic
changes as well as the degree of compactness of the transition state and, by inference,
the structural properties of this transition state induced by a pressure increase or release.
Recently, there has been some discussion in the literature about which is the lowest
AAG value acceptable for calculating valid ®-values (Sanchez and Kiefthaber 2003;
Fersht and Sato 2004). Sanchez and Kiethaber propose that ®-values for AAG < 1.7
kcal/mol are artefactual, while Fersht and Sato suggest that for deletion mutations in
suitable proteins the threshold could be as low as 0.6 kcal/mol. All the variants studied
in this work present a AAG value greater than 1.7 kcal/mol, that reinforces the

confidence in the calculated ®d-values.
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Our data for wild-type RNase A and mutants fit well to a single-exponential
relaxation process both for unfolding and refolding. A kinetic study of RNase A using
pressure-jump techniques monitored by FTIR (Panick and Winter 2000) showed that the
relaxation profiles for the pressurization and depressurization fit well with a model that
assumes two-exponential relaxation processes. The discrepancy might be due to the
different experimental conditions used. In our work the pressure-jumps are done at 40°C
while in the work of Panick and Winter the pressure-jumps are done at 20°C. Moreover,
a different pH for the protein solution is used, 2.5 in the FTIR work while we have used

apH of 5.5.

Characteristics of the transition state of RNase A inferred from B, values.

It has been described that contributions to the reaction volume, AV, obtained
from equilibrium experiments, may arise from packing deficiencies in the native state
(Frye et al. 1996; Frye and Royer 1998; Hummer et al. 1998) and differences in solvent
interactions between native and unfolded protein (Heremans 1982; Dill 1990; Hummer
et al. 1998). The structure of the native RNase A shows no indication for cavities
(Wlodawer et al. 1988) however the observed volume change corresponds to only about
0.33% of the total protein volume. Thus, even minor packing deficiencies in the native
protein might contribute to the reaction volume. Other contributions to AV are known to
arise from changes in interactions between the solvent and the protein chain. This effect
is especially pronounced around charged groups (electrostriction). From our data we
cannot discard this contribution to AV however RNase A is a basic protein with a
pronounced number of basic groups compared to acidic ones. Since no basic groups are
buried in the native state, contributions from electrostriction around positive charges are
not expected (Wlodawer et al. 1988) and although a small contribution from acidic
groups, at the experimental pH, can account for the changes in AV, this contribution is
assumed to be minor. Therefore, in our case, and in accordance with what has been
described for other proteins the decrease in the volume of the pressure-unfolded state is
mainly a consequence of packing deficiencies in the hydrophobic core of the protein as
well as changes in solvent interaction of the polypeptide chain (Royer et al. 1993; Frye
et al. 1996; Frye and Royer 1998; Pappenberger et al. 2000). For the variants, the

greater values of the reaction volumes compared to the wild-type may be directly
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related to packing deficiencies as a consequence of methyl/ene deletions as well as to
differences in solvent interactions of the polypeptide chain between the native and
denatured state. Since there are no changes in charged groups between the wild-type and
the variants electrostriction contribution from these types of residues to reaction

volumes of the variants should be the same as in the wild-type enzyme.

Since volume changes that occur during RNase A and variants folding arise
mainly from changes in solvent interactions of the polypeptide chain and packing
deficiencies in the hydrophobic core, measuring the activation volumes for the refolding
reaction relative to the reaction volume gives structural information on the transition

state (Pappenberger et al. 2000; Perrett and Zhou 2002).

For wild-type RNase A the activation volumes for the refolding and unfolding
reaction of 28.90 and -18.21 cm’/mol show that the volume of the transition state is
about 60% native-like, suggesting that it is still partially solvated. For the variants, the
results obtained for the 3, values indicate that those that are more destabilized present a
transition state, at least from the point of view of solvation, which is closer to the native
state of each variant. That is, for V108A, 1106A and V47A the transition states are
about 56%, 47% and 42% native-like respectively, while for the other variants the
transition state is around 26% to 34% native-like. In other words, the Ala changes
introduced at positions 108, 106 and 47 bring the transition state closer to the native
state than the changes introduced at the rest of the positions studied in this work. This
means that the transition state is found to move progressively closer to the folded state
on destabilization of the protein by mutation according to the Hammond postulate
(Hammond 1955), which states that the structure of the transition state of a chemical
reaction becomes more product-like when the product is destabilized. For protein
folding reactions a pressure-induced structural movement of the transition state might
be explained mainly by the weakening of hydrophobic interactions, accompanied by an
increase in solvation of the polypeptide chain increasing pressure (Heremans 1982;
Mozhaev et al. 1994; Hummer et al. 1998). As a result, a larger number of interactions
are required, and consequently a dehydration of the polypeptide chain to compensate for
the loss in conformational entropy during the folding process. This effect leads to a
more native-like transition state. The Hammond postulate has also been proposed to

explain the movements of the transition state for folding of other proteins like barnase,
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chymotrypsin inhibitor 2 (CI2) and tendamistat, studied using other denaturing agents
(Matouschek et al. 1995; Pappenberger et al. 2000).

Characteristics of the transition state of RNase A inferred from ®-values.

All the mutations in this work are changes of larger hydrophobic side-chains to
smaller ones and as a consequence, according to the protein engineering method, their
fractional @ values are indicative of the extent of structure formation mapped out at the
level of individual residues. In fact, the nice linear fitting of the Bronsted plot
corroborates this hypothesis (Matouschek et al. 1989; Matouschek et al. 1990; Fersht et
al. 1992).

The residues of the major hydrophobic core of RNase A studied in this work can
be split into two categories: those mutations that result in a ®pvalue around 0.35
(Val108, Ile106 and Val47) and the rest of the mutants which present ®~values around
0.5 (between 0.46 and 0.55). A priori, the opposite would be expected and higher @
values would also be expected for all the positions analysed, since refolding quench
flow experiments combined with 2D NMR allowed to identify the protons which are
protected early during the refolding reaction of RNase A among which were Val47,
Val54, 1le81, Ile106 and Val 108 (Udgaonkar and Baldwin 1990). In addition, most of
the amide protons protected early in the folding reaction are among the ones which
exchange by global unfolding events or those for which this process is a major pathway
for exchange when the H/D exchange behaviour of amide protons has been studied by
2D NMR (Neira et al. 1999). Nevertheless, our results suggest that part of the
interactions of the residues 47, 106 and 108 are formed later than the interactions of the
rest of the positions analysed which in turn do not present ®¢values greater than 0.55.
Probably, the interactions of the residues analysed and in particular those of the three
residues which have the lowest ®¢values, are more important for stabilizing the folded
structure of the RNase A than for directing its folding. This is in accordance with the
hypothesis that hydrophobic clusters are more important for stability (Kim et al. 1998).
The discrepancy between the results of the protein engineering method applied in this
work and those found in the 2D NMR studies might be due to the fact that NMR
monitors the behaviour of the main chain while the protein engineering method

monitors the side-chain interactions. It is possible that in the transition state the main
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hydrophobic core of RNase A presents a structured backbone while the side-chains are

not in their native conformation.

For other proteins, that are not all a or all B, like CI2 (Itzhaki et al. 1995), the
activation domain of human procarboxypeptidase A2 (ADA2h) (Villegas et al. 1998),
immunophilin FKBP12 (Fulton et al. 1999) and the CheY chemotactic protein (Lopez-
Hernandez and Serrano 1996), low ®svalues have been obtained for the amino acids
that belong to the hydrophobic core. It has been proposed that the transition state for
these proteins looks like a collapsed globule with some secondary structure and a

weakened hydrophobic core.

Consistency of the results obtained from ®¢-values and B, values.

The conclusions about the transition state drawn from the protein engineering
method are consistent with the ones obtained from 3, values, which can be specifically
obtained from pressure studies. A good correlation (Figure 5) exists between the @y -
values and the differences between the 3, value of wild-type enzyme and the B, values
of the different variants, AB,, in Table 3. The side chains for which a minor number of
the interactions are present in the transition state relative to the interactions that are
present in the native state, also give rise to minor differences between the degree of
solvation/compactness of the transition state relative to the native state compared to this

parameter (Bp) for the wild-type enzyme.

Although it has been stated that the nature of the transition state inferred from
pressure-induced studies is consistent with the results of the protein engineering method
(Perrett and Zhou 2002), to the best of our knowledge, this is the first direct comparison

using a set of mutants.

CONCLUSION: The transition state of RNase A for the pressure-folding process

The structure of the transition state of the hydrophobic core of RNase A from the point
of view of formed interactions is a relatively uniformly expanded form of the folded
structure with a mean ®@¢-value of 0.43, which places it half way between the folded and
unfolded states. This means that, on average, 43% of the free energy of interaction is

lost on reaching the transition state for unfolding from the folded state.
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Both the wild-type enzyme and the variants present a negative unfolding
activation volume which places the transition state between the native and unfolded
states. On average the Pp-value for the variants is around 0.4, suggesting a transition
state that is 40% native-like from the point of view of compactness. Taking into account
that it has been described that the pressure-denatured state of RNase A contains some
partial secondary structure (Torrent et al. 2001) and that the unfolded-state appears to
display some characteristics of a molten globule with native-like secondary structure
and a liquid interior (Zhang et al. 1995) it seems reasonable to propose a transition state
that has a significant degree of secondary structure formed and a weakened hydrophobic
core. This, in turn may suggest a pressure-folding pathway according to a nucleation-

condensation mechanism for the main hydrophobic core of non-reduced RNase A.

MATERIALS AND METHODS
Mutagenesis, Protein Expression and Purification.

RNase A variants were constructed by site-directed mutagenesis using the
Quick-Change kit (Stratagene) essentially as recommended by the manufacturer. Protein
expression and purification was performed according to the procedures previously

described (Torrent et al. 1999; Font et al. 2005).

Pressure-induced equilibrium unfolding

The stabilities of each of the variants in this study were previously characterized
by pressure-unfolding at 40°C and monitoring the change in absorbance at 287 nm

according to (Font et al. 2005).
Kinetic experiments: pressure-jumps

The lyophilized proteins were dissolved to a concentration of 0.5 mg/mL in the

same buffer used for the equilibrium experiments (50 mM MES, pH 5.0).

The protein intrinsic fluorescence was measured by exciting the sample at 280
nm (4 nm slit) and recording the emission at 305 nm (16 nm slit) to minimize

photobleaching. The dead time of the equipment was shorter than 5 ms.
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Fluorescence measurements were carried out using an Aminco Bowman Series 2
fluorescence-spectrophotometer (SLM  Aminco, FosterCity, CA). The sample
compartment was modified to accommodate a thermostated high pressure optical cell,
allowing measurements up to 700 MPa. The protein solution was placed in a 5 mm
diameter quartz cuvette, closed at the top with a flexible membrane and held with a
rubber O-ring. Pressure-jumps consisted of sudden changes of pressure (up to 40 MPa)
within a pressure range of 0.1-600 MPa, and were made by using a home made
pressure-jump device connected to the high pressure optical cell placed in the above
mentioned fluorescence-spectrophotometer. Pressure-jumps were carried out by opening
an electrically driven pneumatic valve localized between the high pressure optical cell

and a ballast tank.

The pressure-jumps were small enough so that the adiabatic heating or cooling
of the sample amounted to no more than 0.35°C, which at the sample temperature of
40°C would not perturb the folding equilibrium of the proteins significantly. Therefore,
the adiabatic heating did not contribute significantly to the exponential decay induced

by the pressure-jump.
Data analysis
Determining kinetic parameters from relaxation profiles

The relaxation profiles of the unfolding/refolding, after each pressure-jump,

were fitted to a single exponential decay, according to equation (1).
[t)y=1o +A(1-e™>") (1)

where /(¢) and [, are the fluorescence intensities at time t and at time zero, A is the

phase amplitude and ks is the measured rate constant at the final pressure p.

In agreement with a two-state folding/unfolding reaction, the measured apparent
rate constant at a given pressure ks 1s equal to the sum of the microscopic rate constant

for folding kr(p)and unfolding k.(p)

kobs(P) = ku(p) + ki(p) (2)

Equation (2) was used to calculate the microscopic rate constants introducing a
constrained analysis which takes into account the relationship between the rate
constants and the equilibrium constant for each jump (Herberhold et al. 2003) The

equilibrium constant at pressure p was calculated using Equation (3)
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In K(p) = -(AG + pAV) / RT 3)

where AG and AV are the free energy and volume change of unfolding obtained from

equilibrium experiments and p is the final pressure of each jump.
Linear plots of Inkq(p) / Ink,(p) versus the final pressure of each jump allowed us

to calculate AV? and AVIT , the activation volumes for folding and unfolding

respectively, according to equations:

Inke =-p (AVy / RT)+ Ink, (0.1MPa) @)

Inks =-p (AV; / RT)+ Inke (0.1MPa) (5)

Protein engineering method: calculation of the ®-values

The free energy changes of the transition state upon mutation (AAGr and AAG,,)

were calculated using the following equations:

AAGe=-RT In(ky 7k} ) (6)
m wt
AAGy= -RTIn(k . lku') 7)

where k;n and k}v "are the rate constant for folding for the mutant and wild-type,

respectively. The same applies for the unfolding ones. The ®¢values which report on
the degree of formation of the interactions broken upon mutation in the transition state

were calculated using the equation:
®;= AAGy / AAG ®)

The protein engineering method has been extensively reviewed, mainly by
Fersht and co-workers (Matouschek et al. 1989; Fersht et al. 1992; Serrano et al. 1992;
Fersht 1995; 1997; 2004).
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Table 1. Location, accessibility and contacts of the modified chemical groups of the

different RNase A variants.

Solvent
. ) ) . accessible
Residues  Location Backbone® Side-chain®
surface
area’ (%)
H12, M13, F46, H48, E49,  F8, H12, M13, H48, E49,
Vald7Ala Pl M79, S80, 181 V54, M79 181, 1106, F120, 0.6
F8, M13, V47, E49, L51,
Val54Ala o3 E49, L51, A52, D53, Q55 D53, Q55, V57, M79, 1106, 3.1
V108, P117
V54, A56, C58, Q60, Y73
V54, Q55, A6, C58, Y73 > A0, 18, 00, ¥ 72,
Val57Ala a3 ’ ’ ’ ’ ’ S75, M79, 1106, V108, 09
Q74, 875, 1106, V108 P117 C110, P117
F46, V47, M79, S80, TS2,  T45, V47, H48, M79, S80,
Ile81Ala B4 D83, A102,N103, K104, D83, A102, N103, K104, 2.0
S123 1106, F120, S123
F8, V47, E49, V54, V57,
lelO6Ala s b > ML IEL RIS gos My, 181, K104, 1.1
- LY, V108, F120, S123,
V63, C65, C72, Y73, Q74,
[le107Ala B5 1106, V108, D121, A122, V]6331’2(1:73§3;4’V%25 > 7.6
S123, V124 ) ’
1106, 1107, A109, C110,
Vall0S8Ala  B5  P117,V1Is, H119,F120, L5 V5% V37, 1106, 1107, 1.1

A122

A109,P117,H119, F120

* Interactions in a sphere of 6A have been determined using the program CONTACT

from the CCP4 package (Potterton et al. 2003).

® Calculated with the XAM program in the wild type structure (7rsa) (Xia 1992).
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Table 2.- Thermodynamic parameters calculated from pressure-unfolding curves of

RNase A and its variants at 40°C and 0.1 MPa (data taken from Font et al 2005) *.

Variant AG (kJ/mol) AAG (kJ/mol) P (MPa) AV (ml/mol)
rWT 24.61 (0.7) - 529 (22) -46.5 (3.3)
V47A 6.39 (0.7) 18.22 87.09 (2.41) -73.37 (6)
V54A 13.55(0.2) 11.06 189.94 (0.41) -71.34 (0.9)
V57A 10.23 (0.2) 14.38 159.97 (0.63) -63.95 (1)
I81A 9.96 (0.1) 14.65 164.38 (0.52) -60.59 (0.8)
[106A 2.50 (0.5) 22.11 39.43 (5.52) -63.4 (3.8)
1107A 9.89 (0.35) 14.72 208.65 (2.74) -47.4 (2.3)
V108A 3.13(0.3) 21.48 56 (2.66) -55.9 (2.7)

* Numbers in parenthesis are the standard errors of the data
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FIGURE LEGENDS

Figure 1.- Amino acid sequence of RNase A and secondary structure assignment. The
secondary-structure elements are graphically represented and were calculated with the
program PROCHECK (Laskowski et al. 1993), helix al (residues 4-12), helix all
(residues 25-32), strand BI (residues 43-47), helix alll (residues51-59),and strands BII
(residues 61-63), BIII (residues 72-74), BIV (residues 79-86), BV (residues 97-111) and

BVI (residues 116-124). The mutated residues are underlined in the sequence.

Figure 2.- Observed rate constants of RNase A after pressure-jumps of 20-50 MPa
amplitude in the pressurization (filled circles) and depressurization (open circles)
direction at pH 5.0 and 40°C. The solid line (pressurization) and the dashed line

(depressurization) are the fit of the data to the following equation:

-AVip -AV;p

In kobs =In (kf(O.lMpa) e RT +ku(0.1Mpa) e RT )

where ks 1s the observed rate constant, k¢ (0.1 MPa) and k, (0.1 MPa) are the

microscopic rate folding and unfolding constants, AV? and AV: are the activation
volumes for folding and unfolding and p is the final pressure of each jump.

Figure 3.- Pressure dependence of the microscopic folding (kf) and unfolding (k,) rate
constants for the wild-type enzyme and variants. Microscopic rate constants were
determined as indicated in Material and Methods according to Equations (4) and (5). (®)
wild-type enzyme, (X) Vald7Ala, (A) Val54Ala, (A) Val57Ala, (@) Ile81Ala, (L)
Ile106Ala, (0) Ile107Ala and (<) Vall08Ala.

Figure 4.- Bronsted plots for the unfolding (open circles) and refolding rate constants

(filled circles) of the variants listed in Table 1. The solid lines are linear regression fits.

Figure 5- Correlation between the ®¢values and the AR, values (B, = AV ;ﬁ /AV) of each

variant. The solid line shows the best fit to a linear equation (r = 0.85).
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ABSTRACT

Pressure-jump (p-jump) induced relaxation kinetics was used to explore the energy
landscape of protein folding/unfolding of Y115W, a fluorescent variant of ribonuclease
A. Pressure-jumps of 40 MPa amplitude (5 ms dead-time) were conducted both to
higher (unfolding) and to lower (folding) pressure, in the range from 100 to 500 MPa,
between 30 and 50 °C. Significant deviations from the expected symmetrical protein
relaxation kinetics were observed. Whereas downward p-jumps resulted always in
single exponential kinetics, the kinetics induced by upward p-jumps were biphasic in
the low pressure range and monophasic at higher pressures. The relative amplitude of
the slow phase decreased as a function of both pressure and temperature. At 50 °C, only
the fast phase remained. These results can be interpreted within the framework of a two-
dimensional energy surface containing a pressure and temperature dependent barrier
between two unfolded states differing in the isomeric state of the Asnl13-Prol14 bond.
Analysis of the activation volume of the fast kinetic phase revealed a temperature
dependent shift of the unfolding transition state to a larger volume. The observed
compensation of this effect by glycerol offers an explanation for its protein stabilizing

effect.

108



Resultats i discussid Capitol III

INTRODUCTION

The so-called conformational diseases, arising from the accumulation of
misfolded proteins in or around cells, have challenged the main paradigms of structural
biology. The most striking example is the prion phenomenon (1; 2), where the
observation of self-perpetuating protein conformational changes calls for a renewal of
our understanding of molecular biology. Due to the recognition of the relationship
between protein misfolding and human diseases, in particular of age-related
neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease (3; 4), the
field of protein folding has gained much interest in the past years. Substantial progress
toward an understanding of these complex processes has been made through a
combination of novel experimental developments and theoretical advances (5). To
characterize a protein folding reaction, several phenomenological models have been
proposed (6), such as lattice simulations and statistical mechanical models. By
comparison of such theoretical predictions with experiment, the so-called “new view” of
protein folding has emerged in the last decade, which is based on energy “landscapes”
(7; 8). It postulates that a range of folding scenarios exists, containing many different
paths that an unfolded polypeptide chain may explore before reaching its folded native

state.

Generally, the kinetics of protein folding and unfolding are studied by a rapid
change of denaturant concentration, or by temperature-jump. Recently, pressure-
induced protein unfolding/folding kinetics has received attention as an elegant
alternative tool. This method consists of monitoring protein relaxations induced by
sudden changes of pressure (9-16). Previously, this approach has been used extensively
to study protein folding and unfolding under equilibrium conditions (17-19). Pressure-
jumps provide unique information concerning packing and hydration properties of the
transition state, inaccessible by other experimental techniques. Indeed, pressure induces
conformational changes that reduce the overall volume of the system. In protein
unfolding processes, formation of the ensemble of unfolded species, including also the
protein hydration shell, is usually accompanied by a decrease in volume. This is
believed to be caused by the combined effects of electrostriction of water molecules
around newly exposed charged and polar groups, the decrease in partial volume of
hydrophobic residues upon transfer from a non-polar protein interior to water, and the

elimination of packing defects (20). A jump in pressure, which can be performed in
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both directions (pressurization or depressurization), propagates rapidly without the
difficulties inherent to the mixing of solutions, and can be used without significantly

changing the solvent properties.

The model protein chosen in this work was bovine pancreatic ribonuclease A
(RNase A; EC 3.1.27.5). This enzyme presents a well known structure studied by x-ray
crystallography (21) and NMR (22). In addition, the unfolding and refolding processes
of the enzyme induced by chemical denaturant agents have been extensively studied by
means of stopped-flow single- and double-jump and pulsed-labelled kinetic experiments
by the groups of Baldwin (23; 24) and Scheraga (25; 26). Monitoring the unfolding of
RNase A by a change of intrinsic fluorescence is possible although the protein does not
possess any Trp residues in its sequence. However, to increase the signal, the previously
constructed and characterized Y115W variant has been used (17). Its Trp residue is
located on the solvent-exposed exterior of a B-turn, integrated in a hairpin subdomain,
which is the most important chain folding initiation site (CFIS) of RNase A (27). Thus,
Trpl115 may report as an intrinsic fluorescence probe on the CFIS as well as on the
isomeric state of the neighbouring Asn-Pro peptide bond. Characterization of the
Y115W RNase A variant showed that the Y115W substitution does not significantly
alter the activity and the stability of the enzyme at extreme conditions of temperature

and pressure.

Here we use a p-jump technique to examine the dynamics of volume changes in
the course of ribonuclease A folding and unfolding. We address the important question
of whether folding and unfolding reaction paths are identical, a hypothesis which
underlies many experimental and theoretical studies. Depending on experimental
conditions, scenarios are found where the kinetics after upward and downward jumps is
significantly different. The results can be interpreted by considering the dynamical
aspect of two-dimensional energy surfaces. Furthermore, the p-jump approach proved to
be useful to analyze the stabilizing effect of glycerol as a result of its interaction with
the unfolding kinetic transition state. This approach appears to be promising to study the

dynamics underlying protein structural changes.
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EXPERIMENTAL PROCEDURES
Protein expression and purification

YI15W RNase A variant was previously constructed by site-directed
mutagenesis as described by Torrent et al. (17). Protein expression and purification was

performed accordingly.
NMR Spectroscopy

One- and two-dimensional NOESY (mixing time: 180 ms) and TOCSY 'H
NMR spectra of Y115W RNase A were recorded at 35°C on a Bruker 600 MHz AMX
spectrometer equipped with a cyroprobe for increased sensitivity. The protein
concentration was 0.90 mM, and the sample contained 50 uM sodium 4,4-dimethyl-4-
silapentane-1-sulphonate (DSS) as internal chemical shift standard, 0.20 M sodium
phosphate buffer and 100% D,O. The pH* of the solution was 6.7, where pH* is the pH
meter reading without taking into account the deuterium isotope effect. The Trp proton

resonances were assigned by comparing the relative intensities of their NOE signals

(28).
Fluorescence measurements under high pressure

Fluorescence measurements were carried out using an Aminco Bowman Series 2
fluorescence-spectrophotometer (SLM Aminco, Foster City, CA), modified to
accommodate a thermostated high pressure optical cell, allowing measurements up to
700 MPa. The lyophilized protein was dissolved to a concentration of 0.25 mg/mL in 50
mM MES buffer at pH 5.0, and filtered using a 0.22 pm filter. This buffer was selected
for its relatively small pressure pH dependency (29). The protein solution was placed in
a 5 mm diameter quartz cuvette, closed at the top with a flexible polyethylene film

which was attached by a rubber O-ring.

For equilibrium studies tryptophan fluorescence was excited at 290 nm, using a
bandwidth of 8 nm. Emission (accumulation of three scans) was collected between 310
and 440 nm with a bandwidth of 4 nm. Total fluorescence intensity between these two
wavelengths was integrated to follow the unfolding/folding processes as a function of
increasing/decreasing pressure, respectively. For kinetic studies, tryptophan
fluorescence intensity was recorded at 350 nm (16 nm slit) and excited at 290 nm using

a 4 nm slit. No photo-bleaching was observed under these conditions.
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Pressure-induced equilibrium unfolding transitions

Following each pressure increment/decrement (steps of 20 MPa), the protein
fluorescence was allowed to equilibrate before spectral recording. The equilibrium

fluorescence intensity profiles versus pressure were fitted to Eq. 1

. — 1
A d u +1 (1)

u
(AG+pAV)/RT]

1 + et

where I+ and I, are the fluorescence intensities of the folded and unfolded states,
respectively, and / the observed fluorescence intensity at pressure p; AG and AV are the

free-energy and volume change of unfolding at 0.1 MPa (1 atm), respectively.
Pressure-jump-induced kinetics

Pressure-jumps consisted of sudden changes of pressure of +40 MPa within a
pressure range of 100-500 MPa. They were performed by using a home-made p-jump
device connected to the high pressure optical cell placed in the above mentioned
fluorescence-spectrophotometer (30). Pressure jumps (dead time <5ms) were carried out
by opening an electrically driven pneumatic valve localized between the high pressure
optical cell and a ballast tank. The adiabatic temperature change associated to pressure
jumps did not exceed 0.4°C. After 20 s, the amplitude of the temperature change

decreased to 0.2 °C, and after 50 s, the initial temperature was recovered (30).
Determination of kinetic parameters from relaxation profiles

After each p-jump the relaxation profiles of the unfolding/folding reaction were
fitted to single-exponential and when necessary to double (sequential) decays, according

to Eq. 2 and Eq. 3,
I(t) =1 + A (1 -e *kobst) (2)
Ity=1L+A( - e*kobs(l)t) +B(1-e -kobs(2)t) 3)

where /(¢) and [, are the fluorescence intensities at time t and at time zero, 4 and B are

the phase amplitudes, and ks is the measured rate constant at the final pressure p.

The individual rate constants of the folding/unfolding reaction
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ku
folded state =——— unfolded state

ke

were determined from single exponential kinetics and from the fast phase in cases of

two-exponential decays, according to Eq. 4 and Eq. 5,
kobs = ku + kf (4)
K(p) =exp((AG + pAV)/ RT) =  ky/k¢ %)

where K(p) is the equilibrium constant at pressure p, AG and AV are the free energy and
volume change of unfolding obtained from equilibrium experiments and p is the final

pressure of each jump. Linear plots of Inks and Ink, versus the final pressure of each

jump allowed to determine AV? and AVi, the activation volumes for folding and

unfolding respectively, according to Eq. 6 and Eq. 7.

%
Inky=-p (AVy / RT)+ In(ky 0.1mpa)) ©)
Inke=-p (AV? / RT)+ In(kt (0.1mpa)) )

The activation free energy AG - for folding and unfolding was obtained from Eq. 8 and

Eq. 9,
AG ? =-RT In(ky (0.1mMpa)) + RT In((kg T) / h) (8)
AG : =-RT In(ky 0.1mMpay)) + RT In((kg T) / h) (9)

where kg is the Boltzmann constant, R the gas constant and h the Planck constant.

RESULTS
Structural characterization by NMR spectroscopy

The 1D "H NMR spectrum of Y115W RNase A at 35°C is typical of folded
RNase A (data not shown). The 2D TOCSY and NOESY spectra revealed one set of

113



Capitol III Resultats i discussid

peaks arising from W115; these peaks were assigned and their chemical shift values are
(in ppm): Ha 4.29, HB 3.15, HB” 3.01, H51 6.83, He3 8.20, HL2 7.70, HE3 7.27 and
Hn2 7.32 (Figure la). The observation of only one set of resonances is taken as
evidence that this residue adopts only one major conformation in the folded protein. The
lack of NOE cross-peaks between Trp115 and other residues’ protons is consistent with

the indole side chain being placed at a solvent exposed position.

The Asnl13-Prol14 peptide bond is cis in native, wild-type RNase A, but is
trans in the three-dimensional dimer formed by swapping of the C-terminal beta strands
(31). Under identical solution conditions, the RNase A dimer produces a strong pair of
NOE signals arising from the N113 Ha and Prol14 Ho protons which are indicative of
a trans conformation, and which are not observed in the monomeric wild-type RNase A
(32). These signals are not observed in the NOESY spectrum of the Y115W variant,
which strongly suggests that the Asnl13-Prol14 peptide bond is in the cis conformation
in the folded state.

Pressure-induced equilibrium unfolding

In a previous study (17) we showed that the Y115W amino acid replacement in
the RNase A structure does not substantially perturb its heat and pressure stability.
Upon increasing pressure, a more than three-fold increase in fluorescence yield was
obtained. This turned out to be a suitable intrinsic probe for fast kinetic measurements.
The pressure-induced unfolding transition of Y115W RNase A was monitored between
30 and 50°C (Figure 2). The equilibrium unfolding process was found to be fully
reversible, and the thermodynamic parameters (Table 1) were determined within the
framework of a two-state model. Under all conditions the fluorescent yield increased, as
pressure was raised, without any significant spectral shift, indicating that the native
polar environment of the Trp residue is maintained upon protein unfolding. This is
consistent with the exposed position of the Tyr115 residue in the wild-type enzyme, at
the turn connecting -strands 5 and 6 (21). From the thermodynamic data (shown partly
in Table 1) it is apparent that both the stability of the Y115W variant (expressed by
AG",) and the absolute value of the reaction volume (A¥) decrease linearly as a function
of temperature. The expansibility (JAV/0T) was determined as A = 1.4 ml.mol K™,
comparable to that of the wild type protein (33).
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P-jump induced folding and unfolding kinetics

As expected from equilibrium measurements, p-jumps of 40 MPa in magnitude
in either direction (upward and downward), produced an increase or decrease in
fluorescence intensity, respectively. The time scales of these relaxation kinetics were of
the order of minutes. The monitored spectral changes were observed to be fully
reversible, as in equilibrium experiments. The amplitude of the fluorescence change
observed after each p-jump was in excellent agreement with the spectral change
observed in equilibrium measurements. The kinetics induced by upward and downward
p-jumps were compared under identical final conditions of temperature and pressure.
Dissimilar kinetics were observed. Whereas downward p-jumps resulted always in
monophasic kinetics, upward p-jumps led to biphasic kinetics at pressures lower than
Py. A typical example of these kinetics is shown in Figure 3. As shown in Figure 4, the
relative amplitude of the slow phase decreased as a function of both pressure and
temperature. Above Py, the slow phase was no longer detectable. Similarly, at 50°C,
only the fast phase subsisted. Figure 5 illustrates the pressure profile of kqps at two
selected temperatures. Obviously, at 50°C the monophasic upward and downward p-
jump profiles were distinguished by only very small differences. These were constant
throughout the pressure range and may be ascribed to small temperature differences due
to adiabatic compression and decompression. In contrast, at 30°C, a second kinetic
phase was observed in upward p-jumps in the lower pressure range (below Pj,). We
have carried out upward and downward p-jumps in the whole pressure range, every 5°C
between 30 and 50 °C. Without exception, we always found the same pattern

distinguishing upward and downward p-jumps at temperatures below 50°C.

At each temperature, the pressure profile of kops of the fast phase is characterized by a
u-shape, i.e., it exhibits a Chevron plot-like behaviour, which becomes more and more
pronounced when the temperature is decreased. The origin of the u-shape is explained
by the pressure dependence of the individual rate constants k¢ and k,, as described

below.

Pressure dependence of the individual folding and unfolding rate constants

As explained in Experimental Procedures, the individual rate constants of the

fast phase, k¢ and &, were determined at each final pressure from ko and K(p). In all
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cases, kr decreases and k, increases linearly as a function of pressure (Figure 6).
Obviously, kr predominates at pressures below the equilibrium midpoint unfolding
transition, while k, predominates at higher pressure. This picture was not affected by the

direction of the pressure jumps.

Solvent effects

In the presence of glycerol (30%), both AG and the absolute value of AV were
strongly decreased (Table 1). As a consequence, the thermodynamic parameters
determined at 50 °C resembled those determined at 30 °C in the absence of glycerol. In
contrast, the presence of 10% dextran (MW: 40 000 Da) had no significant effect on the
equilibrium parameters. Further information, not accessible under equilibrium
conditions, was obtained by a kinetic analysis. As shown in Figure 5, in the presence of
glycerol, upward and downward p-jumps experiments resulted in identical relaxation
times. The kqbs pressure profile was however strongly shifted to higher pressures (see

also Table 1). In contrast, dextran did not significantly affect the &,s values.

DISCUSSION

1. Dependence of relaxation rate constants on final and initial conditions

An intriguing result of this paper is the observation that the p-jump induced
unfolding / refolding kinetics depended on the direction of the pressure jump; i.e., it
depended on the initial physical chemical condition. This is against expectation, as in
the majority of cases, protein kinetics depends only on final conditions. For a
mechanistic understanding of our present results, an inspection of the kinetic laws

related to different scenarios in relaxation reactions may be useful.

i) Bimolecular reactions

Typical examples of bimolecular reactions are those reflecting the binding / dissociation
of a ligand (L) to or from a protein (P). k; and &, are the forward and backward reactions

rates respectively. If the equilibrium reaction
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ki
P+ «<——— PL
k.

is displaced in the relaxation process, the observed rate constant ks does depend indeed
on the initial conditions, since the respective initial concentrations of (P) and (L) depend

on the initial equilibrium conditions. For example, under pseudo first order conditions

kobs = kl [L] + k—l (10)

ii) Monomolecular reactions

The situation is completely different in monomolecular reactions, such as transitions

from a protein conformation (P) to (Q).

Here the observed rate constant is composed only by the two individual rate constants

kobs=k1 +k—1 (11)

Since these are concentration independent, k.s depends exclusively on the final

conditions of the equilibrium at the end of the relaxation process (34), given by

K=k /k, (12)
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iii) Sequential and branched reactions

Would a more complex reaction, as for example, a sequential reaction
(A>B—...>X—>Y) or a branched reaction (A—>B; A—C) explain the dissimilar
kinetics after upward and downward p-jumps? The answer is no. In all these cases, kqbs
will depend in a complex way on the different rate constants. In turn, these can be
expressed as a function of a more or less complex equilibrium constant, which again, is

determined by the final physical chemical conditions, only.

2. Hypothetical reaction model

Clearly, the structural transition studied in this paper is a monomolecular
reaction. Therefore, Eq. 11 and Eq. 12 should apply. However, in the low pressure
domain we observe 2 kinetic phases for upward p-jumps, and only one phase for
downward p-jumps. A possible solution for this apparent contradiction may be offered
by the reaction scheme depicted in Figure 7. As we will discuss in the next section, this
model is in-line with the actual kinetic and structural knowledge of ribonuclease A. In
this section, we will limit ourselves to a formal kinetic analysis, however. We
hypothesize the existence of one folded state, F, and two unfolded states, denoted U,

and Us.

In upward p-jumps (Figure 7A), initially, at low pressure (panel A), all the
protein is in state F, and the two unfolded states are separated by an energy barrier. The
upward p-jump provokes a relative energetic change of the three states, and the protein
relaxes in a fast phase (@) from F to U; (panel B). In the beginning, the reaction can
not proceed further, since U, is separated from U, by a high energy barrier. However,
this energy barrier decreases slowly, allowing the protein to occupy partly U, (panel C).
This second reaction is slow (®;), since the decrease of the energy barrier is slow.
Continuing now our p-jumps to pressures higher than P, (panel D), only one kinetic
phase is observed (®; and @, are indistinguishable, since the energetic barrier between

the unfolded states has vanished).

In downward p-jumps (Figure 7B), most of the protein is initially, at high
pressure, in state U, (panel D). The protein relaxes within a single phase (panel C) to
occupy partly U; and F (®; and @, are indistinguishable, and the two unfolded states

are not separated by a high energy barrier). This situation does not change when we
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continue with our p-jumps to still lower pressures (panel E). The protein relaxes again
within a single observable phase to state F. Then, the energy barrier between the
unfolded states will slowly build up again (panel A). However, this is of no kinetic

importance, since the protein occupies already the folded state F.

This reaction model, though hypothetical, is in accord with our kinetic
observations. It explains why we observe two kinetic phases in upward p-jumps below
Pip, but only one phase at higher pressures, and also in downward p-jumps. The
analysis of the respective amplitudes of the two kinetic phases confirms this model.
Regardless of the temperature, the relative amplitude of the slow phase (P, in our
model) decreases as a function of pressure, until it vanishes when P;/; is reached. This
results from the steady decrease at higher pressures of the energy barrier existing
between the unfolded states. Furthermore, at a given pressure, its relative amplitude
decreases as a function of temperature (to finally become unobservable at 50 °C). This
can readily be explained by a temperature dependent decrease of the energy barrier

between U; and U,.

Similar kinetic discrepancies at identical final pressures may be expected by
performing p-jumps of different pressure-amplitudes. However, we preferred not to
perform these, since different pressure-amplitudes result in different adiabatic
heating/cooling effects, which might have biased the significance of the results. Such
temperature artefacts are inevitable in p-jumps (30), and therefore we conducted our
experiments by applying always constant pressure-amplitudes (40 MPa). However,
relaxation kinetics using different perturbation amplitudes have been used by Leeson et
al. (35) in temperature-jump experiments with CspA protein connected to a IR
spectroscopy detection method. Although the experimental set-up of the temperature
and p-jump experiments was quite different, it is interesting to note, that the
temperature-jump approach resulted in similar conclusions, implying perturbation-
induced changes of the protein energy landscape. Thus, temperature- and p-jump
relaxation methods appear as highly complementary experimental approaches. Indeed,
the temperature-jump study concluded by calling for performing jumps in opposite
directions. This is not feasible with the temperature-jump, but easy to perform with the

p-jump method.
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3. Relevance of the reaction model with actual kinetic and structural knowledge
of ribonuclease A.

Clearly, the above model fits the complex folding/unfolding kinetics presented
here. In this section we will check its validity with respect to structural data of
ribonuclease A. In a previous report, the two kinetic phases were explained by two
unfolding pathways, originating from two distinct folded states (30). However, this
hypothesis had to be dismissed in view of our present NMR data, indicating that the
protein adopts only one major conformation in its folded state. This leaves us with a
minimal reaction model containing only one folded (F) and two unfolded (U; and U,)

states.

The identity of U, and U, may become clear by a comparison with the work of
Scheraga and co-workers (25), who used chemical denaturants to induce unfolding of
RNase A. Their method, single- and double-jump stopped-flow, as well as pulsed-
labelling kinetic experiments, monitored the progress of the reaction by detecting
changes of fluorescence of the tyrosyl residues of the enzyme (25; 26). Similarly to our
results, they identified two kinetic phases. They showed that the fast-phase monitors
conformational unfolding whereas the slow-phase monitors the cis-trans isomerization
arising mainly from two proline residues which are cis in the native structure.
Specifically, Tyrl15 was shown to report locally on the isomerization of the Asnl13-
Pro114 peptide bond. This suggests strongly, that the fluorescence of the tryptophan
residue replacing Tyr115 in the present study, does also report on the isomeric state of
the Asnl13-Prol14 peptide bond. According to the NOESY spectrum, the Asnl13-
Pro114 peptide bond of the Y115W variant is - like wild-type RNase A - in the cis
conformation in the folded state. Hence, the unfolded states U, and U, appear to reflect
the cis and trans isomers of the Asnl13-Prol14 peptide bond. Thus, the two kinetic
phases observed in upward p-jumps can be understood as a rapid conformational change
near to Trp115, followed by a slower decrease of the energy barrier between the cis (U))

and trans (U,) isomers.

In the present model, the non-observation of two kinetic phases in downward
pressure-jumps is explained by an initially low energy barrier between U; and U,. This
appears justified in the light of a recent report of Bhat et al. (36), showing that the
isomeric state of Pro114 has little effect on the folding kinetics of RNase A. Although
substitution of Prol114 by Ala or Gly was found to destabilize RNase A by 3 kcal/mol
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(37), previous NMR (38), X-ray (39), folding (40-42), and computational modelling
(43) data show that RNase A refolds equally from both isomers. Applied to the present
model, this means that under unfolding conditions (high pressure/temperature) the
remaining energy barrier between the cis and trans isomers of the Asnl13-Prol14

peptide bond is low enough to allow their rapid interchange.

These results are interesting with respect to the role of the chain-folding
initiation site (CFIS). When unfolding is promoted, the CFIS would be one of the last
sub-domains to unfold and the cis-trans isomerization of the Asnl13-Prol14 peptide
bond takes place only after a first rapid conformational unfolding. In this view, after an
increase of pressure, the two-dimensional energy surface must first equilibrate to the
new physical chemical condition, before the isomerization of the proline peptide bond
can take place. In the contrary, when folding is induced (downward pressure-jump), one
of the first sub-domains to fold would be the CFIS, independently of the isomeric state
of the Asnl13-Prol14 peptide bond, since the energy barrier between both isomers is

very low.

4. The stabilizing effect of glycerol via its action on the transition state

As shown in Table 1, glycerol slows down significantly the folding/unfolding
reaction rates. As observed for many other proteins (44), it thus exerts a stabilizing
effect against pressure-induced protein structural changes. The present study offers a
possibility to better understand this effect via a closer analysis of the reaction transition
state. Here we are applying this analysis to the fast kinetic phase observed in upward p-
jumps, only. Very similar conclusions (not shown) can be drawn from the downward p-
jumps. The slow phase, however, contained too few and too scattered data points to

permit a thermodynamic analysis.

As shown in Figure 8, the unfolding transition state always occupies a volume in

between those of the folded and the unfolded states. However, as shown in the inset, the

+
contribution of the unfolding activation volume AV, to the reaction volume AV

decreases strongly as a function of temperature. Interestingly, the presence of 30%

glycerol compensates this effect: at 50°C the ratio of AVi / AV is comparable to that at

30°C in the absence of glycerol.
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From these data, together with the individual unfolding rate constants k,, it was
possible to construct the free energy (G) / volume (V) diagram of Figure 8. Since our
experiments do not permit determination of absolute values of G and V, these were set
arbitrarily to zero for the unfolded states. Under this constraint, the free energy of the
transition state is about 80 kJ higher than that of the unfolded state, regardless of the
temperature and solvent composition. However, as expected, the free energy of the
folded state is significantly lower at 30 °C than at 50°C. In the presence of 30% glycerol
at 50 °C, the stability lies in between those of 30 °C and 50 °C in aqueous solvent. In
water, the volume of the transition state is close to that of the unfolded state at 30°C,
and close to that of the folded state at 50°C. Most remarkably, in the presence of 30 %

glycerol at 50°C, the volume of the transition state is close to that at 30°C in water.

This combined free energy / volume analysis of the unfolding transition state
offers a new way to understand, at least partly, the stabilizing effect of glycerol. The
transition state in the pressure-induced unfolding reaction is certainly a highly labile
species presenting a strongly decreased volume with respect to the folded state. This
volume decrease is probably due to a collapse of voids (existing in the folded structure)
and to a higher packing density of water molecules around exposed charged and/or
polar residues. This transient structural reorganisation has an energetic cost, which
increases as a function of volume change. At high temperature, here at 50°C, the
volume decrease from the folded to the transition state is less important, and the
activation free energy — and thus the structural stability — is decreased accordingly.
Glycerol, acting as an osmolyte, may be seen as compensating this temperature effect
by decreasing the volume of the transition state via its reducing action on the hydration
shell of the transition state. The result is a transition state, resembling in its volume and
energy properties to that observed in its absence at lower temperature. However, the
stabilizing effect of glycerol does not seem to be related to an increased solvent
viscosity. In fact, as shown in Figure 1, no stablizing effect was observed when glycerol
was replaced by dextran, another viscogenous compound. Moreover, as shown in the
inset of Figure 8, the presence of dextran did not affect the volume of the transition
state. This possible explanation of the structure stabilizing effect of glycerol via its
action on the volume of the unfolding transition state is certainly attractive.
Nevertheless, to assess its general validity, more experimental p-jump data from other

proteins are now needed.
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CONCLUSION

After several decades of abundant literature concerning the effects of chemical agents,
temperature and pressure on protein structure and stability under equilibrium conditions,
the dynamic aspect of protein folding and unfolding is increasingly gaining interest
(45), This is certainly due to the recognition that protein folding/unfolding is a complex
reaction which can be described properly only in terms of multi-dimensional energy
surfaces(7; 46; 47). Apart of computational approaches, the p-jump method appears as
an interesting tool, avoiding some of the constraints of the 7-jump method (35). Taking
RNase A as a model, the p-jump approach results are consistent with pressure and
temperature dependent dynamic features of a 2-dimensional energy surface.
Furthermore, the method permitted to investigate the importance of the kinetic
transition state in its interaction with hydration water. It would be very interesting now,
to apply the power of this method to other proteins which tend to unfold under certain
pathological conditions. Especially the mechanism of the structural conversion of
amyloidogenic proteins is far from being understood (48-52). As these proteins appear
to be particularly sensitive toward pressure, it is foreseeable that the investigation of

their pressure-induced dynamics will be fertile.
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Table 1. Thermodynamic parameters of Y115W RNAse A variant calculated from
pressure-induced unfolding curves at pH 5.0. Numbers in parentheses are the standard
errors of the data. The activation volumes were determined from the rapid phase of
upward p-jumps

Kobs at Py

Experimental AG AV P12 Avi AV
conditions | k3mol | mimol* | MpPa 51 ml mol* | ml mol™
3
20°C 34.55 | -73.81 468 | 420107 1 5817 | 1517
(1.43) | (328 | (139 | LOLO) 1 nog)y | (2.98)

2
50°C 1025 | -45.51 225 | 249107 1 4750 | 27.84
029) | (1.15 | (0.85) | @10107) 1 9353) | (0.53)

2
50°C, 10% 1356 | -5538 245 | 229007 1 5042 | 2546
dextran 2.59) | (1034) | (1.10) | 710106y | (1.06)

-2
50°C, 30% 2582 | -62.01 416 | 3191071 4498 | 17.50
glycerol 0.96) | (2.54) | (155 | @010 1m0y | (212
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FIGURE LEGENDS

Figure 1: 2D NOESY NMR spectrum of RNase A Y115W in D,0, 0.20 M sodium
phosphate, pH* 6.7, 35 °C.

A. Downfield region: the dotted line traces the assignment of the Trp 115 peaks.

B. The dotted boxes mark the position expected for peaks arising from a trans Asnl13-
Pro114 peptide bond; these peaks are not seen strongly suggesting that this peptide bond

1s >90% in the cis conformation.

Figure 2: Normalized transition curves for the pressure-induced unfolding of the
Y115W variant of RNase A at different temperatures. Experimental data for
depressurisation are coincident with those of pressurisation. The solid lines are
nonlinear regression fits of the experimental data, expressed as fraction of unfolded
protein, Fu, based on a two-state model, for (O) 30°C, (H) 35°C, (A) 40°C, (@) 45°C
and (A) 50°C.

Figure 3: P-jump induced Y115W RNase A folding and unfolding relaxation kinetics at
30°C. Comparison of upward and downward p-jumps leading to identical final
pressures. The kinetics after a downward p-jump is fitted by a single exponential (A),
that after an upward p-jump by a double (B) and a single exponential (C, dashed line).

The corresponding residuals are shown on the right side.

Figure 4: Normalized amplitude of the slow kinetic phase after upward p-jumps, as a
function of pressure, at 35°C (O), 40°C (A) and 45°C (@).

Figure 5: Pressure dependence of ks, determined from upward (filled symbols) and
downward (open symbols) p-jumps at 35°C (triangles), 50°C (circles) and 50°C in
presence of 30% glycerol (squares). The slow phase observed after positive pressure
jumps at 35 © is shown by inverted triangles. At each condition, the data from two
independent experimental series were superimposed, in a way to obtain data points

every 20 MPa.

Figure 6: Effect of pressure at 30°C (A), 50°C (B), and 50°C in presence of 30%
glycerol (C), on the individual folding, ks, (filled symbols) and unfolding, k,, (open
symbols) rate constants. The dependence of the individual rate constants on initial

conditions is shown for positive (< (A), @O (B), B (C)), and negative pressure
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jump (@ C(A), AA (B)), ¥V (C). Each plot results from the superimposition of two

independent experimental series.

Figure 7: Schematic free energy landscape of the Y115W variant of RNase as a
function of pressure, including one folded state (F) and two unfolded states (U; and U,).
p-jumps are indicated by vertical arrows. A slow relaxation of the energy surface to a
new physical chemical condition is indicated by horizontal arrows. (A): upward p-jumps
resulting in biphasic kinetics below P;p. (B): downward p-jumps resulting in

monophasic kinetics.

Figure 8: Free energy (G) - volume (V) diagram of the p-jump induced unfolding
reaction (fast kinetic phase) at 30°C (@), 50°C (A), 50°C in the presence of 30%
glycerol (O) and 50°C in the presence of 10% dextran (A). The reaction goes from the
folded state (F) to the unfolded state (U) via the transition state (#). The free energy and
the volume of the unfolded state were set to zero. The inset shows the ratio between the
activation volume, AVi, and the reaction volume, AV, as a function of temperature in
water (@), in the presence of 10% dextran (O) and in the presence of 30% glycerol

(V). The error bars are contained within the size of the symbols.
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En treballs previs del grup de recerca del Laboratori d’Enginyeria de Proteines en el
qual s’ha realitzat la present tesi doctoral, es va caracteritzar la contribucio dels residus
hidrofobics pertanyents a la regié C-terminal (residus 116-118) de la RNasa A, els quals
havien estat proposats com a un centre d’inici del plegament. Aquest centre fou
posteriorment redefinit per Neira i i col-laboradors [132, 156], com a part integrant d’un
nucli hidrofobic més ampli que inclouria les regions B Lys62-Ala64, Cys72-Ser75,
[1e106-Cys110 i Vall16-His119, juntament amb I’hélix olll. En el treball que
constitueix el primer capitol d’aquesta tesi es presenten els resultats obtinguts utilitzant
espectroscopia d’absorcid en I'ultraviolat, per a la caracteritzacido termodinamica del
procés de desplegament induit per pressio i temperatura, de variants que afecten residus
hidrofobics d’aquest possible centre de nucleacio principal de la RNasa A. Els resultats
obtinguts amb les variants en les quals s’ha efectuat una substituci6 que implica un
escurcament de la cadena lateral, permeten una comparacio directe de 1’energia lliure
del procés de desplegament induit per pressid (AGp) 1 temperatura (AGr), €s a dir de
I’estabilitat. Aquest procés s’ha comparat emprant un elevat niimero de variants
senzilles en les mateixes condicions experimentals. El conjunt de dades ha permés
il-lustrar un mapa for¢a complet de la contribucié de cada una de les posicions i dels
diferents residus del nucli hidrofobic a 1’estabilitat de 1’enzim, resultant els residus
Val54, Val57, Ilel06 i Vall08 els més critics per al manteniment de 1’estabilitat

conformacional de 1’estat natiu.

La pressi6 ha estat utilitzada molt menys freqlientment com a agent
desnaturalitzant en comparacio a la temperatura o reactius quimics com ara la urea o el
clorur de guanidina. Tanmateix perd, la pressid0 proporciona informacié sobre
parametres termodinamics de 1’equilibri quimic, com ara el volum del sistema. Per tal
d’obtenir informacié de com les dades de pressié poden relacionar-se amb les dades
provinents de la utilitzacié d’altres agents desnaturalitzants, en aquest treball també s’ha
estudiat la correlacio entre AGp 1 AGr associades al procés de desplegament. S’ha
observat que existeix una molt bona correlacié entre ambdds parametres la qual cosa
suggereix que, pel conjunt de variants assajades, el procés de desplegament requereix
una energia equivalent, tan si és provocat per la pressié com per la temperatura. Cal
precisar que la correlacid observada entre ambdues variacions d’energia lliure no

implica, necessariament, ni que els mecanismes de plegament/desplegament siguin
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comuns, ni tampoc que els estats desplegats que s’assoleixen, segons si s’utilitza un o

altre agent, siguin estructuralment identics.

En aquelles variants en les quals el residu natiu ha estat substituit per una Gly,
les corbes de les transicions de desplegament induit per pressid que s’han obtingut, han
estat incompletes. Aixo €és degut al fet que els valors de T;, d’aquestes variants es
troben al voltant dels 40°C, que és la temperatura utilitzada en els experiments de
pressio 1 per tant no és possible determinar la regid de post-transicio de les corbes de
desnaturalitzacid. Per tal de superar aquest inconvenient técnic, el desplegament induit
per pressio de la RNasa A i de 9 variants es va determinar a diferents temperatures per
sota del corresponent valor de Tj,. S’ha pogut comprovar que els valors de AGp
determinats experimentalment a diferents temperatures per a cada variant i els valors de
AGr calculats a les diferents temperatures utilitzades, presenten per a cada variant, una
correlaci6 lineal molt bona. Aixo ha permeés realitzar una estimacio dels valors de AGp a
40°C per a totes les variants. Es important comentar que per a algunes d’aquestes
variants els valors de variacid d’energia lliure ja es coneixien experimentalment i, en
aquests casos, s’ha pogut comprovar que hi ha una molt bona coincidéncia entre els
valors de AGp estimats a partir de 1’aproximacié desenvolupada en aquest treball i els

resultats experimentals.

Alternativament, per a estimar el valor de AGp a 40°C d’aquelles variants per a
les quals no era possible determinar-ho experimentalment, també s’ha utilitzat la relacio
lineal existent entre els valors de AGp 1 AGt a 40°C de totes les variants per a les quals
ha estat possible la determinacié experimental d’ambdues variables termodinamiques.
Els valors de AGp que s’han estimat per les variants per a les quals no s’ha pogut
determinar la transicié del desplegament completa, coincideixen amb els valors estimats
amb I’anterior aproximacid. Aixi doncs, el fet d’analitzar les dades corresponents a un
elevat nimero de variants senzilles (fins a 31), ens ha permés desenvolupar dues
aproximacions complementaries per a I’estimacidé dels valors de AGp associades al
procés de desplegament induit per pressio, en aquells casos en els quals no era possible

fer-ho experimentalment.

Un dels objectius d’aquest treball ha estat caracteritzar les contribucions a
I’estabilitat dels residus hidrofobics del nucli principal de la RNasa A. El fet d’utilitzar

les mateixes condicions experimentals per a I’estudi del desplegament en 1’equilibri 1 el
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fet que les diferents variants presenten en 1’estat natiu semblances en els parametres
cinetics per a substrats d’alta i baixa massa molecular i en els perfils de dicroisme
circular, ha permes de comparar les variants directament i interpretar els canvis
termodinamics en termes de pertorbacions de I’estructura tridimensional de la proteina
salvatge. El conjunt de resultats obtinguts ha permes determinar la disminucié mitjana
en la variaci6 d’energia del desplegament associada a 1’eliminacié d’un grup metil(¢)
després de la desnaturalitzacid per pressio (5.31+1.12 kJ mol™) o per temperatura
(5.46+0.63 kJ mol ™). Es pot comprovar que el cost energétic quan s’elimina un grup
metil(¢) de D'interior de la proteina, tant pels experiments de desnaturalitzacidé per
pressid com per temperatura és molt semblant. A més a més, aquests valors son
comparables amb els que s’obtenen per substitucions equivalents en altres proteines
utilitzant agents quimics com a desnaturalitzants [157-159]. Per tant, de 1’analisi
d’aquestes dades se’n desprén d’una banda que la contribuci6 de les interaccions
hidrofobiques en el nucli principal de la RNasa A és com a minim tan important, des
d’un punt de vista quantitatiu, com ha estat descrit en altres proteines, i de I’altra, que la
pressio resulta un agent desnaturalitzant valid per tal de realitzar estudis sobre la relacid

entre la hidrofobicitat i ’estabilitat conformacional de les proteines.

Un altre aspecte que ha constituit un objectiu en el treball presentat en el primer
capitol ha estat avaluar la importancia de les interaccions degudes a I’empaquetament de
les cadenes laterals en el nucli hidrofobic de la RNasa A. Les analisis realitzades han
permes constatar que existeix una densitat d’empaquetament molt elevada en aquells
residus més enterrats del nucli hidrofobic de la RNasa A i que no només les interaccions
de van der Waals sin6 també la geometria dels grups que participen en aquestes
interaccions seria important per al manteniment de I’estabilitat. Aixi també, els resultats
indiquen que la densitat d’empaquetament al voltant d’un residu particular, és important
a I’hora de determinar la contribucié que aquell residu exerceix en I’estabilitat de la
proteina. Els resultats obtinguts estan d’acord amb 1’observacié que durant 1’evolucio
molecular els residus conservats en la seqiiéncia de la cadena polipeptidica ho son per
raons funcionals 1 o estructurals, incloent-hi 1’estabilitat estructural. Aixi s’ha constatat
que, d’acord amb el seu paper en I’estabilitat proteica, els residus enterrats es troben
normalment ben conservats al llarg de 1’evolucio [160, 161]. Aixo també ¢€s aplicable a
la RNasa A. Quan es comparen les 41 seqiiéncies de les ribonucleases pancreatiques de

mamifers [162] es pot comprovar que d’entre les posicions estudiades en aquest treball,
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totes es troben molt conservades (entre un 87 1 un 100%) a excepcid de la Ala64, la qual
resulta ser la posicid6 menys enterrada amb una area accessible al solvent del 33.6 %.
Com ha estat observat en altres proteines com ara la nucleasa estafilococal [163, 164] o
el domini SH3 [165], els resultats obtinguts amb les variants del nucli hidrofobic de la
RNasa A reforcen la importancia de les interaccions degudes a I’empaquetament en

I’estat natiu com a element clau en 1’evolucid dels nuclis hidrofobics de les proteines.

L’analisi de la contribucié a I’estabilitat de les interaccions hidrofobiques i de
I’empaquetament ha permés comparar quantitativament la importancia d’aquests factors
en termes energétics. Quan es comparen les mitjanes, en valor absolut, dels canvis
d’energia lliure associats a 1’enterrament o eliminacié d’un grup metil(¢) (5.31£1.12 kJ
mol™, per la pressi6 i 5.46+0.63 kJ mol”, per la temperatura) amb la variacio d’energia
associada al moviment o re-empaquetament d’aquests grups en el nucli principal
(5.75+1.75 kJ mol™), es pot comprovar que la contribucié de 1’empaquetament a
I’estabilitat de 1’estat natiu de la RNasa A ¢€s, com a minim, energéticament equivalent a

la contribuci6 de la hidrofobicitat.

Els resultats obtinguts a partir de I’analisi de les energies d’interaccié mitjangant
els cicles de dobles mutants utilitzant 8 variants dobles, no fa sind confirmar el que s’ha
vist amb 1’analisi de 1’empaquetament: s’observen energies d’interaccid positives
caracteristiques d’un efecte estabilitzador no additiu fins 1 tot en variants en les quals
s’han eliminat 4 i 5 grups meti(¢), suggerint I’existéncia d’un nucli hidrofobic altament i
estretament empaquetat. En aquest punt, es pot avancgar que estudis de cristal-litzacio
que s’estan duent a terme en col-laboraci6 amb el Dr. K. Lewinski del grup de
Cristal-lografia de Proteines, de la Jagiellonian University of Cracow (Polonia) de les
variants més critiques per a ’estabilitat de I’estat natiu de la RNasa A, confirmen
aquests resultats a nivell estructural. Els resultats indiquen que les cavitats son nul-les en
la proteina salvatge mentre que en les variants les cavitats que s’observen son de mida
menor a I’esperada (d’acord amb el volum del grup eliminat) la qual cosa fa pensar en
I’existéncia d’una reordenacié dels grups del nucli hidrofobic per tal de compensar i
ocupar I’espai deixat pels grups eliminats. Aquests canvis conformacionals implicarien

una minimitzacié de les cavitats creades per les substitucions.

El conjunt dels resultats presentats en aquest treball, que constitueix el primer
capitol, ens permeten proposar un model de la contribucié a ’estabilitat del principal

nucli hidrofobic de la RNasa A. Segons aquest model, els residus Val54, Val57, 1le106 i
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Vall108 ocupen les posicions més critiques per a 1’estabilitat del nucli. Aquests residus,
en el model estructural que es presenta en la Figura 4.1 adoptarien una disposicio
semblant a la d’una gabia la tapa de la qual estaria formada per la Phe8 i la Phe120. Els
residus Val47 i Ile81 contribueixen significativament a ’estabilitzacid de 1’estat natiu
tot 1 que, estructuralment se situen en la regi6 d’uni6 entre els dos lobuls que es poden
distingir en I’estructura de la RNasa A. En el model que es proposa, aquests dos residus
actuarien com un nexe d’unié entre el nucli hidrofobic principal objecte d’estudi
d’aquesta tesi i un nucli hidrofobic menor situat en el lobul oposat de la molécula. Els
parametres termodinamics de la resta de variants suggereixen que aquestes altres
posicions, que envolten el nucli essencial, jugarien un paper secundari 1 més local en
I’estabilitzaci6 de la RNasa A. Aixi per exemple, les substitucions que afecten la Val63
no han resultat critiques per a 1’estabilitat. Tanmateix, la cadena lateral d’aquest residu
esta encarada a la Ile107 i ambdues contribueixen a enterrar el pont disulfur C65-C72 1i,
potser el protegeixen de la reduccid. De manera semblant la Alal09 s’empaqueta contra
la GIn69 en la cara oposada del mateix pont disulfur i per tant, aquests residus, podrien

jugar un paper equivalent al proposat per la Val63 i la [le107.

Figura 4.1

Representacio del model anticipat. Es mostren els residus del principal nucli hidrofobic de la RNasa A
com esferes de radi de van der Waals, colorejades segons la seva contribucié a 1’estabilitat de 1’estat
natiu: V54, V57, 1106 i V108 que constitueixen les posicions més critiques en vermell, V47 i 181 les
quals es troben posicionades en el nexe d’unié entre els dos lobuls, en blanc, mentre que la resta de
posicions, V63, A64, 1107, A109, V116 i V118 en groc. La figura ha estat realitzada amb el programa
PyMol [166].
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Després de caracteritzar termodinamicament el paper dels residus del nucli
hidrofobic a ’estabilitat de I’estat natiu, el segiient pas per aprofundir en el coneixement
del plegament proteic de la RNasa A ha estat la caracteritzaci6 de 1’estat de transici6 del
procés induit per pressio. Aixi, en el treball que constitueix el segon capitol d’aquesta
tesi, s’ha estudiat el paper de les interaccions hidrofobiques que estableixen els residus,
que conformen el nucli hidrofobic principal de la RNasa A, en I’estat de transicié del

plegament/desplegament induit per pressio.

En la majoria dels estudis en els quals s’ha utilitzat el métode dels valors @, les
cinetiques dels processos de plegament/desplegament han estat seguides per técniques
de “stopped flow”, utilitzant agents desnaturalitzants quimics per tal d’induir la
transicié. Comparativament, hi ha molts pocs treballs en els quals s’hagi utilitzat la
pressio per tal de descriure I’estat de transicid del procés de plegament/desplegament
proteic. Amb el desenvolupament de les técniques de salts de pressio, s’han dut a terme
uns quants treballs d’estudi de cinétiques de plegament, ja sigui utilitzant només pressio
o combinant-la amb altres agents desnaturalitzants perd, la majoria d’ells sobre la
proteina salvatge. Hi ha molts pocs exemples en els quals s’hagin utilitzat mutants per a
estudiar ’estat de transicid del plegament/desplegament induit per pressid6 d’una
proteina. La pressio presenta diversos avantatges respecte altres agents: no altera
significativament les propietats del solvent, la pressié es propaga rapidament de manera
que ’homogeneitat de la mostra no representa un problema i, els salts de pressid es
poden efectuar bidireccionalment, és a dir, en el sentit positiu i en el negatiu. A més a
més, la utilitzacid de la pressié com a agent desnaturalitzant permet calcular el volum de
la reacci6 a través de mesures en 1’equilibri aixi com el volum d’activaci6 per a les
reaccions de plegament i desplegament. Aquests valors, que no es poden calcular
utilitzant altres agents desnaturalitzants, permeten obtenir informacio6 sobre la solvatacid

de ’estat de transicio.

En el treball que es presenta com a segon capitol, s’ha utilitzat la determinacio
dels valors Bp, juntament amb el métode d’enginyeria de proteines o métode dels valors
@, per tal d’estudiar el grau de compactaciéo de ’estat de transicid i les interaccions
existents en aquest estat del procés de plegament/desplegament induit per pressié de la
RNasa A. Aixi, en aquest treball les cinétiques de plegament/desplegament de la RNasa
A 1 de les variants per Ala de les posicions Val47, Val54, Val57, 1le81, Ile106, 1le107 i

Val108 han estat estudiades utilitzant técniques de salts de pressio.
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Els valors Bp s’han determinat a partir dels volums d’activacié de les reaccions
de plegament i desplegament. Es important remarcar, que els canvis de volum que tenen
lloc durant el plegament i el desplegament de la RNasa A 1 les variants estudiades,
provenen principalment de canvis en les interaccions de la cadena polipeptidica amb el
solvent i de deficiéncies en I’empaquetament en el nucli hidrofobic, i que per tant, la
mesura del volums d’activacio per les reaccions de plegament i desplegament en relacio
al volum de la reaccid, permet obtenir informacid estructural sobre 1’estat de transicid
[82, 167]. Els resultats d’aquestes determinacions indiquen que el volum de ’estat de
transicio en el cas de la RNasa A és en un 60% semblant a 1’estat natiu, suggerint que es
troba parcialment solvatat. Per a les variants, els resultats de valors PBp obtinguts
indiquen que aquelles més desestabilitzades presenten un estat de transicid, si més no
des del punt de vista de la solvatacid, més semblant a 1’estat natiu. Aquests resultats
s’han interpretat d’acord amb el postulat de Hammond [168] segons el qual, I’estructura
de I’estat de transicié d’una reaccid quimica esdevé més semblant al producte quan el
producte és desestabilitzat. Per a les reaccions de plegament induides per pressio, un
moviment estructural de 1’estat de transicid es pot explicar en base a 1’afebliment de les
interaccions hidrofobiques juntament a un increment en la solvatacié de la cadena
polipeptidica quan la pressi6 augmenta [100, 149, 169]. Com a conseqiiéncia, soén
necessaries un major nimero d’interaccions i aix0 comporta una deshidratacié de la
cadena polipeptidica per tal de compensar la pérdua d’entropia conformacional durant el
procés de plegament. Aquest conjunt de fenomens porten a que 1’estat de transicid

s’assembli més a 1’estat natiu.

Paral-lelament, s’ha utilitzat el metode de 1’enginyeria de proteines o métode
dels valors @ desenvolupat inicialment per Fersht i col-laboradors [74, 76]. Totes les
posicions analitzades presenten valors de @ de plegament (®y ) fraccionaris. Els valors
de ®¢ menors corresponen a les variants que s’han descrit com a més critiques per a
I’estabilitat (Val47, 1le106 i Vall08). Per tant, les interaccions de tots els residus
analitzats son probablement més importants per la estabilitzacidé de I’estat plegat de la
RNasa A que per al direccionament del seu plegament, atés que tots els valors de @y
obtinguts oscil-len entre 0.35-0.55. Tanmateix, basant-se en els resultats d’Udgaonkar i
Baldwin [170], segons els quals els protons amida de les posicions estudiades es
trobarien entre aquells més protegits durant el plegament de la RNasa A, hom esperaria

uns valors de @¢ més elevats. Aquesta discrepancia podria provenir del fet que en NMR
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es registra el comportament de la cadena principal mentre que en el metode de
I’enginyeria de proteines s’estan seguint les interaccions de les cadenes laterals. Podria
succeir doncs, que ’estat de transicié el nucli hidrofobic principal de la RNasa A
presentés un esquelet polipeptidic altament estructurat perd que les cadenes laterals

estiguessin allunyades de la seva conformaci6 nativa.

La utilitzacid6 d’una estratégia combinada ha permés comprovar que les
conclusions sobre ’estat de transicid extretes a partir del meétode d’enginyeria de
proteines son consistents amb les extretes a partir dels valors PBp, els quals es poden
obtenir especificament a partir d’estudis en els quals s’utilitza pressi6 com a agent
desnaturalitzant. Aixi s’ha trobat una bona correlacid lineal entre els valors de ®r 1 les
variacions de Bp (APp) entre la proteina salvatge i les variants d’aquesta. Aquesta relacio
indica que les cadenes laterals que presenten un niimero menor d’interaccions natives en
I’estat de transicio, son també aquelles que presenten menys diferéncies de solvatacié o
compactacid de 1’estat de transicid en relacio a I’estat natiu, quan es compara aquesta
diferéncia amb 1’existent en la proteina salvatge. Es de destacar que, malgrat que s’ha
postulat que la naturalesa de D’estat de transicid descrita a partir d’estudis de
plegament/desplegament induits per pressio esta d’acord amb els resultats del métode
d’enginyeria de proteines [167], aquest treball constitueix la primera comparaci6 directa

utilitzant un conjunt de mutants.

Aquests estudis han permes concloure que 1’estat de transicié del procés de
plegament per pressio €s entre un 40 i un 50% semblant a 1’estat natiu. Des del punt de
vista de les interaccions que es troben formades, es pot dir que I’estat de transici6 del
nucli hidrofobic de la RNasa A és una forma relativament expandida de I’estat plegat.
La mitjana dels valors de @y es troba al voltant de 0.43, la qual cosa situa I’estat de
transici6 a mig cami entre 1’estat desplegat i I’estat natiu, indicant que com a promig, el
43% de I’energia lliure de les interaccions es perd en arribar a 1’estat de transici6 de

desplegament, a partir de I’estat plegat.

El valor mig de Bp per les variants és de 0.4, suggerint que ’estat de transicio
s’assembla en un 40% a l’estat natiu des del punt de vista de la compactacio. La
disminucié de volum entre I’estat plegat i el de transicid, indica que aquest segon es
troba més solvatat i que els buits han desaparegut en relacid a I’estat plegat. Aixo

suggereix que, malgrat que totes les mutacions en principi poden crear una cavitat, el
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nucli hidrofobic de la RNasa A presenta una plasticitat molt elevada que possibilita una
reordenacio considerable de I’empaquetament. Aquest fet esta d’acord amb les energies
d’interaccié determinades en els cicles de dobles mutants que afecten les posicions 54,

57, 106 i 108 descrites en el primer capitol.

A partir del treball realitzat no és possible encara proposar un mecanisme pel
procés de plegament per pressio de la RNasa A. Tanmateix, a partir dels estudis
realitzats, 1 tenint en compte que 1’estat desnaturalitzat per pressiéo de la RNasa A s’ha
vist que conté estructura secundaria residual [138] i mostra algunes caracteristiques de
globul fos 1 un interior liquid [136], sembla raonable proposar un estat de transicié que
tindria un elevat grau d’estructura secundaria format i un nucli hidrofobic més relaxat,
no tant compacte. Aixo al seu torn, suggereix una via de plegament per pressio per al
nucli hidrofobic de la RNasa A que estaria d’acord amb un mecanisme de nucleacio-

condensacio.

En treballar amb la proteina salvatge a 40°C es va observar que el cami de
plegament (salts negatius) i el de desplegament (salts positius) induit per pressio eren
identics. Ates que per la RNasa A s’han descrit camins de plegament i desplegament
diferents relacionats amb la preséncia d’enllagos Xaa-Pro en conformacio cis [152, 171,
172] ens varem plantejar en el tercer capitol emprar una variant que incorpora un residu

de W en la posicio 115 amb dues finalitats:

a) Incrementar el senyal fluorescent, la qual cosa hauria de permetre veure
amb més facilitat diferéncies en els camins de plegament/desplegament en el cas
de que aquestes existissin (cal tenir en compte que la RNasa A no presenta cap

residu de W en la seva seqiiéncia).

b) Ates que la posicio 115 es troba al costat de 1’enllag peptidic Asnl13-
Prol14 el qual en I’estat natiu es troba en conformacio cis, la preséncia d'un W
en aquesta posicid podria servir de sonda local pel seguiment de la isomeritzacio

de I’esmentat enlla¢ peptidic.

La variant estudiada cinéticament, havia estat caracteritzada préviament des d’un
punt de vista termodinamic presentant unes caracteristiques estructurals i una estabilitat

conformacional similars a les de la proteina salvatge.

Els resultats obtinguts, indiquen que depenent de les condicions experimentals

(especialment temperatura) s’arriba a situacions on les cinetiques, després de salts
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positius o salts negatius, son significativament diferents. Els resultats s’han interpretat
en el context d’un paisatge conformacional complex i1 s’ha proposat un model per tal
d’explicar les cinétiques observades, les quals no estarien d’acord amb una descripcio
del procés de plegament/desplegament en dos estats al llarg d’una tnica coordenada.
Per tal d’explicar el comportament observat, el model proposat incorpora una
coordenada conformacional addicional i explica el procés de plegament/desplegament
utilitzant un paisatge energetic 1 conformacional complex. En aquest model es descriu el
procés en una superficie d’energia lliure de tres dimensions, la qual cosa permet
representar el fet que el plegament i el desplegament puguin transcorrer des de punts

diferents de la superficie.

A partir de les dades cinétiques s’observa que els perfils de relaxacid s’ajusten
bé a dues fases a pressions baixes per salts de pressid positius, mentre que per salts
negatius només es detecta una Unica fase. Per a explicar I’existéncia de dues fases,
cadascuna amb velocitats i amplituds diferents, en el desplegament i d’una tnica fase en
el plegament, el model que es proposa (Figura 4.2) presenta les segiients

caracteristiques:
Salts positius o desplegament:

I- A pressions baixes la proteina es troba essencialment en el seu estat plegat (F), per

la qual cosa es representa com un minim d’energia lliure, [paisatge A].

2- Un salt positiu indueix, en primer lloc un canvi conformacional rapid de

desplegament (velocitat @), [paisatge B].

3- En segon lloc, el paisatge energétic s’adapta a la nova pressio, es a dir, arriba al
seu equilibri, aquest procés és més lent que el canvi conformacional rapid que s’ha
descrit en el segon punt. Aquesta readaptacio a les noves condicions, porta a una
reduccié de la barrera energetica existent entre les conformacions cis i trans,
permetent el pas d’una a I’altra. Aquest canvi conformacional considerat lent
(velocitat @,), es pot atribuir a la isomeritzacio6 cis-trans de 1’enllag peptidic natiu

Asnl13-prol 14 [paisatge C](veure més endavant).

4- A pressions properes a Py, [paisatges D 1 E], aquest segon canvi conformacional
lent és menys apreciable, fins al punt d’arribar a ser indistingible a partir de
pressions iguals a Py, [paisatge F]. Aquest fet s’atribueix a una readaptacié del

paisatge energetic a les noves condicions que promouen 1’eliminacié de la barrera
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energetica entre U,s 1 Uyans. Aixi doncs a pressions més altes que Py, la barrera
energetica entre les dues conformacions U, 1 Uyqns va desapareixent i I’equilibri
entre les dues especies existents Ul 1 Uyqns €5 desplaca cap a la conformacid Uy
a pressions més elevades, ocupant un minim energetic més profund. En disminuir
considerablement la barrera energética que separa U,;; de U,y les velocitats de les

dues fases no es poden diferenciar
Salts negatius o replegament:

5- Un salt negatiu a qualsevol pressid, resulta sempre en una Unica fase cinética,
degut a que les velocitats dels dos canvis conformacionals que es produeixen son
indistingibles 1’una de 1’altra (velocitat @3 i @y4). En els salts negatius la proteina
es relaxa seguint una unica fase (paisatge E) ocupant parcialment tant U, ;; com F.
Les dues velocitats @3 1 d4 son indiferenciables ates que els dos estats desplegats
no estan separats per una barrera energética elevada. La situacid no canvia quan es
fan salts a pressions més baixes (paisatge G). Finalment la barrera energética que
separa U,s 1 Uqys lentament torna a incrementar (paisatge C). No obstant, en
aquest estadi ja no té importancia cinética perque la majoria de la proteina es troba

en I’estat plegat.

Aquest esquema de reaccid hipotétic proposat estd amb concordanca amb
resultats previs del grup de Scheraga [152, 171, 172], sobre ’estudi de desplegament i
replegament de la RNasa A induit per desnaturalitzants quimics utilitzant salts simples i
dobles seguits per tecniques de “stopped flow”. El nostre model esta d’acord amb les

conclusions que deriven d’aquest estudi 1 experiments cinétics de “pulsed-labelling”.

El grup de Scheraga proposa en primer lloc que el desplegament de la RNasa A
seguit per fluorescéncia consisteix en dues fases, una fase rapida i una de lenta. La fase
rapida s’atribueix al desplegament conformacional mentre que la fase lenta s’atribueix a
la isomeritzaci6 cis-trans, principalment dels dos residus de prolina que en 1’estructura
nativa es troben en conformacié cis. En segon lloc, en el métode utilitzat en aquest
darrer treball, la Tyr115 aporta informacié local sobre la isomeritzacio de I’enllag
peptidic en cis de Asnl13-Prol14. En un treball recent del mateix grup [152] es descriu
que D’estat isomeric de I’enllag peptidic en el qual participa la Prol14 té un efecte
practicament nul en la cinética de plegament de la RNasa A. A més, tot i que la

substitucido de la Prol14 per Ala o Gly desestabilitza la RNasa A 3 kcal/mol [173],
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dades previes obtingudes per NMR [174], raigs X [175], plegament proteic [176-178] 1
modelat molecular [179] indiquen que la RNasa A es replega per igual a partir de

qualsevol dels dos isomers.

Figura 4.2
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Esquema del paisatge energetic proposat per la variant Y115W de la RNasa A en funcié de la pressio. A
temperatures més baixes de 50°C. En la figura s’il-lustren els salts positius resultants en 2 fases cinétiques
i en una sola fase cinética, corresponents a salts per sota i per sobre de P, respectivament, i els salts
negatius que resulten en una sola fase en tot el rang de pressions utilitzat. En la superficie d’energia lliure
s’indiquen els estats plegat (F) i desplegats (U,;s 1 Uyans), respectivament. Les fletxes verticals simbolitzen
la direcci6 del salt de pressio mentre que les horitzontals representen 1’adaptacié del paisatge energétic a
la nova condici6 després del salt de pressio corresponent.
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A 50°C només s’observa una sola fase tant en els salts positius com en els salts
negatius. Aixo es pot atribuir al fet que 1’equilibri cis-trans dels enllagos peptidics Xaa-
Pro és depenent de la temperatura. Una temperatura de 50°C és suficient per promoure
una disminuci6 significativa o fins i tot promoure la desaparicié de la barrera energgtica
entre els estats desplegats en U,;s 1 en U,y Per tant s’observa una unica fase tant en els

salts positius com en els salts negatius.

Els resultats estan d’acord amb el fet que la regi¢ estudiada sigui un centre de
nucleacid. Quan s’indueix el desplegament, el CFIS podria esser un dels ultims sub-
dominis en desplegar-se i la isomeritzacio cis-trans de 1’enllag peptidic de Asnl13-
Prol114 només podria tenir lloc després del desplegament conformacional, d’aqui la
barrera energetica existent entre els dos estats conformacionals Us 1 Upans. En el cas
contrari, quan s’indueix el plegament un dels primers sub-dominis en plegar-se podria
ser el CFIS independentment de 1’estat isomeéric en que es trobi I’enllag peptidic

Asnl13-Prol 14.

Finalment es va estudiar 1’efecte d’alguns osmolits en I’estabilitat i el procés de
plegament de la variant Y115W de la RNasa A. Els resultats obtinguts van indicar que
la preséncia de glicerol reverteix I’efecte desnaturalitzant de la pressio i la temperatura.
Amb la preséncia de glicerol al 30%, tant els valors de AG 1 AV (en valor absolut)
disminuien significativament. Com a conseqiiéncia, els parametres termodinamics
determinats a 50°C s’assemblen als determinats a 30°C en abséncia de glicerol. En
canvi, la preséncia de dextra al 10% no tenia cap efecte significatiu en els parametres
termodinamics determinats a 1’equilibri. Es va obtenir més informacié amb les analisi

cinetiques, on es van trobar resultats idéntics tant pels salts positius com pels negatius.

L’efecte estabilitzant del glicerol és conegut en altres proteines. Aixi compensa
I’efecte desestabilitzador de la temperatura, disminuint el volum de 1’estat de transicio
en reduir la capa d’hidrataci6 d’aquest estat. El resultat, és un estat de transicio, que
s’assembla en el seu volum 1 les seves propietats energetiques a I’observat a baixes
temperatures. L’efecte estabilitzador del glicerol, no sembla doncs, estar relacionat amb
un increment de la viscositat del solvent. De fet, tal i com es mostra en [’ultim capitol,

el glicerol no pot ser substituit pel dextra, un altre viscogen.
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La possible explicacié de I’efecte estabilitzador del glicerol via la seva accio
sobre el volum de I’estat de transici6 del procés de desplegament és atractiva, no obstant
per a la seva generalitzaci6 caldrien més treballs estudiant altres proteines mitjancant

salts de pressio.

Malgrat que I’estudi del plegament proteic s’ha dut a terme durant décades a
partir d’estudis amb agents quimics 1 temperatura principalment, els resultats d’aquest
treball de tesi, ressalten la importancia de la pressi6 com a eina per a 1’estudi del
plegament proteic no tan des d’un punt de vista termodinamic sind cinétic. Aixi mateix
I’eleccié d’un model proteic com la RNasa A, que ha estat abastament estudiat, és

d’especial utilitat per poder interpretar els resultats obtinguts per efecte de la pressio.
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Conclusions

1. Les posicions V54, V57, 1106 1 V108, son les més critiques per a 1’estabilitat del
principal nucli hidrofobic de la RNasa A. Aquests residus adopten una disposicid

tipus gabia, la tapa de la qual estaria constituida per els residus F8 i F120.

2. Les posicions V47 i 181, contribueixen significativament en 1’estabilitzaciéo de
I’estat plegat 1 es col-locarien en la connexié entre els dos lobuls de la RNasa A.
Aquests dos residus podrien actuar com a connectors entre els dos nuclis hidrofobics

localitzats un a cada lobul de la proteina.

3. Els altres residus estudiats, que envolten el principal nucli hidrofobic de la RNasa A
podrien estar jugant un paper secundari i més localitzat en la estabilitzacio de la
RNasa A. Les parelles V63-1107 1 Q69-A109 contribuirien en I’enterrament del pont
disulfur C65-C72 i probablement el protegirien de la reduccié.

4. Les forces que intervenen en I’estabilitat conformacional de I’estat natiu de la
RNasa A, D’efecte hidrofobic i I’empaquetament, son com a minim iguals

energeticament parlant.

5. Es troba una bona correlacio lineal entre els valors de AGp i AGr a 40°C per a totes
les variants analitzades suggerint, que el procés de desnaturalitzacid induit per
pressio requereix un aport energétic equivalent a ’induit per temperatura, la qual
cosa no implica que el cami de desplegament sigui equivalent ni que s’arribi a estats

desplegats idéntics.

6. L’estructura de I’estat de transicio del nucli hidrofobic de la RNasa A, des del punt
de vista d’interaccions formades, t¢ una forma uniformement expandida de
I’estructura plegada amb una mitjana de valor de @ de 0.43, la qual cosa col-loca
I’estat de transici6 a mig cami entre 1’estat plegat i el desplegat. Aixo significa que,
de mitjana, s’ha perdut el 43% de I’energia lliure d’interacci6 en aconseguir 1’estat

de transici6 de desplegament des de I’estat plegat.

7. Tant I’enzim salvatge com les variants presenten un volum d’activacié de
desplegament negatiu, la qual cosa col-loca I’estat de transicio entre els estats plegat

1 desplegat. De mitjana, el valor de Bp per les variants es troba al voltant de 0.4,
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10.

suggerint que ’estat de transicio s’assembla en un 40% a la forma nativa des d’un

punt de vista de compactacio.

La disminuci6 en volum entre 1’estat plegat i I’estat de transici6 indica que aquest
ultim esta més solvatat i que s’han eliminat cavitats en comparacio amb [’estat
plegat. Aquest fet, suggereix que per les variants, encara que totes les mutacions
creen cavitats, I’elevada plasticitat del nucli hidrofobic de la RNasa A permet
reordenaments importants de [’empaquetament interior. Aix0 es troba en
concordanga amb les energies d’interaccio calculades per les parelles de residus

V54-1106, V54-V108, V57-1106 1 V57-V108, utilitzant cicles de dobles mutants.

El conjunt dels resultats obtinguts en la caracteritzacid de 1’estat de transicio de la
RNasa A utilitzant pressio, suggereix un cami de plegament induit per pressid
d’acord amb un mecanisme de nucleacid-condensacié per al principal nucli

hidrofobic de la RNasa A no reduida.

Malgrat que el cami de plegament/desplegament induit per pressié de la RNasa A a
40°C ¢és identic, en seguir les cinctiques de la variant Y115W, que
termodinamicament i estructuralment és molt similar a la proteina salvatge,
s’observa una cinctica de desplegament complexa depenent de la temperatura i

pressio.

10.1- Per a la variant Y115W a baixes temperatures i a pressions per sota de
Py, un salt positiu es tradueix en dues fases cinétiques, la primera de les
quals correspon a un canvi conformacional rapid de desplegament i la
segona a una adaptacié del paisatge energetic associada a un canvi
conformacional lent, atribuit a la isomeritzacid cis-trans de 1’enlla¢ peptidic

natiu Asnl13-Prol14.

10.2- A 50°C o a pressions per sobre de Py, s’observa una sola fase en els salts
positius, conseqiiencia de la desaparicidé de la barrera energética entre els
estats U;s 1 Uyans, 1a qual cosa provoca que les velocitats associades al canvi
conformacional de plegament i a la isomeritzacié de 1’enllag Xaa-Pro sén

indistingibles, per la técnica utilitzada.

10.3- Un salt negatiu, a qualsevol pressio o temperatura, resulta sempre en una

unica fase cinctica, degut a que¢ les velocitats associades al canvi
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conformacional de plegament 1 a la isomeritzacio de 1’enlla¢ Xaa-Pro son

indistingibles.

11. El glicerol sembla compensar I’efecte de la temperatura i la pressio en el procés de
desplegament, disminuint el volum de I’estat de transicio per disminucié de la capa

d’hidrataci6 de ’estructura de 1’estat de transicio.
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Conclusions

1. The positions V54, V57, 1106 1 V108, are the most critical for the stability of the
main hydrophobic core of RNase A. These residus adopt a cage-like disposition in

which the lid is formed by F8 and F120.

2. The positions V47 1 I81 contribute significantly to the stability of the folded state
and lie in the two-lobe junction of RNase A. These two residues could act as a link

between the hydorphobic cores located within each lobe.

3. The other studied residues that surround the main hydrophobic core could play a
secondary and more localized role in the stabilility of RNase A. The pairs of
residues V63-1107 and Q69-A109 could contribute to burying the C65-C72

disulfide bond, perhaps protecting it from reduction.

4. The forces which contribute to the conformational stability in the native state of

RNase A, hydrophobicity and packing, are at least of equal energetic importance.

5. Good correlation was found between AGp and AGr at 40°C for all the variants,
suggesting that the unfolding process requires equivalent energy for both denaturing
agents, which does not imply that the unfolding way is equivalent nor that the

unfolded states are identical.

6. The structure of the transition state of the hydrophobic core of RNase A from the
point of view of formed interactions is a relatively uniformly expanded form of the
folded structure with a mean ®@¢value of 0.43, which places it half way between the
folded and unfolded states. This means that, on average, 43% of the free energy of

interaction is lost on reaching the transition state for unfolding from the folded state.

7. Both the wild-type enzyme and the variants present a negative unfolding activaion
volume which places the transition state between the native and unfolded state. On
average the Pp-value for the variants is around 0.4, suggesting a transition state that

is 40% native-like from the point of view of compactness.

8. The decrease in volume between the folded and transition state indicates that the
latter is more solvated and that voids have been eliminated compared to the folded
state. This suggests that, although all the mutations create cavities, the hydrophobic

core of RNase A has high plasticity which allows an important rearrangement of the
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interior’s packing. This is in agreement with the interaction energies calvulated for
the pairs of residues V54-1106, V54-V108, V57-1106 i V57-V108, using double

mutant cycles.

9. Taken in together the results obtained from the characterization of the transition
state of the RNase A using pressure as a denaturant, may suggest a pressure-folding
pathway according to a nucleation-condensation mechanism for the main

hydrophobic core of non-reduced RNase A.

10. Although the folding/unfolding way of the RNasa A induced by pressure at 40°C is
identical, following the kinetics of Y115W variant, which thermodynamic and
structrurallly is very similar to wild-type proteint, we observe a complex unfolding

kinetic depending on temperature and pressure.

10.1- For the Y115W variant, at low temperatures and pressures lower than
Py, a positive pressure-jump results in two kinetic phases, the first one
corresponds to a rapid unfolding conformational change and the second one
to a energetic landscape adaptation associated to a slow conformational
change, which can be attributed to a cis-trans isomerization of the native

Asnl13-Prol114 peptid bond.

10.2- At 50°C and pressures above Pj,, only one kinetic phase is observed in
positive pressure jumps as a consequence of the vanishing of the energetic
barrier between U, and U, states, which provokes that the rates
associated to a foding conformatinonal change and to a isomerization of the

Xaa-Pro bond are indistinguishable, for the technics used.

10.3- A negative pressure jump, results always only in one kinetic phase, due
to the rates associated to a folding conformatinonal change and the

isomerization of the Xaa-Pro bond are indistinguishable.

11. Glycerol seems to compensate temperature and pressure effects on the unfolding
process, by decreasing the volume of the transition state via its reducing action on

the hydration shell of the transition state.
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Material 1 metodes

(Les cites bibliografiques d’aquest apartat estan recollides en I’apartat de bibliografia general)
Estudi del desplegament i replegament de la RNasa A

Quan una proteina es desplega s’altera I’entorn polar dels seus residus aromatics i
aquest fet provoca un canvi en les propietats Optiques de la proteina. Aquesta
caracteristica proporciona un sistema senzill per estudiar els canvis estructurals en les
proteines induits per algun agent desnaturalitzant. En aquest estudi s’ha utilitzat la

temperatura i la pressidé com a agents desnaturalitzants.

Els efectes provocats per un agent desnaturalitzant sobre les proteines responen
al principi de "le Chatelier", on un sistema en equilibri tendeix a minimitzar els efectes
d’una pertorbacié externa a la qual és sotmes. Aixi doncs, un augment de temperatura
provoca un increment de l’energia del sistema mentre que un augment de pressio

provoca una disminucid del volum del sistema.

La temperatura, a causa de I’agitacidé térmica, tendeix a disminuir el grau
d’organitzacié molecular d’una substancia. Amb la pressio es poden separar els efectes
dels canvis de volum i d’energia térmica, que apareixen simultanis amb la temperatura.
Processos que alteren el volum del sistema son molt sensibles a la pressid. En les
proteines doncs, 1’efecte de la temperatura o de la pressi6 es tradueix en un
desplegament d’aquestes provocat pel trencament de certs enllagos tal i com es mostra

en la taulaal.l.

Taulaal.l
Interaccions hidrofobiques
Si temperatura 7 , interaccions &
Si pressio ? , interaccions ¥
Interaccions electrostatiques
Si temperatura 7 , interaccions ¥
Si pressio ? , interaccions ¥
Interaccions per ponts d'hidrogen
Si temperatura 7 , interaccions ¥
Si pressio 7 , interaccions &

Efectes de la temperatura i la pressio sobre les interaccions no-covalents que estabilitzen les proteines.
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Estudi del desplegament/replegament proteic a I’equilibri
Equipament

Pels experiments de pressio, es va instal-lar una cel-la d’alta pressi6 (0.1 — 700 MPa)
(figura al.1) dins de la cambra de cubetes d’un espectrofotometre CARY 3E (Varian,
Palo Alto CA, USA) o d’un fluorimetre SLM-AMINCO model Aminco Bowman Series
2.

Figuraal.l

CL
CU

OB

FS

5
ﬁﬂlﬂ;‘

CT CT

Representacio d’una cel-la d’alta pressi6. CT= Connexions al bany termostatic; FS= Finestres de safir;
OB= Obturadors; CL= Coberta per on circula el liquid del bany termostatic; CU= Cubeta.

Aquesta cel'la ha estat dissenyada a 'INSERM U128 (Franga) i fabricada per
I’S.0.F.O.P. (Franga) mitjancant un acer especial Marval X12 i1 unes finestres optiques
de safir sintetic. La carcassa central es troba embolcada per una coberta del mateix acer
per on circula un liquid (aigua o alcohol), que prové d’un bany termostatic NESLAB

model RTE101D (Franga), per tal d’equilibrar la mostra a la temperatura desitjada.

La mostra es diposita dins d’una cubeta de quars cilindrica. La cubeta se segella
amb una pel-licula de polietilé Dura-Seal que es manté posicionada, obturant 1’obertura
de la cubeta, per mitja d’una anella de cautxu. Aquesta pel-licula permet la transmissio

de la pressi6 a I’interior de la cubeta. La pressié es genera mitjangant una bomba
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manual 1 es controla per mitja d’unes aixetes o comportes fabricades per NOVA model
NW1.6 (Suissa). L’aigua, com a transmissor de la pressio, és conduida a través de tubs
capil-lars d’acer inoxidable amb un diametre interior de 0.2 mm. La pressio de treball es
mesura per mitja d’un indicador digital de NEWPORT ELECTRONIQUE model Infcp
(Franga).

Pel que fa a la cel'la per dur a terme els experiments de desnaturalitzaci6 induida
per temperatura, es va emprar la cel-la termostatitzada que disposa el propi aparell, un

espectrofotometre Lambda Bio 20 (Perkin elmer, Boston MA, USA)

Espectroscopia d’absorcié en I’ultraviolat

S’utilitzen diferents técniques alhora de seguir el desplegament proteic per
absorbancia en 'ultraviolat. EI metode utilitzat tradicionalment, ha estat el seguiment de
I’espectre d’absorcié en I’ultraviolat entre 250 1 310 nm, el qual implica una série de
lectures que requereixen un tractament més especific i més laborids, utilitzant la quarta
derivada per tal de millorar la resoluci6 dels espectres. El métode utilitzat en aquest
treball ha estat el seguiment de I’absorcié a una longitud d’ona més concreta, com és a
287 nm, aquest meétode ens permet una analisi més rapida i més senzilla sense cap
pérdua d’informaci6. S ha escollit aquesta longitud d’ona per ser el pic d’absorcidé més
important en I’espectre de la RNasa A 1 el punt on la diferéncia d’absorci6 entre I’estat

plegat i desplegat és major.

Desnaturalitzacio per temperatura i pressio

S’ha treballat sempre a una concentraci6 de proteina entre 0,5 1 0,8 mg/ml per la
temperatura i entre 0.8 i 1 mg/ml per la pressio (la concentracid €s poc important, ja que
es tracta d’un procés unimolecular i les corbes a diferents concentracions haurien de ser
superposables) utilitzant acetat sodic 50 mM pH 5.0 o MES 50 mM pH 5.0 com a
amortidors, per la temperatura i la pressid respectivament, emprant cubetes de quars de
1 cm de pas de llum. Aquests amortidors s han escollit donat que els seus valors de pKa
no canvien significativament en funci6 de la temperatura o pressid. Els espectres
d’absorcio dels experiments de pressid es van enregistrar a 40°C, majoritariament,
mentre que els de temperatura es van enregistrar a 0,1 MPa. En el cas de temperatura

s’ha utilitzat un espectrofotometre Lambda Bio 20, amb cambra de cubetes
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termostatitzada per un bany d’aigua. Per la pressio s’ha utilitzat un espectrofotometre

CARY 3E equipat amb una cel-la d’alta pressio.
Processament de les dades en els experiments de temperatura

Per analitzar el seguiment a una longitud d’ona determinada, on s’obtenen una
série de punts 1 després de corregir cadascuna de les lectures pels efectes de la
temperatura en el volum de I’aigua (Gibson i1 Loeffler, 1941), cal ajustar-hi una corba.

En aquest cas les dades obtingudes s han ajustat a la corba sigmoide (1).

n-d+(g-m)-t
Abs= +d+(m-t)
| b (AHMRY(/(E2T3AS)-(1A(T, | +2T315)-(ACPRI(((T, | +273.15)(++273.15))-
(1)
R = Constant dels gasos en J/K-mol ACp = Capacitat calorifica en KJ/K-mol
n = Punt de tall de la pre-transicid d = Punt de tall de la post-transicid
q = Pendent pre-transicio m = Pendent post-transicid
Ty, = Temperatura de fusié en °C t = Temperatura (°C)

AHm = Canvi d’entalpia a la temperatura de fusié

Els parametres termodinamics AG, AH derivats de les corbes de

desnaturalitzacid induides per temperatura s’han determinat per mitja de I’equacio 2.

AG=AHp(1-(t/T12))- ACp((T1-t)+t In(t/T1,2)) (2)

On AG és el canvi d’energia lliure de Gibbs de desplegament en kJ/mol , AH,, és el canvi d’entalpiaen J ,

t és la temperatura en °K i Ty, és la temperatura de fusid en °K , ACp és el canvi en la capacitat calorifica

en kJ/K mol
Processament de les dades per els experiments de pressio

Per analitzar el seguiment a una longitud d’ona determinada, on s’obtenen una
série de punts, i després de corregir cadascuna de les lectures pels efectes de la pressio
en el volum de I'aigua (Kell, 1973), cal ajustar-hi una corba. Les dades obtingudes
s’han ajustat, igual que els experiments amb temperatura, a una corba sigmoide.

Aquesta equacio (3) té certes modificacions respecte a la mostrada anteriorment:
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n-d-(q-m)-P
Abs= (g-m) +d-(m-P)) (3)

1+e-(( AG - AV P)/(RpT))

Rp= Constant dels gasos en MPa/K-mol

n = Punt de tall de la pre-transicid d = Punt de tall de la post-transicid
q = Pendent pre-transicio m = Pendent post-transicid
T = Temperatura de I’experiment en °K P= Pressi6 en MPa

AV = Canvi de volum del sistema de desplegament en ml/mol

AG= Canvi en energia lliure de Gibbs de desplegament J/mol

Espectroscopia de fluorescéncia sota alta pressio

Les mesures de fluorescéncia s’han portat a terme utilitzant un
espectrofotometre de fluorescéncia Aminco Bowman series 2 (SLM Aminco, Foster
City CA, USA) modificat per acomodar una cambra oOptica d’alta pressio
termostatitzada, permeten mesures fins a 700 MPa. La proteina liofilitzada es va
dissoldre a una concentracio de 0.25 mg/ml en tampé MES 50 mM a pH 5.0, i filtrada
utilitzant un filtre de 0.22 um. Es va seleccionar aquest tampo per la seva dependéncia
relativa del pH en front de la pressio. La solucié de proteina es va introduir en una
cubeta de quars de 5 mm de diametre, segellada amb una pel-licula de polietile Dura-Sel
que es manté posicionada, obturant I’obertura de la cubeta, per mitja d’una anella de

cautxu.

Per els estudis a I’equilibri, la fluorescéncia del triptofan es va mesurar excitant
a 290 nm utilitzant una amplada de banda de 8 nm i enregistrant 1’emissi6 entre 310 i
440 nm amb una amplada de banda de 4 nm. Després de la correccio dels espectres per
pressio i per la linia base, es va calcular la intensitat de fluorescéncia total entre les dues
longitud d’ona, per seguir els processos de desplegament/replegament com a funcio de

I’increment/decrement de pressio, respectivament.
Processament de les dades

Seguint cada increment/decrement de pressid (passos de 20 MPa), es va observar
que la fluorescéncia de la proteina s’equilibrava correctament amb una pausa de 5 min
abans de cada lectura. La intensitat total dels perfils de fluorescéncia a I’equilibri en

front de la pressio es van ajustar a una corba sigmoide (4).
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I, - 1
I = f u +1, 4)

e—[(AG+pAV)/RT]

1 +

On If, i Tuil son les intensitats de fluorescéncia de I’estat plegat, desplegat i la intensitat de fluorescéncia
observada a pressio p (MPa), respectivament. AG 1 AV soén els canvis en energia lliure i volum del

desplegament a 0,1 MPa en J/mol i ml/mol, respectivament.

Estudi de les cinétiques de desplegament/replegament proteic utilitzant

la técnica dels salts de pressio.
Equipament

El principi experimental dels salts de pressio €s senzill i es mostra de manera
esquematica en la figura al.2. S’utilitzen dues celles de pressido independents. Es
pressuritzen via dos circuits diferents mitjangant un bomba de pisté manual i utilitzant
aigua com a vector conductor de pressio. Les cel-les estan fabricades mitjangant un acer
especial Marval X12 de Aubert i Duval (Neuilly sur seine, Franca) permeten
experiments fins a 700 MPa. La pressié d’aquestes dues cel-les es controla a partir
d’indicadors de pressi6 (Top Industrie, Franca). Una de les dues celles esta
termostatitzada (cel-la A). Aquesta conté la mostra i esta equipada amb unes finestres de
safir de 8 mm d’espessor. Es la cel:la que substitueix el compartiment de la mostra en
I’espectrofluorimetre (SLM Series 2, Aminco Bowman). La mostra es col-loca a
I’interior d’una cubeta de quars cilindrica, segellada amb una pel-licula de polietilé. La
cubeta es troba submergida en aigua. L’altra cel-la és Opticament cega i serveix com a
reservori de pressio. Els salts de pressid s’inicien obrint una valvula pneumatica
col-locada entre les dues cel-les. Diferents controls experimentals han mostrat que
I’equilibratge de la pressié entre les dues cel-les s’assoleix en un temps de menys de

Sms després de la obertura de la valvula.

El canvi de temperatura adiabatica associat als salts de pressié no excedeix de
0.4°C , després de 20 s, la amplitud del canvi de temperatura disminueix a 0.2°C, 1

després de 50 s, es recupera la temperatura inicial.

180



Material 1 métodes Apéndix

Figuraal.2

Fluor

¥

Esquema del sistema de salts de pressié. Primer, s’estableix una pressio concreta a la cel-la d’alta pressio
(A) utilitzant una bomba de pressié manual (B). Després, a través de les valvules de pressié (obert/tancat)
(C) 1 incrementant o disminuint la pressio en el reservori de pressio (D), es poden establir 2 circuits
independents separats per una valvula pneumatica controlada eléctricament (E), els quals es poden
mantenir a pressions diferents. D’aquesta manera, es produeix un salt de pressié al obrir rapidament la
valvula E, resultant en un equilibri de pressio rapid entre els dos reservoris (A and D) amb 5ms. El tanc
d’aigua (F) es utilitzat per omplir el sistema amb aigua [181].

Per els estudis cinétics, la intensitat de fluorescéncia de triptofan es va
enregistrar a 350 nm (amb una amplada de banda de 16 nm) i excitant a 290 nm
utilitzant una amplada de banda de 4 nm per tal de minimitzar 1’efecte del photo-

bleaching. S’han realitzat salts de pressi6é de 40 MPa aproximadament.
Processament de les dades

Els perfils de relaxaci6 de la reaccid de desplegament/replegament, després de
cada salt de pressid, es van ajustar a una exponencial senzilla i quan va ser necessari a

una exponencial doble, d’acord amb les equacions (5) 1 (6)

[(l)210+A (1 _e*kobst) (5)
) =I+A(1-e D)4 B (] - obsDr) ©

On I(¢) i [ corresponen a les intensitats de fluorescéncia a temps t i a temps 0 respectivament. A
i B, son les amplituds de les fases, I &, és la constant de velocitat mesurada a la pressié final p. els

parametres cinétics termodinamics d’activacio es van determinar a partir de les exponencials simples tant
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per els salts de pressio positius com per els negatius, en el cas de la exponencials dobles , es va utilitzar

només la constant de velocitat de la fase rapida.

D’acord amb una reaccid en dos estats, la constant de velocitat mesurada a una
pressio donada p és igual a la suma de les constants de velocitat microscopiques pel

desplegament k,(p) i pel replegament kq(p)

kobs = kobs(p)= ku (p)+ kf (p) (7)
K(p) = exp(-(AG+ pAV) /RT) = ku(p)/ ks (p) (8)

On K(p) és la constant d’equilibri a pressié p, AG i AV son els canvis en energia lliure i volum del

desplegament obtinguts dels experiments a 1’equilibri i p és la pressio final de cada salt.

Els ajustos lineals de Inks 1 Ink, en front de la pressio final de cada salt permet

calcular AV? 1 AV:, els volums d’activacié per plegament i1 desplegament,

respectivament, d’acord amb les equacions (9) i (10)

Ink, = - p (AV4 | RpT)+ Inky 0 ivee )
*
Inky=-p (AV'¢ / RpT)+ Inke .1vpa) (19

. , £ . #
Aquestes equacions també ens permeten calcular els valors de AG¢ 1 AG,

I’energia lliure d’activacié per el plegament i el desplegament, respectivament, d’acord

amb les equacions (11) 1 (12):

#
AG ¢ = - RpT (Inks (0.1mpa) + RpT (InB)

AGt = - RpT (Inky (0.1mpay) + RpT (InB)

B=kgT/ h
Rp = Constant dels gasos en MPa/K-mol T = Temperatura de 1’experiment en °K
kg = Constant de Boltzmann en J/K h = Constant de Planck J s
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«Mai caminis pel cami tracat, doncs ell et condueix tinicament

cap a on els altres han anat»

Alexander Graham Bell
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