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INTRODUCCIO

1. LA ALCOHOL DESHIDROGENASA

Les alcohol deshidrogenases (ADHs, EC 1.1.1.1), pertanyen a la classe
enzimatica de les oxidorreductases i es defineixen com els enzims que catalitzen
I’oxidacié d’alcohols primaris, secundaris i ciclics d’origen endogen o xenobiotic als
corresponents aldehids o cetones amb la conseqiient reduccié de NAD" o NADP" i la
reduccié d’aquests aldehids o cetones a 1’alcohol corresponent (Reid, M. F. i Fewson,
C. A., 1994; Jornvall 1 Hoog, 1995; Edenberg i Brown, 1997) Segons la seva estructura,
les ADHs poden pertanyer a una de les tres grans families enzimatiques: les
deshidrogenases / reductases de cadena mitjana (MDRs), les deshidrogenases /
reductases de cadena curta (SDRs) i les aldo-ceto reductasas (AKR) (Jornvall 1 col.,
1993; Persson i col., 1994; Persson i col., 1995; Jez i col., 1997)

La superfamilia de les MDR, amb aproximadament un miler d’entrades en les
bases de dades de seqiiéncia de proteina (Bateman, A. i col., 2002), involucra enzims
que participen en una amplia diversitat de funcions metaboliques com ara la fermentacid
alcoholica, la detoxificacid d’aldehids i1 alcohols o la biosintesis d’acids grassos. Els
enzims MDR sén enzims dimérics o tetramérics, amb una mida aproximada de
subunitat de 350 aminoacids, dividida en dos dominis diferenciats: un domini catalitic i
un domini responsable de la unié del coenzim (NAD(H) o NADP(H)), ambdos dominis
estan separats per un solc hidrofobic que forma la butxaca d’uni6 al substrat (Edenberg 1

Brown, 1997). Alguns exemples de la superfamilia MDR son: alcohol deshidrogenasa,



lactat deshidrogenasa, malat deshidrogenasa i gliceraldehid-3-fosfat deshidrogenasa. El
contingut de zinc en aquests enzims varia de dos atoms de zinc per subunitat (p.e.:
alcohol deshidrogenasa de fetge de cavall), un per subunitat (p.e.: sorbitol
deshidrogenasa) o no unir cap atom de zinc (p.e.: {-crystalline; Borras 1 col., 1989). El
domini d’unid a coenzim esta proxim a la regi6 C-terminal 1 el centre actiu a ’extrem
N-terminal.

El sistema enzimatic de la ADH ¢és de localitzacid6 majoritariament
citoplasmatica. Aquest sistema esta ampliament distribuit en totes les espécies, hi ¢és
present en organismes de tots els regnes en els que es classifiquen els éssers vius
(Jornvall i col., 1995). Diferents formes de ADH, caracteritzades com isoenzims, van
ser identificades inicialment en humans. La familia de les ADHs ha anat augmentant
amb el descobriment de noves formes enzimatiques (Parés i col., 1992; Yasunnami 1
col., 1991), el que ha donat lloc al terme de classe (Vallee i Bazzone, 1983).
L’agrupaci6 de les diferents ADH en classes es basa en la seva especificitat de substrat i
propietats cinctiques, sensibilitat a 1’inhibidor pirazol, mobilitat electroforética en gel
de mido, patré d’expressid, identitat de seqliencia i analisis d’arbres filogenétics

(Duester i col., 1999; Edenberg, 2000; Jornvall i Ho6g, 1995; Valleee i Bazzone, 1983).

1.1. Les MDR de vertebrats

El sistema ADH de vertebrats constitueix un sistema complex amb diferents
formes 1 una amplia multiplicitat dividit en vuit classes (ADH1-ADHS) (Taula 1). En
humans les ADHs estan codificades per almenys set gens diferents, els productes génics
d’aquests gens han estat agrupats en cinc classes que comparteixen al voltant d’un 60-

70% d’identitat aminoacidica (Jornvall 1 H66g, 1995).



Taula 1. Nomenclatura proposada per les ADH de vertebrats

Espeécie Classe
| Il ]} v \'/ VI VIl VIl
Huma ADH1A (o) ADH2(n) ADH3(yx) ADH4(c) ADH5 - - -
ADH1B (B)
ADH1C (y)
Rata ADH1 ADH2 ADH3 ADH4 - ADHG6 - -
Ratoli ADH1 ADH2 ADH3 ADH4A ADH5A - - -
ADH4B ADH5B
Cavall ADH1E - ADH3 - - - - -
ADH1S
Pollastre ADH1 - ADH3 - - - ADH7 -
Granota ADH1 - ADH3 - - - - ADHS8

Entre paréntesis esta indicada la nomenclatura classica, amb lletres gregues, de les subunitats

enzimatiques de les ADH humanes (Dolney i col., 2001; Duester i col., 1999; Peralba i col., 1999; Szalai i
col., 2002).

Cada una de les vuit classes d’enzims ADH de vertebrats estan relacionades amb
el metabolisme de 1’etanol 1 amb la transformacié de una varietat d’alcohols 1 aldehids
d’importancia fisiologica com son: retinoids, esteroids i aldehids citotoxics (Duester i
col., 1999).

A vertebrats, tots els membres de la familia ADH sén metaloenzims, que
contenen zinc, i formen part de la superfamilia de les deshidrogenases / reductases de
cadena mitjana (MDR). (Figura 1) sén dimers d’aproximadament 80 KDa amb dos

atoms de zinc per subunitat. Presenten un domini caracteristic format per hélix o 1 fulles

B, anomenat de Rossmann (Rossmann i col., 1974).




Cerveza y malta, 155, 27-38. Biosca i col.,2002.

Figura 1. Estructura 3-D de la ADH de fetge de cavall. Estan indicades en blau i lila les dues subunitats
de les que consta el dimer funcional. Cada subunitat uneix dos atoms de zinc, una molécula de coenzim
(NAD o NADH) i una de substrat (alcohol o aldehid). (Figura obtinguda de Meijers, R. i col., 2001.
J.Biol.Chem. 276, 9316-9321.)

1.2. Les MDR A S.cerevisiae

Els enzims MDR de llevat, estan agrupats en vuit families proteiques, quatre
d’aquestes contenen una seqiiéncia consens, present a totes les ADHs que uneixen zinc
en el seu centre actiu. En el genoma de S.cerevisiae s’han identificat 17 gens potencials,
codificadors de MDRs ( Jornvall, H., H66g, J. O. i Persson, B. , 1999; 2. Jornvall, H.,
Shafqat, J. i Persson, B., 2001) que es poden classificar dintre de les quatre families
descrites de la seglient manera:

e ADHs dimériques: Sfalp (familia ADH)

e ADHs tetrameriques: Adhlp, 2p, 3p i Sp (familia YADH)

e Poliol deshidrogenases : Sorlp, Sor2p, Xy12p, Bdhlp i Yal061p (familia PDH)

e Cinamil alcohol deshidrogenases: Adh6p, Adh7p (familia CAD)

En general, les proteines codificades per aquests gens de llevat tenen una funcié poc
coneguda. Es coneixen les estructures cristal-lines de diversos membres de ADH,
YADH 1 PDH, pero no es coneixia fins al moment cap estructura de la familia de les

CAD (Figura 2).



Cerveza y malta, 155, 27-38. Biosca i col.,2002.

Figura 2. Estructura 3-D d’una ADH de Thermoanaerobacter brockii. L’estructura de I’enzim es
tetramérica, i cada mondmer esta representat en diferent color (blau, lila ,verd i groc ). Cada monomer
esta composat per dos dominis: un responsable de la unié del coenzim (NADP en aquest cas) i I’altre
responsable de la uni6 del substrat. El tetramer esta format per dos dimers, cada un estructuralment
homoleg al dimer de la ADH de vertebrats (les subunitats marcades en blau i lila en aquesta figura, estan
disposades com les subunitats marcades en blau i lila de la figura 1). Figura obtinguda de Korkhin, Y.,

Kalb(Gilboa), A. J., Peretz, M., Bogin, O., Burstein, Y., Frolow, F. (1998). J. Mol. Biol. 278, 967-981.

Les ADHs responsables del metabolisme de 1’etanol en llevat son MDRs que
uneixen zinc. Aquests alcohols influencien en les propietats organoléptiques de les
begudes alcoholiques i deriven del catabolisme dels esquelets carbonats dels aminoacids
Val, Leu, Thr, Ile i Phe, principalment inclouen al isobutanol, 2-metilbutanol, 3-
metilbutanol i 2-feniletanol, que es formarien a partir dels corresponents aldehids a
través d’una reduccid (Figura 3). Tot i que s’ha implicat a la Adhlp i Adh2p (ADHI i
ADHII segons la nomenclatura classica) en aquestes reaccions, 1’enzim Adh6p (ADHVI
segons la nomenclatura classica) també podria intervenir, donada 1’elevada eficiéncia
catalitica que presenta amb aquests substrats. Una funcio alternativa de la Adh6p estaria
relacionada amb la seva capacitat de reduccid del veratraldehid i anisaldehid (Figura 6).
Aquesta activitat que ha estat implicada en la capacitat de metabolitzar lignina que
tenen alguns fongs, donaria a S.cerevisiae 1’oportunitat de “viure” en entorns
ligninolitics a on existirien els anomenats compostos, derivats de la degradaci6 de la

lignina iniciada per altres fongs.
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Cerveza y malta, 155, 27-38. Biosca i col.,2002.

Figura 3. Esquema metabolic de la produccid dels alcohols superiors en S.cerevisiae. Els alcohols
superiors deriven del catabolisme dels esquelets carbonats dels aminoacids Leu, Val, Thr, Ile y Phe. En
I’0ltima etapa de reduccid dels corresponents aldehids, s’han implicat les ADHI y II dependents de
NADH (Adhlp i Adh2p segons la nomenclatura actualitzada), perdo també la ADHVI dependent de
NADPH (ScAdh6p) podria participar en aquesta transformacio

1.3. Metabolisme d’oxidacio / reduccio als éssers vius

La major part de les reaccions d’oxidacid/reduccié que s’efectuen a I’organisme
no involucren la participaci6 directa de I’oxigen molecular, sin6 que els electrons son
transferits a/o des de molécules especifiques (p.e. NAD" que es redueix a NADH).
Aquest mateix tipus de molécules s’utilitzen per a reduir metabolits per mitja de la

transferéncia d’un i6 hidrur (p.e. NADPH s’oxida a NADP").

El mecanisme de reaccié de la ADHI1 de fetge de cavall s’ha utilitzat com a
model per descriure la reaccio propia de ADHs en el seu paper d’oxidacid/reduccid de
substrats, aquests mecanisme es pot descriure de la segiient manera: quan el substrat és
un alcohol, la uni6 del i6 zinc i el NAD" carregat positivament fa canviar el pKa de

I’alcohol i1 es produeix un alcoholat. Aixo facilita la transferéncia hidrida (alliberacio



protonica o proton relay) a partir de I’alcohol cap al NAD". La Ser48 probablement és
important per la transferéncia del prot6 a partir del grup hidroxil de 1’alcohol cap a la
superficie de la proteina a través d’una alliberacid protonica que involucra també la
meitat 2’-hidroxil de la ribosa i 1’imidazol de la His51 (Eklund i col., 1985; Borras i
col., 1989; Eklund i col., 1994; Fersht, 1999). Generalment la ADH1 de cavall s’associa
amb la interconversid d’alcohols i aldehids (Brdndén i col., 1975), pero també té la

capacitat de catalitzar I’oxidacié d’aldehids (Figura 4).

Serds Sendd
Hiss1 ! His51 . i
KH ! -~ BH \ .~
5 Lo | i1, e
D 5 A
—_—

i

Biochemistry, Vol. 35, No. 30, 1996 Olson I col.
Figura 4. Oxidaci6 d’un aldehid hidrat per NAD" en el centre actiu de 1’alcohol deshidrogenasa de fetge
de cavall. El proto de 1’aldehid hidrat esta connectat per una série de ponts d’hidrogen amb la His51 i per

tant amb el solvent.

En mamifers les ADHs més estudiades han estat les ADH1 i ADH4 pel seu alt
nivell d’expressio en teixits i la seva activitat vers etanol i retinol (Boleda i col., 1993).
L’oxidacio del retinol a retinal és I’etapa inicial en la sintesi de I’acid retinoic, que actua
com un important modulador de I’expressié genica (Ray i col., 1997; White i col., 1997,
2000) La formacié d’acid retinoic, a partir de retinol, implica dues etapes d’oxidacio.
Una primera oxidacio / reducci6 de retinol a retinal que és reversible 1 el pas limitant de
la via; 1 una segona oxidacio de retinal a acid retinoic, que és una reaccio6 irreversible.

Mentre que la ADHI esta present a tots els vertebrats, la ADH4 només ha estat
descrita a mamifers. En la recerca de la ADH4 en amfibis es va trobar un enzim amb
propietats cinétiques similars a la ADH4 pero, sorprenentment, amb especificitat cap a
NADP(H) en comptes de cap a NAD(H), el coenzim comu per a totes les ADHs des

vertebrats descrites fins al moment, I’enzim ADHS.



1.4. Diferéncies estructurals entre conformacions apo- i holo-ADH

Els primers estudis comparatius entre les estructures dels enzims apo- 1 holo- en
ADHs es van fer a partir del coneixement de I’estructura tridimensional del complex
ternari de la ADH1 de cavall amb NADH i amb I’inhibidor dimetil sulfoxid, 1’estructura
es va resoldre independentment de la de 1’apoenzim. La comparacid dels mapes
electronics d’ambdues estructures ( Eklund i Brindén, 1979) va permetre comprovar
que la uni6é del NADH suposava un gran canvi de conformaci6 de 1’enzim. Tenia lloc un
reordenament de la relacio entre les tres principals parts de la molécula dimérica. Els
dos dominis d’uni6 a coenzim tenien orientacions similars, mentre que els dominis
catalitics estaven rotats un respecte de I’altre. Les principals diferéncies
conformacionals s’han descrit com a rotacions de cos rigid de cada domini catalitic. El
domini catalitic rota 10° al voltant d’un eix que passa pel centre del mateix. Aquesta
rotacié aproxima 3-4A els dos dominis, catalitic i d’uni6 a coenzim, aquests tindran
dues connexions covalents en la cara del darrera del solc mentre que per ’altra cara
només hi ha uns pocs i debils contactes de van der Waals . Aquestes interaccions han de

canviar per permetre la rotacid del domini catalitic tal com ho mostra la figura 5.

Figura 5. Interacci6 interdomini en 1’estructura que conté el centre actiu i el coenzim. La part que es
correspon amb 1’apoenzim es mostra amb linies discontinues. (Nomenclatura segons Eklund i col., 1976;

dibuixos de Bo Furungren)



A l’area d’interacci6 entre els dos dominis també es donen amplis moviments:
els residus 294-297 del domini d’uni6 a coenzim han de desplagar-se per deixar lloc als

residus 51-58 del domini catalitic.

A més de I’ampli moviment de rotacio de cos rigid del domini catalitic, hi ha
petits canvis que son significatius en 1’orientacié del domini d’uni6 a coenzim (Eklund 1
col., 1984). Es pot descriure com una rotacid6 del domini d’aproximadament 1.5° al
voltant d’un eix que s’estén a través de les lamines . El domini d’unié a coenzim es

mou en direcci6é oposada cap al domini catalitic a cada subunitat.

1.5. Descripcio del fenomen “Half-site reactivity” a la ADHI1 de cavall

La uni6 del cofactor a ’ADH1 de cavall dona lloc a un canvi en la conformacid
quaternaria de la proteina (Brdnden, 1965; Shore i Brooks, 1971), que afecta a la uni6
del substrat (Theorell i Chance, 1951; Wratten i Cleland, 1965). Es va mesurar la
interaccid del coenzim reduit (NADH) amb I’enzim mitjancant la quantificacid
I’emissi6 de fluorescéncia (Holbrook i col., 1972). Els resultats obtinguts mostraven
com la uni6 de NADH-Enzim no donava evidéncies de cap tipus de cooperativitat. En
canvi, si es demostrava cooperativitat negativa en 1’absorcié del complex NAD-Enzim
(Copeland i Bernhard, 1979).

Es va mesurar tamb¢ la interacci6 NAD-Enzim en preséncia de concentracions
variables d’acid vitamina A, molécula capag¢ d’unir-se a I’holoenzim (Everse, 1973). El
complex ternari és maxim (esta en saturacid) quan s’uneix una molécula d’acid vitamina
A per cada dimer de complex binari. Es pot veure, doncs, que es dona una ‘“half-site
reactivity” si es forma aquest complex. En I’estudi de la formacio del complex ternari
amb benzamida i NADH (Bernhard i col., 1969; McFarland i Bernhard, 1972; Luisi 1
Favilla, 1972) es van identificar dues classes de llocs d’uni6 no equivalents. La “half-
site reactivity” es pot demostrar a més en la reaccid cinetica transient de la ADH1 de

cavall amb aldehids i coenzim reduit (Bernhard i col., 1970).

L’Enzim ADHI de cavall catalitza la reduccié d’una gran varietat d’aldehids

aromatics per NADH. Al contrari d’altres reaccions enzimatiques que involucren



“pseudosubstrats”, la velocitat de reaccié amb aldehids aromatics no €s molt diferent a
la que t¢ amb el suposat “vertader” substrat, I’acetaldehid. Pero, la velocitat de la
reaccid es satura a més baixa concentracié amb aldehids aromatics.

La reactivitat dels dos llocs (per dimer) no és equivalent. Es va postular que
I’asimetria estructural del dimer HLADH fos induida per la formacié del complex
ternari, de manera que una molécula de substrat per dimer d’holoenzim induiria
I’asimetria. La “half-site reactivity” sembla estar relacionada amb limitacions
estaquiometriques a través d’un Unic eix binari de la molécula oligomeérica. Hi ha

ubiqiitat de “half-site reactivity” en els sistemes de cooperativitat negativa.

1.6. La ADHS8: ADH depenent de NADP(H) a vertebrats.

L’enzim ADHS es va aillar d’estdbmac de Rana perezi, ¢s una ADH amb una
especificitat distintiva per NADP(H) ( Kot / K NADP = 5900mM™! min™! respecte Kca
/K inap = 200 mM™! min'l). Aquest enzim té una identitat d’aproximadament el 60%
amb la resta de ADHs d’estructura coneguda, en un principi es va anomenar “ADH4-
like”, pero la seva especificitat pel cofactor NADP, unica per un membre de la familia
de les ADHs d’animals i plantes, juntament amb la seva posicid6 en els arbres
filogenetics ha fet que se la classifiqui en una nova classe d’ADHs, i finalment se I’ha
anomenat ADHS (Peralba i col., 1999; Duester, 2000).

El fet que s’hagi trobat, en vertebrats, una ADH amb dependéncia per NADP(H)
obre una serie de qliestions respecte al paper fisiologic especific de I’enzim i1 en quant a
la seva relacid estructural 1 evolutiva amb altres enzims. Totes les ADHs de vertebrats
son dependents de NAD(H), es desconeix fins al moment quina ¢és la rad per la qual
només s’ha trobat una ADH dependent de NADP(H) en amfibis. Tal com passa amb
altres ADHs dependents de NADP(H) s’esperaria que participés en el metabolisme
reductor, sobretot perque, en els teixits d’estobmac de granota la relacié de concentracid
de NADPH/NADP" és molt elevada (Bannister, 1967) i també perqué els aldehids sén

millors substrats per aquests enzims que no pas els alcohols (Peralba i col., 1999).
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L’ ADHS podria tenir un paper significatiu en el metabolisme del retinal , ja que
tots els retinals fisiologics que es van assajar eren excel-lents substrats per 1’enzim
(Peralba 1 col., 1999). En particular, 1’eficiéncia catalitica per all-frans-retinal (33.8
uM™ min™) és la més elevada que s’ha descrit per ADH de vertebrats (Duester, 2000).
Per aquest motiu s’ha proposat que la ADHS8 podria actuar com a retinaldehid

deshidrogenasa (Peralba i col., 1999) convertint el retinal en retinol.

Fins al moment només estaven disponibles estructures
tridimensionals de ADHs dependents de NAD(H) tant de plantes com animals
(Niederhut i col., 2001; Ramaswamy i col., 1996; Svensson i col., 2000; Yang i col.,
1997; Sanghani i col., 2002; Xie i col., 1997). Les dades estructurals obtingudes a partir
dels treballs que s’exposen en aquesta tesis mostren com cada subunitat d’ADH8 conté
un domini catalitic 1 un domini d’uni6 a coenzim. El domini d’unié a coenzim esta
composat per sis lamines 3 paral-leles similars a les que s’han trobat en altres ADHs

dependents de NAD(H) (Figura 6) (Rossmann i col., 1974).

il - 3

Figura 6. (A) Topologia del tipus de plegament de Rossmann. Amb fletges es senyalen les

lamines B 1 amb els rectangles les helix. Els cercles representen els residus de glicina conservats. (B) A
les ADHs el domini conservat de uni6 a NADH esta conformat estructuralment pel tipus de plegament de

Rossamann. (Protein Science (2002), 11;2125-2137)

En el complex ternari d’ADHS unit a substrat i cofactor tindria lloc una rotacio
de cos rigid del domini catalitic envers el domini d’unié a coenzim de manera semblant
a com passa a altres ADHs, el solc del centre actiu es tancaria sobre el lloc d’unid a
coenzim 1 la reaccié es donaria en una conformacié tancada. L’estructura de la forma
apo-ADHI1 de cavall presenta una conformacié oberta (Eklund i col., 1976), mentre que

els complexes binaris o terciaris de ADHI1 de cavall (Eklund i Brindén, 1979; Eklund i
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col., 1981) 1 humana ( Niederhut i col., 2001; Hurley icol., 1994; Colonna-Cesari i
col., 1986) 1 també d’ADH4 humana (Xie 1 col.,, 1997) mostren una conformacid
tancada. Alguns complexes binaris i ternaris de ADH1 de bacalla (Ramaswamy 1 col.,
1996), ADH2 de ratoli (Svensson i col., 2000) i ADH3 humana (Yang i col., 1997)
mostren en canvi estructures que s’han definit com a conformacions semiobertes. La
unié del substrat al costat de Zn permet la transferéncia hidrida cap a I’atom C4 de
I’anell nicotinamida (Figura 2) (Eklund 1 Brdndén, 1987). El proté hidroxil del substrat
¢s eliminat a través d’un procés de “proton relay” que connecta el centre actiu amb el
gruix del solvent. L’alliberacio de cofactor, que sovint és I’etapa limitant de la catalisis,

completa el cicle retornant I’enzim a la conformacio inicial.

1.7. Selectivitat envers NAD(H)/NADP(H)

L’especificitat d’enzim és una propietat important en les oxidorreductases
dependents de NAD(P) i esta lligada a la seva funcidé metabolica. El tipus de coenzim:
NAD" o NADP", sovint distingeix entre enzims involucrats en processos metabolics
alternatius (p.e. oxidacio versus reduccid o degradacio versus biosintesis).

Com que NAD' i NADP" només es diferencien estructuralment en un grup
fosfat, s’esperaria que les deshidrogenases tinguessin un nombre de residus limitat per
discriminar entre els dos tipus de coenzim. Les deshidrogenases de la mateixa familia
utilitzen el mateix tipus de plegament tant per unir un tipus de coenzim com I’altre. Fins
1 tot alguns enzims mostren activitat dual, significant aixd0 que poden usar totes dues
afinitats amb eficiéncia similar (Backer i col., 1992).

Aquesta especificitat envers els coenzims NAD(H) o NADP(H) sembla estar
regulada electrostaticament (Tanaka i col., 1996; Tsigelny i Baker, 1996; Nakanishi i
col., 1996, 1997; Mazza i col., 1998). El grup fosfat extra carregat negativament a la
posicié 02’ de ’adenosin-ribosa ¢s la principal diferéncia entre aquests dos tipus de
coenzims. Als enzims que preferentment uneixen NAD(H), proxim a la posicié d’aquest
fosfat es troba un aminoacid negatiu, el residu 223 esta localitzat a I’extrem C-terminal
de la segona lamina B del “Rossman fold” ( Rossmann i col., 1974) i esta considerat en
la classificacid com un determinant de [’especificitat per coenzim. Els estudis de

selectivitat envers cofactor s’havien centrat sobretot en 1’analisi de mutageénesi d’aquest
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residu que forma una unié per pont d’hidrogen amb el grup hidroxil de 1’adenosin-
ribosa del NAD(H) (Fan 1 col., 1991; Lauvergeat i col., 1995; Metzger 1 Hollenberg,
1995; Fan 1 Plapp, 1999). La substitucié d’aquest aminoacid carregat negativament per
un carregat positivament incrementa [’afinitat envers NADP(H) i permet a I’enzim
utilitzar aquest coenzim durant la catalisis perd aquestes mutacions no aconseguien tenir
un fenotip totalment revertit, 1’eficiéncia catalitica no era completa, per tant, s’esperaria
que hi hagués altres residus implicats. Aquest residu substituit esta acompanyat d’un o
més residus positius, com podria ser la lisina, que també juguen un paper important en

afavorir la interaccié amb el grup fosfat extra del NADP(H).

1.8. Cinamil alcohol deshidrogenasa CAD

Els enzims CAD es van detectar originariament en plantes (Luderitz i Grisebach,
1981), on catalitzen les darreres etapes de la biosintesi de monolignols, els precursors de
la lignina (Boerjan i col., 2003), s’ha vist com els arbres transgenics amb baixa activitat
CAD so6n facilment deslignificats (Pilate 1 col., 2002). Es van caracteritzar primerament
dos isoenzims amb activitat cinamil alcohol deshidrogenasa. La CADI que és un
monomer de 35 KDa, és actiu amb cinamaldehid i sobretot amb coniferaldehid (Figura
7), per el qual presenta una Ky, de 25-70 uM, té un paper important en la lignificacid
vascular de plantes. La CAD2, a diferéncia de la CADI, és un dimer de 72 KDa, actiu
amb diferents cinamaldehids. El seu millor substrat és el coniferaldehid, amb una K,
bastant més baixa que la de la CAD1 (1 uM). La clonacio i seqiienciacio del cDNA
corresponent a la CADI (Goffner i1 col., 1998), demostra com aquest enzim esta
relacionat amb la cinamil-CoA reductasa, també té activitat amb el benzialdehid, i s’ha
considerat com a una alcohol deshidrogenasa aromatica.

Alguns membres de la familia de les CADs de plantes descrits darrerament
sembla que tenen diferents activitats enzimatiques no relacionades amb la sintesi de
lignina. Com per exemple les proteines EL13 involucrades amb la resistencia de les
plantes a malalties, aquest enzim té activitat amb benzil aldehids aromatics (Somssich i
col., 1996). Una altra CAD de plantes, la MTD de celery mostra activitat manitol
deshidrogenasa dependent de NAD (Williamson 1 col., 1995) i la seva funcid esta

relacionada amb la tolerancia a la salinitat i possiblement també amb la resposta a atacs
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patogenics. Els enzims CAD s’han trobat també en bacteris i llevat sense que se’ls hagi

reconegut fins al moment una funci6 clarament establerta.

1.9. Els enzims CAD a S.cerevisiae

Els enzims Adh6p 1 Adh7p tenen un 60% d’homologia entre si, tots dos enzims
han estat classificats dins de la familia de les CADs per la seva estructura primaria i
caracteristiques enzimatiques (Larroy i col., 2002). Tant la ScAdh6p com ScAdh7p
usen NADP(H) com a cofactor i tenen una marcada especificitat de substrat amb
alcohols primaris aromatics 1 alifatics (de cadena senzilla o ramificada) 1 alta activitat

amb cinamil alcohol, cinamil aldehid i els seus derivats.

1.10. La ScAdh6 dependent de NADP(H)

L’enzim ScAdh6p és un enzim dimeric amb una mida de subunitat de 360
aminoacids, depenent de NADP(H), que mostra activitat envers aldehids aromatics, com
benzaldehid, cinamaldehid i veratraldeid, i aldehids alifatics, ja siguin lineals (com el
pentanal, hexanal 1 heptanal) o ramificats (com 2-metilpropanal, 2-metibutanal i 3-
metilbutanal) (Figura 7). També catalitza les reaccions d’oxidacié dels corresponents

alcohols, encara que ’eficiéncia catalitica €s molt major per a les reaccions de reduccio.

= P e N AN
I'I;CM h""CI H,C
Propanal Butanal Pentanal
H o
H]CWB JE/\l/\ /L/\
H,C g
CREna 2-Metilbutanal J-Metilbutanal
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Figura 7. Formules estructurals de diferents aldehids que son reduits als corresponents alcohols per accid
de la ScAdh6p, en una reaccié depenent de NADPH. (A) Aldehids alifatics lineals i ramificats. (B)

Aldehids aromatics.

No esta clara la funci6 de I’enzim ScAdh6p perdo donada la seva elevada
eficiencia en la reduccié d’aldehids alifatics ramificats, podria estar implicada en la
sintesi d’alcohols superiors. Es improbable que estigui relacionada amb la biosintesi de
lignina perqueé aquest procés metabolic no s’ha trobat a S.cerevisiae i I’enzim mostra
baixa activitat amb els precursors de lignina sinapaldehid 1 coniferaldehid (Larroy i col.,
2002). Podria ser que contribuis a la degradacio de lignina ja que pot actuar sobre els
productes derivats de la biodegradacié d’aquesta, com son el veratraldehid i anisaldehid
(Larroy 1 col., 2002). En qualsevol cas, ScAdh6p té molta similitud de seqiiéncia amb
algunes CADs de plantes implicades en la lignificacid, p.e.: 53% amb CAD2 de
Eucalliptus gunnii (Grima-Pettenati, 1993).

En el treball que es recull en aquesta tesi s’ha determinat I’estructura cristal-lina
de la CAD dependent de NADP(H), ScAdh6p de S.cerevisiae. Es la primera estructura
3D per un enzim CAD i també per un membre de la superfamilia de les MDR a
S.cerevisiae. Aquests resultats aporten un patr6 estructural per entendre el funcionament
de la ScAdh6p que també pot ser utilitzat com una referéncia per les proteines CAD, en

particular aquelles relacionades amb la lignificacio.
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OBJETIUS I ORGANITZACIO DE LA TESI

Amb la realitzacié d’aquesta tesi doctoral es volia aprofundir en el coneixement
de les ADHs que pertanyen a la superfamilia de les MDR, contenen zinc i sén
dependents de NADP(H).

Les alcohol deshidrogenases (ADHs) son enzims que catalitzen 1’oxidacio
reversible d’alcohols als corresponents aldehids o cetones, amb la conseqiient reduccio
de NAD o NADP. La majoria de ADHs de llevat i vertebrats pertanyen a la superfamilia
de les deshidrogenases/reductases de cadena mitjana (MDR), concretament en
vertebrats, tots els membres de la familia ADH s6n metaloenzims, que contenen zinc i
son MDRs. Les ADHs més estudiades en mamifers han estat la ADH1 i ADH4 pel seu
alt nivell d’expressio en teixits i la seva activitat envers etanol i retinol (Boleda i col.,
1993). Buscant la ADH4 en teixits d’amfibis, es va trobar un enzim amb propietats
cinctiques similars pero, sorprenentment, amb especificitat cap a NADP(H) en comptes
de cap a NAD(H), Aquest enzim aillat d’estomac de R. Perezi, exhibia alta activitat
envers retinal (Peralba i col., 1999) i se 1i ha proposat una funcié fisiologica en el procés
de reduccio del retinal, hipotesis recolzada per 1’elevada relacié de concentracidé de
NADPH/NADP a la c¢l-lula.

Les ADHs de S. Cerevisiae classicament involucrades en 1’assimilacio i1
produccio d’alcohol sén enzims tetramérics relacionats estructuralment amb les ADHs
de vertebrats (Ciriacy i col., 1997). Recentment s’ha caracteritzat una nova ADH de
llevat, anomenada ScAdh6p. Es tracta d’un dimer de 80KDa de pes molecular, i amb
només un 26% d’identitat de seqiiéncia amb la familia d’enzims tetramérics (Larroy i
col., 2002). L analisi de I’estructura primaria mostrava que la ScAdh6p pertanyia a una
familia diferenciada d’entre les MDRs, les cinamil alcohol deshidrogenases (CADs) i
com aquestes, utilitza NADP(H) com a cofactor, té¢ especificitat de substrat amb
alcohols hidrofobics lineals 1 aromatics 1 mostra alta activitat envers cinamil alcohol i
cinamil aldehid. No hi havia fins al moment cap estructura resolta de cap membre de la

familia de les CADs.
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La funcié dels enzims CAD encara no ha estat clarament establerta. Les
estructures conegudes més properes a la ScAdh6p son la de la Cetosa reductasa
depenent de NADP(H) de Bemisia argentifolii (Banfield i col., 2001) amb solament un
25% d’identitat i la ADH4 humana (Xie i col., 1997).

Aixi doncs, els objectius de la tesi s’han centrat en:

1. La cristal-litzacio i determinacié de I’estructura de ADHS de R. perezi.
Cong¢ixer I’estructura de la ADHS podria aportar les bases de I’especificitat tinica de
cofactor d’aquest enzim i1 tamb¢ serviria per explicar la seva peculiarment elevada

activitat envers retinal.

2. La cristal‘litzacio i resolucié de I’estructura de la SCADHG6p.

L’estructura cristal-lina de la CAD depenent de NADP(H) de S. Cerevisiae
(ScAdh6p) seria la primera estructura tridimensional determinada per un enzim
CAD aixi com per un membre de la superfamilia de les MDRs a S. Cerevisiae. Ens
proporcionaria un patrd estructural per entendre el funcionament de la ScAdh6p que
potser es podria utilitzar com a referéncia per les proteines CAD en general. A més

aportaria informacié addicional sobre I’especificitat envers els cofactor NADP(H).

La majoria dels resultats que es presenten en aquesta tesi han estat ja publicats, o
estan en vies de publicacio, en revistes cientifiques de difusi6 internacional, per la qual
cosa la tesi s’ha organitzat en capitols de manera que cada un d’ells inclou una copia de
I’article publicat i un resum i discussio dels resultats que es presenten en I’esmentat
article. A més, s’ha inclos un apartat metodologic dins del capitol 4 on es descriu en

profunditat les peculiaritats de la metodologia emprada en la resolucio6 de la fase.
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CAPITOL 1

Cristallization and prelimianary X-ray analysis of NADP(H)-
dependent alcohol dehydrogenases from Saccharomyces cerevisiae and

Rana perezi
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Crystallization and preliminary X-ray analysis of
NADP(H)-dependent alcohol dehydrogenases from
Saccharomyces cerevisiae and Rana perezi

Different crystal forms diffracting to high resolution have been
obtained for two NADP(H)-dependent alcohol dehydrogenases,
members of the medium-chain dehydrogenase/reductase superfamily:
ScADHVI from Saccharomyces cerevisiae and ADHS8 from Rana
perezi. SCADHVI is a broad-specificity enzyme, with a sequence
identity lower than 25% with respect to all other ADHs of known
structure. The best crystals of SCADHVI diffracted beyond 2.8 A
resolution and belonged to the trigonal space group P3;21 (or to its
enantiomorph P3,21), with unit-cell parameters a = b = 102.2,
c=1497 A, y = 120°. These crystals were produced by the hanging-
drop vapour-diffusion method using ammonium sulfate as precipi-
tant. Packing considerations together with the self-rotation function
and the native Patterson map seem to indicate the presence of only
one subunit per asymmetric unit, with a volume solvent content of
about 80%. ADHS from R. perezi is the only NADP(H)-dependent
ADH from vertebrates characterized to date. Crystals of ADHS
obtained both in the absence and in the presence of NADP" using
polyethylene glycol and lithium sulfate as precipitants diffracted to
22 and 18A, respectively, using synchrotron radiation. These
crystals were isomorphous, space group C2, with approximate unit-
cell parameters a = 122, b =79, ¢ = 91 A, B = 113° and contain one
dimer per asymmetric unit, with a volume solvent content of about
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50%.

1. Introduction

Most alcohol dehydrogenases (ADHs) of wide
substrate specificity from yeast and vertebrates
are members of the medium-chain dehydro-
genase/reductase (MDR) superfamily, which
has been divided into different enzyme families
with regard to structural and functional rela-
tionships (Jornvall et al., 2001).

The classical S. cerevisiae ADHs involved in
alcohol production and assimilation are tetra-
meric enzymes structurally related to verte-
brate ADHs (Ciriacy, 1997). We have recently
reported the characterization of a new yeast
ADH, named ADHVI, presumably a dimer of
molecular weight 80 kDa, with only 26%
sequence identity to the tetrameric enzyme
family (Larroy et al, 2002). Primary structure
analysis shows that ADHVI belongs to a
different family within the MDRs, the
cinnamyl alcohol dehydrogenases (CADs; 37 %
identity). Consistent with this, ADHVI uses
NADP(H) as a cofactor, exhibits a broad
substrate specificity with aromatic and linear
hydrophobic alcohols and shows high activity
towards cinnamyl alcohol and cinnamyl alde-
hyde. In plants, CAD enzymes participate in
the synthesis of cinnamyl alcohol derivatives in
the last steps of lignin biosynthesis (Luderitz &

Grisebach, 1981). Since S. cerevisiae does not
synthesize lignin, we hypothesized that the
yeast ADHVI could contribute to lignin
degradation and the last step of the synthesis of
fusel alcohols derived from amino-acid and
a-ketoacid metabolism (Larroy et al., 2002). No
crystallographic structure has been reported
for any member of the CAD family. The closest
known structures to ADHVI (25% identity)
are of a NADP(H)-dependent ketose reduc-
tase from the whitefly Bemisia argentifolii
(Banfield ef al., 2001) and human ADH4 (Xie
et al., 1997).

In vertebrates, ADHs constitute a family of
eight different classes involved in ethanol
metabolism and also in the transformation of a
variety of alcohols and aldehydes of physio-
logical importance, such as retinoids, steroids
and cytotoxic aldehydes (Duester ef al., 1999).
All ADHs from vertebrates are dimers of
about 80 kDa and contain two Zn atoms per
subunit. In mammals, ADH1 and ADH4 have
been the most studied classes because of their
wide expression level in tissue and their
activity towards ethanol and retinol (Boleda et
al., 1993). The oxidation of retinol to retinal is
the initial step in the synthesis of retinoic acid,
an important modulator of gene expression.
While ADHI1 is present in all vertebrate
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groups, ADH4 has only been described in
mammals. In our search for an ADH4-type
enzyme in amphibians, we found an enzyme
with similar kinetic properties to those of
ADH4 but, surprisingly, with specificity
towards NADP(H) instead of NAD(H), the
common coenzyme for all previously
described vertebrate ADHs. This enzyme
(ADHS) was isolated from the stomach of
R. perezi and exhibited high activity towards
retinal (Peralba et al., 1999). In consequence,
we proposed a physiological function in
retinal reduction for ADHS8, which is also
supported by the high cellular NADPH:
NADP" ratio.

Several crystallographic structures of
vertebrate ADHs are known: horse ADHI1
(Eklund et al, 1976), human ADHIBI,
ADHI1B2 and ADHIB3 (Hurley er al,
1994), human ADHIA and ADHIC2
(Niederhut et al, 2001), cod ADHI1
(Ramaswamy et al, 1996), mouse ADH2
(Svensson et al., 2000), human ADH3 (Yang
et al., 1997) and human ADH4 (Xie et al.,
1997). All of them correspond to NAD(H)-
dependent enzymes and exhibit less than
57% identity with the present amphibian
ADHS. Crystallization and structure deter-
mination of ADHS8 would provide the basis
for the unique cofactor specificity of this

-

(b

Figure 1

Crystals of (a) SSADHVT and (b) ADHS. Despite the
size and good morphology of the SCADHVI crystals,
diffraction was extremely weak beyond approxi-
mately 2.8 A resolution, which may be related to
the high solvent content.

Table 1

Data-collection statistics.

Values in parentheses refer to the outer shell.

ADHS8 ADHS8 (NADP") ScADHVI
Space group 2 2 P3,21 or P3,21
Unit-cell parameters (A, °) a=1225b=1795, a=1222,b=179.5, a=b=1022,

c=919, =113.1 c=918, g=112.8 c=149.7, y =120

No. measured reflections 150436 254342 120598
No. unique reflections 79197 140960 22735
Resolution (:A) 2.20 (2.28-2.20) 1.80 (1.86-1.80) 2.80 (2.90-2.80)
Runerge (%) 11.3 (44.7) 4.8 (33.1) 7.7 (40.0)
Completeness (%) 98.4 (99.0) 96.1 (74.2) 99.8 (99.8)
(Ilo(1)) 11.8 (2.6) 14.4 (1.6) 243 (2.2)
Mosaicity (°) 0.4 0.4 0.2

T Rumerge = 2 |I; — (I)|/Y_I;, where I, is the measured intensity of an individual reflection and (I) is the average intensity of the

symmetry-related measurements of this reflection.

enzyme and for its particularly high activity
towards retinal.

In the present report, we describe the
crystallization and the crystal properties of
two ADHs from the MDR superfamily:
S. cerevisiee  ADHVI, an NADP(H)-
dependent ADH and the first member
crystallized of the CAD family, and amphi-
bian ADHS, the first NADP(H)-dependent
ADH member of the vertebrate ADH
family.

2. Experimental results

2.1. Crystallization, data collection and
X-ray analysis

2.1.1. NADP(H)-dependent ADHVI from
S. cerevisiae (SCADHVI). SCADHVI was
obtained from yeast cells by a modification
of a previously described protocol (Larroy et
al., 2002). The modification consisted of
performing the DEAE-Sepharose chroma-
tography at pH 8.0 instead of pH 7.0, which
resulted in increased purity and allowed
bypassing of the hydroxyapatite column.
Pure enzyme was used in crystallization
screening using the hanging-drop vapour-
diffusion method. 1 pl drops of concentrated
sample (6 mgml™') were mixed with the
same volume of a reservoir solution
containing 2 M ammonium sulfate (AS) and
equilibrated at 293 K against a reservoir
volume of 1 ml. Well developed bipyramidal
hexagonal crystals reaching 0.4 x 04 x
0.6 mm in size appeared in 2d (Fig. 1).
These crystals belong to space group P3,21
(or to its enantiomorph P3,21), with unit-
cell parameters a = b = 102.2, ¢ = 149.7 ;\,
y = 120°). An X-ray diffraction data set was
collected using synchrotron radiation and a
MAR CCD detector at ESRF (Grenoble,
France) at 100 K with 20%(v/v) glycerol as
cryoprotectant. Data were processed and
scaled with the programs DENZO and

SCALEPACK (Otwinowski & Minor,
1996), respectively, giving an overall Rinerge
of 7.7% and a completeness of 99% at 2.8 A
(Table 1). An X-ray fluorescence scan of one
of the crystals (performed on beamline
BM14) showed a clear absorption edge with
the peak at 9671.4 eV, strongly supporting
the existence of Zn ions in SCADHVI (Kim
& Howard, 2002).

Packing considerations indicate that,
assuming a protein-subunit molecular
weight of about 40 kDa, these crystals could
contain one, two or three subunits per
asymmetric unit, with corresponding volume
solvent contents ranging from 80 to 42%
(Matthews, 1968). In turn, the absence of
significant peaks in both the native
Patterson map and in the self-rotation
function (Fig. 2) makes the existence of
non-crystallographic symmetry unlikely,
although molecular twofold axes oriented
almost parallel to the crystallographic
twofold axis are still possible. The weakness
of the diffraction at high resolution despite
the good morphology and size of the
ScADHVI crystals could also be related to a
high solvent content. Even if these crystals
contain only one subunit per asymmetric
unit, the ScADHVI molecules could be
homodimers as suggested by Larroy et al.
(2002) if the molecular and crystallographic
twofold axes coincide.

No solution has yet been obtained by
molecular replacement with the programs
AMoRe (Navaza, 1994) and BEAST (Read,
2001) using search models derived from
human ADHIB1 (Hurley et al, 1991),
human ADH4 (Xie et al, 1997), horse
ADH1 (Adolph et al., 2000) and ketose
reductase (Banfield et al., 2001) and from
combinations of the N-terminal catalytic and
coenzyme-binding domains of these struc-
tures. All ADH molecules used as search
models exhibit sequence identities with
ScADHVI of below 25% which, together
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with the difficulties in finding a molecular-
replacement solution, suggests significant
structural differences. Searches for heavy-
atom derivatives and MAD experiments at
the Zn edge are now under way.

2.1.2. NADP(H)-dependent ADH from
R. perezi (ADH8). Wild-type ADHS cDNA
was obtained from isolated poly(A)” RNA
and cloned into pBluescript II SK (+)
(Peralba et al., 1999). Cloning into pGEX
4T-2 (Amersham Pharmacia Biotech) was
performed by amplification of the coding
region using the polymerase chain reaction
(PCR) with two specific primers, RanaL (5'-
TTATAGGATCCATGTGCACTGCGGG-
AAAAGAT-3) and RanaR (5-CCAC-
CTGAATTCTTAGTATATCATAATGCT-
TCG-3'), including restriction sites (bold)
for BamHI and EcoRI, respectively. The
resulting PCR product was purified by
means of the Concert Rapid Gel Extraction
System (Life Technologies) and then cloned
into the BamHI and EcoRI sites of pGEX
4T-2. Escherichia coli BL21 competent cells
were transformed with the construct.

Expression and batchwise purification
were carried out by means of the GST Gene
Fusion System (Amersham Pharmacia
Biotech). Wild-type cDNA was expressed
by inoculating 2xYT liquid medium,
containing 75 pg ml™' ampicillin, with an
overnight culture (1:100 dilution) of BL21
cells containing the pGEX 4T-2 harbouring
the ADH8 cDNA. Cells were grown at
276 K until an absorbance of 0.8-1.0 at
600 nm was reached. Isopropyl B-p-thio-
galactoside was then added to a final
concentration of 0.1 mM. Bacteria were
incubated for 15h at 296 K and then
harvested by centrifugation and stored at

Figure 2

193 K. The pellet was resuspended (100 ml
per litre of culture) in cold phosphate-
buffered saline (1xPBS; 1.8 mM KH,PO,,
10 mM NaH,PO,, 140 mM NaCl, 2.7 mM
KCl pH 7.3) containing 2.5 mM dithio-
threitol (DTT). Cells were treated with a
1 mgml~" final concentration of lysozyme
for 30 min at 277 K, sonicated, incubated
with bovine DNAse for 30 min at 277 K and
finally treated with 1% (v/v) Triton X-100 for
30 min at 277 K to aid in solubilization of the
fusion protein. Cell debris was separated by
centrifugation at 12 000g for 15 min at
277 K.

A batchwise purification of the fusion
protein was carried out by incubation of the
cleared cell lysate with glutathione
Sepharose 4B (2 ml 50% matrix per litre of
culture) at room temperature for 90 min
with gentle agitation. The suspension was
centrifuged at 500g for 5 min at 277 K and
the supernatant was discarded. The matrix
containing bound protein was washed three
times with 1xPBS by gentle agitation. All
centrifugations for washing and elution were
performed as described above. Fusion
protein bound to matrix was cleaved with
thrombin (50 U per litre of culture) by
agitation for 15h at room temperature.
Following incubation, the suspension was
centrifuged to pellet Sepharose beads. The
GST portion of the fusion protein remained
bound to the matrix, while the -eluate
contained ADHS. The purification buffer
was exchanged using Centricon Plus-20
(Millipore) to 10 mM sodium phosphate/
NaOH pH 6.5 containing 2.5 mM DTT. The
protein was then further concentrated and
stored at 193 K. The fraction containing
ADH activity was subjected to an additional

affinity chromatography step in Red
Sepharose CL-6B (Amersham Pharmacia
Biotech) to eliminate thrombin. This purifi-
cation was performed in batches as
described above, but ADHS8 was eluted
in the presence of 0.6 M NaCl. This
fraction was subjected to SDS-PAGE and
Coomassie Blue staining to assess the degree
of purity.

Samples of ADHS8 with an initial
protein concentration of 12 mg ml~" (Brad-
ford, 1976) were used in crystallization
screening with the hanging-drop vapour-
diffusion method. Monoclinic crystals
belonging to space group C2 were obtained
in about a week using 20% PEG 4000 and
0.2 M LiSO, as precipitants in 0.1 M Tris—-
HCI pH 8 (Fig. 1). The size of the crystals
increased, reaching 0.2 x 0.2 x 0.3 mm,
when methanol was used as an additive.
Crystals with the same morphology and
about the same size were also obtained at
277 K under similar crystallization condi-
tions from ADHS samples that had been
incubated overnight with 1M NADP*
(Table 1).

Diffraction data were collected to 2.2 A
using synchrotron radiation at ESRF
(Grenoble) from ADHS8 crystals grown
without nucleotide and flash-cooled to
liquid-nitrogen temperature. The cryobuffer
was prepared from the crystallization solu-
tion supplemented with glycerol to a final
concentration of 25%(v/v) in three steps. In
a similar way, a diffraction data set to 1.8 A
was collected from ADHS crystals grown in
the presence of NADP". Both data sets were
processed and scaled with the programs
DENZO and SCALEPACK (Otwinowski &
Minor, 1996), giving overall Ry, values of

(a) Representation of the k = 180° (left) and x = 120° (right) sections containing the only significant peaks found in the self-rotation function of the SCADHVI crystals, which
confirm the 3m point-group symmetry. (b) Representation of the x = 180° section of the self-rotation function of ADHS crystals. The largest peak, indicated I in the figure,
corresponds to the crystallographic twofold axis. The second peak (Il in the figure) corresponds to the molecular twofold axis. All self-rotation calculations were performed
in the resolution range 20-3 A with an integration radius of 30 A.
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11.3 and 4.8 and completenesses of 98 and
96%, respectively (Table 1). These crystals
contain two protein subunits, corresponding
to one molecule, in the crystal asymmetric
unit, with the molecular twofold axis
approximately 10° from the crystallographic
twofold axis (Fig. 2). A clear molecular-
replacement solution, where the first peak in
the rotation function was about twice the
intensity of the second, has been found using
the program AMoRe (Navaza, 1994) with a
search model derived from the structure of
human ADH1B1 (PDB code 1deh; Hurley et
al., 1991).

3. Conclusions

Different crystal forms diffracting to high
resolution have been obtained for two
NADP(H)-dependent alcohol dehydro-
genases: SCADHVI from S. cerevisiae and
ADHS from R. perezi. SCADHVI is a broad-
specificity ADH (Larroy et al, 2002), a
member of the CAD enzymatic family, with
a sequence identity lower than 25% with
respect to all other ADHs of known struc-
ture. No molecular-replacement solution has
yet been found, which suggests important
structural differences from the available
ADH structures. In turn, a preliminary
molecular-replacement solution has already
been found for ADHS, the only NADP(H)-

dependent ADH from vertebrates char-
acterized to date.

The structure determination at high
resolution of both SCADHVI and ADHS
would clarify the molecular peculiarities of
the NADP(H)-dependent ADHs, particu-
larly their cofactor preference. Moreover,
the SCADHVI structure would provide the
first three-dimensional approach to explain
the structure—function relationships in the
cinnamyl alcohol dehydrogenase family.

This work was supported by grants PB98-
0855 to XP, BMC2000-0132 to JAB and
BIO099-0865 to IF. Many thanks are given
to X. Carpena for assistance with data
collection.
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RESUM DELS RESULTATS DE L’ARTICLE: Ciristallization and
prelimianary X-ray analysis of NADP(H)-dependent alcohol

dehydrogenases from Saccharomyces cerevisiae and Rana perezi

Acta Crystallographica (2003). Section D59, 334-337.

En el resum del paper que ens ocupa en aquest capitol estan descrits els processos
de cristal-litzacio, recol-leccio de dades i analisi de la difraccidé de raigs-X per les dues
proteines, MDRs, dependents de NADP(H) que han estat les protagonistes d’aquesta tesi 1
que son respectivament els enzims ADH8, ADH dependent de NADP(H) de R. Perezi i
ScAdh6p, ADHVI dependent de NADP(H) de S. Cerevisiae. Els processos d’expressio i
purificaci6 d’ambdues proteines no s’inclouen en els continguts de la tesi, tot i que estan
descrits en aquest document perqué son imprescindibles per entendre com s’han originat les
estructures resoltes. Els treballs de cristal-litzaci6 i resolucié de les estructures son els que

en realitat formen part d’aquesta tesi.

1. Cristallitzacio i analisi de dades d’ADHS8 dependent de NADP(H) de R. Perezi

La proteina recombinant es va obtenir expressada a E.coli (BL21) a partir d’una
construccid en pGEX4T-2 que contenia el cDNA de I’enzim amplificat per PCR a partir del
gen clonat préviament al vector pBluescript II SK (+) (Peralba i col, 1999). L’enzim es va
purificar amb el sistema de fusi6 al gen GST (Amersham Pharmacia Biotech), amb
columnes glutathione Sepharose 4B amb un pas posterior de purificaci6 amb Red

Sepharose CL-6B seguint els protocols que es descriuen en el paper.

Les mostres que es van utilitzar en els assaigs de cristal-litzaci6 contenien la
proteina ADHS8 a una concentracié de 12mg/ml. Es va emprar el metode de difusio de
vapor en gota-penjant. Després d’aproximadament una setmana equilibrant-se amb 20%
PEG 4000 i1 0.2M LiSO4 com precipitants en una solucié 0.1M Tris-HCl 1 pHS, a 20°C
apareixien cristalls monoclinics del grup espaial C2, que es poden veure a la figura 1b del
paper. La mida dels cristalls augmentava si a més s’utilitzava metanol com additiu, arribant

finsa 0.2 x 0.2 x 0.3 mm.
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Es van aconseguir cristalls de les mateixes caracteristiques morfologiques i sota les
mateixes condicions a partir de mostres de ADHS8 que havien estat incubades tota la nit
amb NADP" a concentracié 1M. Els cristalls van ser congelats en tres etapes amb tampo
crio glicerol 25%(v/v) i es van obtenir dades usant radiacié de sincrotré al ESRF
(Grenoble) a la temperatura del nitrogen liquid. Les dades dels cristalls crescuts sense
nucleotid , es van recollir a 2.2A i les dels cristalls crescuts en preséncia de NADP" a 1.8A.
Totes dues col-leccions de dades es van processar i escalar amb els programes DENZO 1
SCALEPACK (Otwinowski 1 Minor, 1996), donant uns valors de Rmeree de 11.3 1 4.8 1
complituds de 98% i1 96%, respectivament. Els estadistics de la recollida d’aquests cristalls
apareixen a la taula 1 del paper.

Aquests cristalls contenen dues subunitats de proteina, que es corresponen amb una
molécula dimérica, en la unitat asimétrica, amb 1’eix binari molecular aproximadament a
10° de I’eix binari cristal-lografic, tal com mostra la funcié de self-rotation a la seccié a x =
180° representada a la figura 2b del paper.

Es va obtenir una solucio clara per reemplagament molecular, utilitzant el programa
AMoRe (Navaza, 1994). El primer pic el la funcié de rotacié era al voltant del doble
d’intens que el segon quan s’utilitzava un model derivat de I’estructura de la ADH1BI1

humana (codi PDB: 1deh; Hurley i col., 1991).

2. Cristal-litzacié i analisis preliminar de ScAdh6p, ADHVI dependent de NADP(H)

de S. Cerevisiae

La proteina recombinant es va obtenir a partir de 1’expressio en cel-lules de llevat
utilitzant el protocol d’expressio 1 purificacid publicat (Larroy i col., 2002), amb certes
modificacions que estan descrites en el paper. Amb [’enzim purificat es van fer els
“screenings” utilitzant el métode de difusié de vapor en gota-penjat, barrejant 1l de mostra
de proteina pura concentrada a 6mg/ml amb el mateix volum de solucié del diposit
contenint sulfat d’amoni a concentraci6 2M. Les mostres es deixaven equilibrar amb el
contingut del diposit de 1ml de volum, a una temperatura de 20° C i després de dos o tres

dies s’obtenien cristalls de diferents morfologies d’entre els qual, els més ben
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desenvolupats eren uns cristalls hexagonals bipiramidals de dimensions 0.4 x 0.4 x 0.6 mm,
que es poden veure a la figura 1a del paper.

Es van recollir les primeres dades de difraccié de raigs-X usant la radiacio del
sincrotré amb un detector MAR CCD al ESRF de Grenoble, Franga. Els cristalls, immergits
en una solucié crioprotectora (20%(v/v) de glicerol), es van congelar amb nitrogen liquid i
van ser exposats a la radiaci6 de sincrotr6 a una temperatura també de 100K. Aquests
cristalls pertanyien al grup espaial P3,21 ( o al seu enantiomorf P3,21) (després vam saber
que eren del grup espaial P3,21), amb uns parametres de cella a=b=102.2, c=149.7A,
v=120°. Les dades es van processar i escalar amb els programes DENZO i SCALPACK
(Otwinowski 1 Minor, 1996), respectivament, obtenint un Ryerge del 7.7% 1 una complitud

del 99% a 2.8A, els valors estadistics de la dades recollides apareixen a la taula 1 del paper.

Donada la baixa homologia amb altres estructures conegudes que era solament del
26% d’identitat de seqiiéncia amb [’estructura més propera, la de Cetosa reductasa
dependent de NADP(H) de Bemisia agentifolii (Mark J. Banfield i col., 2001), era d’esperar
que trobéssim gran dificultat en resoldre la fase amb métodes reemplagament molecular.
Seria necessari utilitzar altre tipus d’estratégia per resoldre ’estructura, técniques com
MIR, SIR, MAD o SAD amb la informacio de la fase derivada de la difraccid6 anomala
d’atoms pesants. Per aquesta rad ens interessava coneixer I’existéncia de senyal anomala
causada per la preséncia constitutiva dels dos atoms de Zn que havien estat descrits per a la
molécula (Kim i Howard, 2002). Es va explorar els cristalls doncs, amb raigs-X de
fluorescéncia, aquests mostraven una clara fraccid d’absorcio amb un pic de 9671.4eV,

indicant I’existéncia de ions de Zn en la ScAdh6p.

Considerant el tipus d’empaquetament dels cristalls i tenint en compte que el pes
molecular per subunitat era d’aproximadament 40KDa, ja amb aquesta primera recol-leccid
de dades podiem deduir que contindrien una, dues o tres subunitats per unitat asimetrica en
funcid de quin fos el volum de solvent, considerant com a valor normal un contingut d’un
42% a un 80% (Matthews, 1968). La informacié que aporta la manca de pics significatius
tant en el mapa de Patterson natiu com en la funcié de self-rotation que mostra la figura 2

del paper, fa improbable I’existéncia de simetria no-cristal-lografica, excepte en el cas que
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I’eix binari molecular es trobés orientat paral-lelament a I’eix binari cristal-lografic. De fet
la debilitat de la difraccid a alta resoluci6 tot i la bona morfologia i talla dels cristalls podria
estar relacionada amb tenir un alt contingut de solvent. Es podia explicar que aquests
cristalls tinguessin només una subunitat per unitat asimetrica tot i que les moleécules de
ScAdh6p fossin homodimers tal com havia estat descrit (Larroy i col., 2002) si 1’eix binari
molecular coincidis amb I’eix cristal-lografic, aixd suposaria que els cristalls tinguessin un

elevat contingut de solvent (80%), tal com més tard podriem comprovar.

Els intents per resoldre I’estructura per reemplagcament molecular amb programes
com AMoRe (Navaza, 1994) i BEAST (Read, 2001) usant models d’altres ADHs no van
donar fruit i més endavant vam recollir els espectres de difraccid de cristalls que havien
estat tractats per “soaking” amb metalls pesants i també d’altres cristalls natius amb els
espectres corresponents a les tres longituds d’ona per obtenir la difraccié anomala dels
zincs amb la intencidé de usar MAD i/o SAD, va ser aquests ultim métode que combinat
amb les técniques d’aplanament de solvent, importants donada la gran quantitat de solvent

que contenien els cristalls, ens va oferir la solucio de la fase.
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Crystal Structure of the Vertebrate NADP(H)-dependent Alcohol
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The amphibian enzyme ADHS, previously named class IV-like, is the only
known vertebrate alcohol dehydrogenase (ADH) with specificity towards
NADP(H). The three-dimensional structures of ADHS8 and of the binary
complex ADH8-NADP* have been now determined and refined to
resolutions of 2.2 A and 1.8 A, respectively. The coenzyme and substrate
specificity of ADHS, that has 50-65% sequence identity with vertebrate
NAD(H)-dependent ADHs, suggest a role in aldehyde reduction probably
as a retinal reductase. The large volume of the substrate-binding pocket
can explain both the high catalytic efficiency of ADHS8 with retinoids and
the high K,, value for ethanol. Preference of NADP(H) appears to be
achieved by the presence in ADHS of the triad Gly223-Thr224-His225
and the recruitment of conserved Lys228, which define a binding pocket
for the terminal phosphate group of the cofactor. NADP(H) binds to
ADHS in an extended conformation that superimposes well with the
NAD(H) molecules found in NAD(H)-dependent ADH complexes. No
additional reshaping of the dinucleotide-binding site is observed which
explains why NAD(H) can also be used as a cofactor by ADHS8. The struc-
tural features support the classification of ADHS as an independent ADH
class.

© 2003 Published by Elsevier Science Ltd

Keywords: amphibian ADH; crystal structure; alcohol dehydrogenases;
NAD(H); NADP(H)

Introduction

Medium-chain alcohol dehydrogenases (ADH)

ADHS.*>* This nomenclature is used in the present
work.
The finding, in vertebrates, of an ADH with

constitute in vertebrates a complex enzymatic
system composed of at least seven NAD(H)-depen-
dent classes: ADH1-ADH7."* Recently, an ADH
was described in the amphibian Rana perezi with a
distinct NADP(H) specificity (ke../Kanape = 5900
mM ' min~'  versus  ket/Kiap =200 mM™
min~'? This enzyme, that displays about 60%
sequence identity with NAD(H)-dependent
ADHs of known structures, was tentatively
designed as an ADH4-like form. However, the
unique cofactor dependence, for a member of the
animal and plant ADH family, together with its
position in the phylogenetic trees raised the
possibility that the enzyme represented a new
ADH class which was then named class VIII or

T These two authors contributed equally to this work.

Abbreviations used: ADH, alcohol dehydrogenase.

E-mail address of the corresponding author:
wendy@scripps.edu

NADP(H) dependence opens a number of ques-
tions regarding particularly to the specific role of
the enzyme, the structural and evolutionary
relationships with the other, all NAD(H)-depen-
dent, vertebrate ADHs and to the reasons for its
unique detection in amphibians. ADHS, similarly
to other NADP(H)-dependent enzymes, is
expected to participate in the reductive metabolism
mainly because of the low NADP*/NADPH con-
centration ratio in frog tissues,” but also because
aldehydes are much better substrates than the cor-
responding alcohols for this enzyme.? ADHS
could also have a significant role in the retinal
metabolism, since all physiological retinals assayed
were excellent substrates for the enzyme.® In par-
ticular, the catalytic efficiency for all-trans-retinal
(33.8 uM ' min ') is the highest ever reported for
an ADH from vertebrates.* Thus, it has been
proposed® that ADH8 could act as retinaldehyde
dehydrogenase, converting retinal, the major

0022-2836/03/$ - see front matter © 2003 Published by Elsevier Science Ltd
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(b)

)

“Gly223

Figure 1. Stereo views of the cofactor-binding pocket in the crystal structures of the (a) apo-ADHS8 and of the (b)
ADH8-NADP* complex. Molecular models are represented by solid sticks with protein atoms colored according to
their atom type. Bound phosphate and glycerol molecules, in the apo-ADHS structure, and the NADP* molecule, in
the ADH8-NADP* structure, are displayed in green. Electron densities, corresponding to the final 2F, — F. maps,
are also shown, at 1o level, with a chicken box representation.



Crystal Structure of ADH8

77

retinoid form in amphibian egg and embryo, to
retinol that, when esterified, represents the major
retinoid form in adults.®’

Within the animal and plant ADH family, only
three-dimensional structures for NAD(H)-depen-
dent enzymes were available.®** Each ADH sub-
unit contains a catalytic and a coenzyme-binding
domains. The coenzyme-binding domain is com-
posed of a six-stranded parallel B-pleated sheet,
similar to those found in other NAD(H)-dependent
dehydrogenases." It has been proposed that the
active-site cleft closes upon coenzyme binding by
a rigid body rotation of the catalytic domain
towards the coenzyme-binding domain.">'® In fact,
the structure of horse apo-ADH1 presents an open
conformation,'” while binary or ternary complexes
from horse and human ADH1 forms®'*" and from
human ADH4" exhibit a closed conformation.
However, binary or ternary complexes from cod
ADH1,” mouse ADH2" and human ADH3" show
structures that were defined as semi-open confor-
mations. Structural rearrangements upon dinucleo-
tide binding conform a hydrophobic substrate-
binding pocket where the substrate can achieve
direct coordination with the catalytic zinc ion by
displacing water molecules. The zinc-bound sub-
strate allows the direct hydride transfer to the C4
atom of the nicotinamide ring,* while it has been
suggested that the hydroxyl proton from the sub-
strate is eliminated via a proton-relay pathway
which connects the active site with the bulk
solvent. The release of cofactor, often the catalytic

Table 1. Data and model refinement statistics

rate-limiting step, will complete the cycle returning
the enzyme to the initial conformation.

The crystal structure of the apo-form of ADHS
and of the binary complex with NADP* have now
been determined and refined at resolutions of
22 A and 1.8 A, respectively. These are the first
three-dimensional structures for an NADP(H)-
dependent member of the animal and plant ADH
family. Results define the molecular architecture of
ADHS8 providing a framework to explain the
cofactor and the substrate preferences of this
amphibian enzyme and giving support to its
classification as a new ADH class. Structural
relationships of ADHS8 with NAD(H)-dependent
ADHs and with microbial NADP(H)-dependent
ADHs are also analyzed.

Results and Discussion

Overall structure

The crystal structure of the apo form of ADHS
was solved by molecular replacement using as a
search model the coordinates from human
ADHI1B1.”! The asymmetric unit of the crystal con-
tained the two protein subunits that correspond to
a molecular dimer. The quality of the final electron
density maps allowed to position with confidence
most residue side-chains (Figure 1(a)). The final
molecular model comprises all the 372 amino acid
residues, one phosphate group, one glycerol

apo-ADHS8 ADH8-NADP*
Space group . c2 c2
Cell parameters (A; deg.) a=122.7,b="78.8,c=91.6, 3 =1129 a=1222,b=795,¢c=918, 8 =112.8
Resolution range (A)* 222.1) 1.8 (1.9)
Number of reflections
Total 150,436 254,342
Unique 79,197 140,960
Roym (%)° 11.3 (44.7) 4.8 (33.1)
Completeness (%) 98.4 (99) 96.1 (74)
Average I/o(I) 11.8 (2.6) 14.4 (2.0)
Ryorc (%)° 20.1 19.9
Reree(%)? 24.0 223
Number of protein residues 2372 2372
Number of water molecules 317 400
Average thermal factor (A2
Protein 27.6 24.6
Water 32.6 31.6
Zn 35.4° 254
NADP* - 315
Glycerol 65.7 439
PO4~ 26.8 -
Geometry deviation
rmsd bonds (A) 0.005 0.004
rmsd angles (deg.) 1.31 1.23

# Values in parentheses are data for the highest resolution shell.

Reym = pa Do i — T/ > o Ik i, where I is the observed intensity and —(Ijq) is the average intensity of multiple

observations of symmetry-related reflections.

€ Rwork = Yy IFol = [Fll/ 3" IFol, where F, and F. are the observed and calculated structure factors, respectively.
Riee same definition as R, for a cross-validation set of about 5% of the reflections.
¢ Occupancy of the catalytic zinc ions was 50% in the two crystallographically independent subunits.
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Figure 2. Stereo views of the inner part of the active site in the structures of (a) apo-ADHS and (b) ADH7-NADP".
Coordination of the catalytic zinc ion, depicted as a pink sphere, is indicated with dashed lines. Water molecules,
seen in the apo-ADHS structure, are represented as yellow spheres. The NADP* cofactor and a glycerol molecule
(labeled G2) found in the ADH8-NADP™ structure are also shown.

molecule and two zinc ions per protein subunit
(Table 1). Occupancy of the zinc ion in the active
site was refined to 50% in the two subunits. The
model, that also includes 317 water molecules,
presents overall crystallographic agreement factors
Ryork and Rge. of 20.1% and 24.0%, respectively, for
data to 2.2-A resolution (Table 1).

The structure of the binary complex with
NADP* has also been determined from crystals,
obtained by co-crystallization of the enzyme with
NADPY, that were isomorphous to the apo form
crystals (Table 1). Positions of the two protein sub-
units in the asymmetric unit of the crystal of the
complex were refined with a rigid body search
starting with the coordinates from the structure of
the apo-enzyme. Iterative positional and isotropic
temperature factor refinement of individual atoms
resulted in a molecular model with overall crystal-

lographic agreement factors R,o« and Rge of
19.9% and 22.3%, respectively, for data to 1.8-A
resolution (Table 1). The final electron density
map was clear for most residue side chains and
for the NADP* cofactor (Figure 1(b)). The final
molecular model comprises the two protein sub-
units and 400 well-ordered water molecules. Each
of the protein subunits contains all the 372
residues, one NADP* coenzyme, one glycerol
molecule and two zinc ions, both with full
occupancy (Table 1). Attempts to obtain high resol-
ution diffraction from crystals of ADH8-NADPH
complexes, prepared either by co-crystallization or
by soaking, were unsuccessful.

The relative positioning of the two domains is
similar in the apo and the ADH8-NADP* struc-
tures, with rm.s.d. values between the C* atoms
of the two structures of about 0.64 A In the two
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crystal structures the conformation of the ADHS8
subunits is similar to the one defined as “closed”
in the ternary complex of horse ADH.'*** In apo-
ADHS the “closed” conformation found might be
due to the presence of a phosphate group (likely
from the sodium phosphate buffer used during
the purification) and of a glycerol molecule (from
the cryo-buffer) mimicking in part a bound cofac-
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tor (Figure 1(a)). In any event, it seems that the
binding of NADP" to ADHS8 can be achieved with
only small protein rearrangements.

The catalytic zinc ion displays a tetrahedral
coordination with residues Cys46, His67 and
Cys174 (henceforth residue numbering will corre-
spond to that of horse ADH1 with the Swiss Prot
entry P00327). In the apo-ADHS structure the
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Figure 3. Stereo views of the (a) all-frans-retinol. (b) 9-cis-retinol and (c) 13-cis-retinol, modeled inside the ADHS8
substrate-binding pocket. The nature and disposition of residues that conform the substrate-binding site allow the
docking of these large, in some cases non-linear, substrates which had been experimentally observed (see in the text).
Interaction of the substrate aliphatic chain with the protein is hydrophobic while the polar head approaches to the

catalytic zinc ion.
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fourth coordination position is occupied by a water
molecule (Figure 2(a)), while in the ADHS8-
NADP* complex this fourth position corresponds
to a density that was interpreted as a glycerol
molecule (Figure 2(b)). The low occupancy of the
catalytic zinc ion only in the apo ADHS structure
suggests that the absence of a bound cofactor
could facilitate the loss of the catalytic zinc ion.

The substrate-binding site

In the ADH8-NADP* complex the glycerol
molecule is located at the appropriate distance of
the catalytic zinc ion for productive catalysis to
occur (Figure 2(b)). In fact, the enzyme was found
to be slightly active with glycerol as a substrate
(data not shown), but saturation could not be
achieved  using  concentrations up to
4 M. Comparisons of the substrate-binding site of
ADHS with those of human ADHI1B1 and ADH4
indicate that the main difference corresponds to
the loop 114-121 which, despite having residue
Gly117 as in ADHI1BI, leaves a cavity volume
even larger than in ADH4, where a sequence gap
is found at position 117. The change from Phe140,
present in ADHIB1 and ADH4, to a leucine
together with the presence of a serine at position
48 appears to explain the comparatively large-
binding pocket of ADHS. A direct relationship
between the size of the substrate-binding site and
the K, values has been demonstrated in ADH
enzymes for ethanol and short-chain aliphatic
substrates™* % and can also explain the high K,
(600 mM) of ADHS for ethanol.

ADHS displays very good catalytic efficiency
with medium- or long-chain substrates, such as
hexanal, trans-2-hexenal, and several retinoid
isomers, with higher values for the retinals than
for the corresponding retinols.® The catalytic effi-
ciency for all-trans-retinal (33.8 uM ™' min™") is the
highest reported for vertebrate ADHs with any
retinoid.* Most ADHs are active with all-trans-reti-
nal and 9-cis-retinal, but display very low activity
with  13-cis-retinal = (keat/Kim < 0.5 pM ™! min ;%
Martras et al., unpublished results). In contrast, 13-
cis-retinal is a much better substrate for ADHS8
(keat/Kmn = 4.2 uM ™! min~!). Different retinol iso-
mers were modeled into the substrate-binding site
of the ADHS structure (Figure 3). The model with
all-trans-retinol shows hydrophobic interactions
between the aliphatic chain of the retinoid and resi-
dues in the middle part of the binding site: Ile57,
Pro58, Leu294, and Pro297, and Leu306 from the
second subunit (Figure 3(a)). From the modeling is
also clear that the ADHS8-binding site is large
enough to accommodate a 9-cis-retinol molecule
(Figure 3(b)). In this model the terminal ionone
ring of the retinoid is positioned away from proline
residues 58 and 297 interacting instead with
Leu306 from the other subunit. Docking of 13-cis-
retinol into ADHS presents new hydrophobic inter-
actions, in particular with Met141 (Figure 3(c)), and
appears to require some of the space inside the

substrate-binding site pocket that is occupied by
Phe140 in both ADH1B1 and ADH4.

The proton-relay system

In ADH enzymes catalysis occurs in a closed
molecular conformation where the reaction is not
in direct contact with the bulk solvent.*'*'®'® The
existence of proton-relay pathways would facilitate
the transfer of the substrate hydroxyl proton to the
bulk solvent. A hydrogen-bonding network con-
sisting of the hydroxyl group of residue 48 (Ser/
Thr), the 2-hydroxyl of the nicotinamide ribose
from NAD(H) and, acting as a general base
catalyst, the imidazole of either His47 or His51,
was proposed to develop this function in several
ADHs.'*?2¢ However, ADHS8 does not have histi-
dine at either of these positions but Gly47 and
Ser51.> Other enzymes, such as rodent ADH?2,
rabbit ADH2B, human ADH5 and rodent ADHS6,
also lack histidines in positions 47 and 51."%*7%" In
the ADH8-NADP* complex, glycerol interacts
with the hydroxyl group of Ser48, which in turn
connects with the 2’-hydroxyl of the nicotinamide
ribose. in NADP*. However, the distance between
this group and the hydroxyl of Ser51 is too large
to allow efficient proton transfer. Interestingly, in
ADHS, a water molecule bridges the gap between
the coenzyme and Ser51, which would facilitate
the connection of the active site with the solvent.
A similar proton relay pathway has been proposed
for mouse ADH2, where an asparagine residue is
found at position 51."

The NADP+* structure and binding interactions

In the crystal of the ADH8-NADP* complex, a
well defined electron density, corresponding to a
NADP"™ molecule, was located between the
catalytic and the coenzyme-binding domains in
the two crystallographically independent protein
subunits (Figures 1(b)). The NADP* shows an
extended conformation, with both ribose moieties
presenting C2-endo sugar ring puckering, as also
found in the NAD(H) molecules of NAD(H)-
dependent ADH complexes.””* The NADP*
molecule shows significant conformational
deviations with respect to the NAD(H) molecules
found in ADH-NAD* complexes only for the
adenosine moiety.

NAD(H)-dependent enzymes often have a
conserved negatively-charged residue at the
C-terminal end of the second B-strand,® which is
Asp223 in NAD(H)-dependent medium-chain
ADHs.” In contrast, proteins with preference for
NADP(H) have a neutral residue at this position,*
in particular a glycine in ADHS8. Asp223 side-
chain forms hydrogen bonds with the 2’- and 3'-
hydroxyl groups of the adenosine ribose from the
NAD(H) coenzyme. Since the Asp223 side-chain
would sterically and electrostatically interfere
with the 2-phosphate group,* the sequence
exchange Asp223Gly had been suggested to be the
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Figure 4. LIGPLOT* describing interactions of the NADP* molecule found in the structure of the ADH8-NADP™*
complex. Only side-chains of residues Thr224, His225 and Lys228 interact with the terminal phosphate group of the
NADP* cofactor. Thr224 and His225 are sequence variations specific of ADHS8 while Lys228 is conserved among

NAD(H)-dependent ADHs (see in the text).

main reason of the coenzyme specificity in ADHS8.?
However, in the structure of the ADH8-NADP*
complex, not only Gly223 but also Thr224, His225
together with Leu200 and Lys228, two highly con-
served residues in NAD(H)-dependent ADHs, par-
ticipate in the pocket for the NADP* extra
phosphate group (Figures 4 and 5). Both the oxy-
gen side chain and the nitrogen main chain of
Thr224 are making hydrogen bonds with one of
the oxygen atoms from the terminal phosphate
group (Figure 4). A second oxygen atom from the
terminal phosphate group is hydrogen bonded
with the N® atom from His225 and with the side

chain of Lys228, which in turn makes a second
hydrogen bond, conserved in NAD(H)-dependent
ADHs, with the hydroxyl group from the adeno-
sine ribose. A third oxygen from the terminal phos-
phate group interacts with the nitrogen main chain
atom of Leu200 and with a solvent molecule
(Figure 4). Adenine atom N3 binds a water
molecule which in turn interacts with the terminal
phosphate group. Thr224 and His225 represent
interesting residue changes with respect to the
conserved Ile/Leu224 and Asn225 in NAD(H)-
dependent ADHs, resulting in a more polar,
favorable, environment for phosphate binding. It
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Figure 5. (a) Superimposition of ADHS8 with the prokaryotic NADP(H)-dependent ADH from Clostridium beijerinckii
(PDB entry 1KEV), in the vicinity of the NADP(H)-binding pocket. Protein main-chain tracings are represented as
colored rods (green for ADHS). The corresponding NADP(H) molecules are also displayed with a stick representation.
Terminal phosphate environment in the NADP(H)-binding pockets of ADHS (b) and of the bacterial NADP(H)-depen-
dent ADH from Clostridium beijerinckii (c). Differences in the NADP(H) conformation and in their interactions with the
protein show two alternative ways to achieve NADP(H) specificity in ADHs (see in the text).
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has been suggested that the presence of one or two
basic residues interacting with the extra phosphate
group is important for NADP(H) specificity.*
Remarkably, in ADHS the basic residue interacting
with the terminal phosphate is Lys228 which, as
indicated before, is a highly conserved residue
among NAD(H)-dependent ADHs. Therefore, a
few residue changes (Asp223Gly, 11e224Thr and
Asn225His) and recruitment of conserved residues
(in particular Lys228) allow the ADH molecular
architecture to adapt, in a unique way, to the differ-
ent coenzyme requirements. This type of adap-
tation imposes only minimal conformational
rearrangements between ADH cofactors NAD(H)
and NADP* which, in turn, explains why ADHS8
still binds NAD(H).

In the structures of NAD(H)-dependent ADHs,
adenine is sandwiched by hydrophobic inter-
actions mainly with the highly conserved residues
Ile224 and I1€269."**?%% In ADHS the correspond-
ing residues Thr224 and Ala269 cannot provide
such strong interactions with the adenine
(Figure 4). Weakening the protein—coenzyme bind-
ing might facilitate the release of coenzyme which
would explain the higher k.. values of ADHS
similarly to what has been reported for yeast and
mutated horse ADHs.”~%

In the crystal of apo-ADHS8 some extra electron
density, found at the location corresponding to the
pyrophosphate moiety in the cofactor-binding site,
was interpreted as a phosphate group (Figure 1(a)).
This phosphate interacts with Gly47, Gly202,
Val203 and Arg369, which are the same residues
that interact with the pyrophosphate of the
cofactor in the ADH-NADP* complex (Figure 4).
Extra electron density, interpreted as a glycerol
molecule, was also found at the location corre-
sponding to the terminal phosphate group. This
glycerol molecule interacts with Gly223, Thr224,
His225 and Lys228. The simultaneous presence of
a glycerol and a phosphate group in the structure
of apo-ADHS8 suggests that the affinity for phos-
phate is lower in the pocket of the terminal phos-
phate group than in the site corresponding to the
pyrophosphate. It is also interesting to notice that
interactions stabilizing the glycerol found in the
terminal phosphate pocket correspond to those of
a primary alcohol. Therefore, competition between
the terminal phosphate of the NADP(H) cofactor
and alcohols may offer some subtle enzyme regu-
lation. However, ADHS8 activity assays in the
presence of glycerol (0-500 mM) at various
cofactor concentrations did not show any signifi-
cant inhibition.

NADP(H)-dependent ADHs from micro-
organisms, Thermoanaerobacter ethanolicus,*°
Thermoanaerobacter brockii, Clostridium beijerinckii,*'
and Entamoeba histolytica,** also have a glycine, a
hydrophilic and a basic residues at positions 223,
224 and 225, respectively (Figure 5). However,
despite these similarities the NADP*-binding
pocket in ADHS8 shows important differences with
respect to the ones known from the prokaryotic

NADP(H)-dependent ADHs of C. beijerinckii and
T. brockii (PDB entries 1KEV and 1BXZ,
respectively).*! Some of the largest differences are
located in the loops surrounding the cofactor-bind-
ing pocket which reflects that different strategies
have been followed by members of the medium-
chain-dehydrogenase/reductase superfamily to
achieve specific recognition for the NADP(H)
cofactor (Figure 5).

Conclusions

When ADHS8 was initially characterized it was
classified as a class IV-like enzyme because of its
general substrate specificity and gastric localiz-
ation, similar to those of mammalian class IV.
However, the possibility that the enzyme consti-
tuted a new class (class VIII or ADHS8) was also
considered mainly due to its distinct cofactor
specificity and primary-structure features.’> Several
structural properties, now determined, appear con-
sistent with the notion of a separate ADH class, in
particular: (i) the large active site pocket, (ii) the
likely different proton-relay pathway, (iii) the very
specific rearrangements in the cofactor phosphate-
binding site, and (iv) the weak interactions of the
adenine moiety. Nevertheless, the ADH8 nomen-
clature should be further validated by additional
research on the ADH lines from lower vertebrates.

The two ADHS structures now available, besides
explaining the cofactor specificity, allow rationaliz-
ing the distinct kinetic features of this enzyme
such as the high k.. and K,, values for ethanol,
and the high catalytic efficiency with retinals that
results in one of the most efficient retinal
reductases known so far. Subtle but concerted
changes, in a very narrow region of the primary
sequence, seem to allow the versatility for the
cofactor used by ADHs. In view of these unique
features kinetic and mutational studies are under-
way, particularly for the ADHS residues participat-
ing in the coenzyme specificity.

Material and Methods

Protein purification and crystallization

Samples of recombinantly expressed and purified
R. perezi ADH8 were used in crystallization screenings
with the hanging-drop vapor-diffusion method, as
reported previously.*® Attempts to prepare binary com-
plexes of ADH8 with NADP* and NADPH either by
soaking or by co-crystallization resulted in high resol-
ution diffracting crystals only for NADP* complexes.

Data collection and structure determination

Diffraction data sets from both the apo-ADHS8 and the
ADH8-NADP* crystals were collected at 100 K from a
single crystal each, on a MarCCD detector using syn-
chrotron radiation at the ESRF (Grenoble) beam line
ID14.4. Images were evaluated and scaled internally
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with programs DENZO and SCALEPACK,* respectively
(Table 1). Crystals of the apo-ADH8 and ADH8-NADP*
were isomorphous, space group C2, and contained two
subunits per asymmetric unit with a solvent content of
about 50%. Completeness of the two data set sets were
99% and 98%, with internal agreement factors (Rsym) of
7.6% and 5.0% at 2-A and 1.8-A resolution, respectively.

Molecular replacement calculations, using the pro-
gram AMoRe® and the human ADHIBI1 structure as a
searching model, resulted in a clean initial solution with
a correlation coefficient of 0.7 and an R-factor of 35% in
the resolution shell from 3.5 A to 20 A. Refinement was
done following standard protocols using iteratively the
program CNS* with the amplitude-based maximum
likelihood target function and alternating with manual
rebuilding in the interactive graphics program O.* Bulk
solvent correction and restrained, isotropic individual
B-factor were used in the final rounds of refinement and
model building. The refinement coordinates of the apo-
ADHS crystal were then used to start the determination
of the ADH8-NADP* complex.

The stereochemistry of the structures determined were
analyzed with the program PROCHECK.*® Of the non-
Gly residues 85% fall within the most favored region of
the Ramachandran plot and the rest are inside the
additional allowed regions. Structural comparisons
were performed with the program SHP (D. Stuart,
unpublished results).

Coordinates of both structures are deposited in the
Protein Data Bank with ID codes 1POC and 1POF.

Enzyme activity assays

Alcohol dehydrogenase activity was determined at
25°C by monitoring the change in absorbance at
340 nm, with a Cary 400 Bio (Varian) spectrophotometer.
Glycerol oxidation was performed in 0.1 M glycine/
NaOH, pH 10.0, using 1.2 mM NADP" as a coenzyme.
Inhibition assays were carried out in 0.1 M glycine/
NaOH, pH 10.0 using 1M ethanol as a substrate,
NADP" as a coenzyme and from 0 M to 0.5M glycerol
as an inhibitor. Each individual rate measurement was
run in duplicate.
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RESUM I DISCUSSIO DELS RESULTATS DE L’ARTICLE: Crystal
Structure of the Vertebrate NADP(H)-dependent Alcohol

Dehydrogenase (ADHS)
J. Mol. Biol. (2003) 330, 75-85

En aquest capitol es descriu I’estructura tridimensional de ADHS8 i el complex
binari ADH8-NADP", que es va resoldre a 2.2A i 1.8A, respectivament (capitol 1).

Ens detindrem en 1’estudi del centre catalitic; la caracteristica de tenir una
butxaca d’uni6 a substrat de gran amplada, fet que es pot associar amb I’alta 1’eficiéncia
catalitica envers retinoids 1 baixa afinitat per etanol, ens aporta informacié relacionada
amb la funci6 que se li ha atribuit a I’enzim en la reduccié d’aldehids com a reductasa
de retinal.

L’observacio detallada del centre d’uni6 a cofactor ens permet comprovar que la
preferéncia per NADP(H) estaria determinada pels residus Gly223, Thr224 i1 His225,
juntament amb el residu conservat Lys228, que defineixen la uni6 al fosfat extra del
cofactor. L’analisi exhaustiu d’aquestes relacions es descriu al capitol 3 d’aquesta tesi.

Comprovarem com la conformacié de la ADHS que uneix NADP" se superposa
bé¢ amb la d’altres ADHs en la uni6 de NAD(H), aixo explicaria la rad de la seva
capacitat per unir-se també al cofactor NAD(H). Les caracteristiques estructurals
especifiques de I’enzim, recolzen la classificaciéo de la ADHS8 com a una classe d’entre

les ADHs.

1. Estructura de I’enzim ADHS8

L’estructura de la ADHS i complex binari ADH8-NADP" es van resoldre per
reemplacament molecular amb el programa AMoRe, usant com a model les coordenades
de la ADHIBI humana, a partir de les dades recollides dels cristalls de proteina ADHS8

nativa i els obtinguts per co-cristal-litzacié amb NADP" (Capitol 1)

Les posicions de les dues subunitats en la unitat asimétrica es van refinar fent
una recerca de cos rigid amb les coordenades de I’estructura de I’apo-enzim, el
refinament iteratiu de les posicions i del factor de temperatura isotropic dels atoms ens

van aportar el model molecular final de I” apo-ADHS. Cada subunitat proteica contenia,
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a més dels 372 residus, un glicerol i dos atoms de zinc. En el complex ADH8-NADP"
la conformacié global és la mateixa (r.m.s.d. pels Ca de 0.64A ), similar a la definida
com a “tancada” en el complex de ADH de cavall. Potser la forma apo adopta la
conformacié “tancada” degut a la preséncia d’un grup fosfat i una molécula de glicerol
(ambdds sén components del medi) que mimetitzarien la unié del NADP" a I’ADHS.
Sembla en general, que la uni6é del cofactor requeriria de pocs reodenaments a la
proteina.

El Zn catalitic coordina tetrahédricament amb els residus Cys46, His67, Cys174
i amb una molécula d’aigua a la forma apo. En el complex binari la quarta connexio

s’estableix amb una molécula de glicerol que estaria ocupant el lloc del substrat.

2. El lloc d’unié a substrat

En el complex ADH8-NADP" la molécula de glicerol esta localitzada de la
manera apropiada per que fos possible la catalisis. Vam poder comprovar
experimentalment que tot i aixi no era un bon substrat i tampoc no actuava com
inhibidor competiu envers els substrats reals.

El lloc d’uni¢ a substrat d’ADHS respecte el d’altres ADHs és comparativament
una butxaca d’unié més amplia, aquesta morfologia esta directament relacionada amb la
baixa afinitat per etanol i substrats alifatics de cadena curta. La maxima eficiéncia
catalitica d’ADHS8 es dona amb substrats de cadena mitjana o llarga, com serien
hexanal, trans-2-hexanal i1 diferents isomers de retinoid, essent més eficient amb
retinals que amb els corresponents retinols.

L’eficiéncia catalitica per all-frans-retinal (33.8uM 'min™) és la major descrita
per ADHs de vertebrats amb qualsevol retinoid. La majoria de ADHs son actives amb
all-trans-retinal 1 9-cis-retinal, pero tenen molt poca activitat amb 13-cis-retinal (Kea/ K
<0.5uM 'min"#
bon substrat per la ADHS8 (Kco/ Ky = 4.2 uM'lmin'l).

, Martras i col., resultats no publicats). En canvi, el 13-cis-retinal és un

El modelat de la unié de diversos isomers de retinol a ’ADHS8 ens permet
apreciar que hi hauria interaccions hidrofobiques que estabilitzarien la unié amb all-

trans-retinol, també veiem com el 9-cis-retinal es pot acomodar a la butxaca d’unio tot i
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la seva grandaria i quines interaccions hidrofobiques es donarien en unir 13-cis-retinol,
destaca la interacci6 amb Metl41, el 13-cis-retinol ocupa part de I’espai que en la

ADHI1BI1 1 ADH4 esta ocupat pel residu Phe140.

3. El sistema de transferéncia protonica (“proton-relay”)

La catalisi de les ADHs ocorre en una conformaci6 tancada on la reacci6 no esta
en contacte directe amb el solvent (Niederhut i col. 2001; Xie i col.,1997; Hurley i col.,
1994; Colonna-Cesari i col., 1986). L’ existéncia d’un patr6é de “proton relay” facilitaria
la transferéncia del proto hidroxil del substrat al solvent.

Per varies ADHs (Eklund i1 Bridndén, 1976; Sun i Plapp, 1992; Davis i col.,
1994) s’havia descrit que hi havia un canal tipus pont d’hidrogen que consistia en un
grup hidroxil del residu 48 (Ser/Thr), el 2’-hidroxil de la nicotinamida ribosa del
NAD(H) i actuant com a base catalitica I’imidazol del NAD(H) de la His47 o la His51.
La geometria de les interaccions que estableix el Zn>" amb els parells d’electrons del
nitrogen dels heterocicles com 1’imidazol i els seus derivats va ser estudiada per Vedani
1 Huhta (1990). Els ponts d’hidrogen son importants per la funcié de la histidina com a
lligant del zinc a les proteines (Ippolito i col., 1990) L’ADHS no t¢é aquesta His, a les
mateixes posicions t€¢ Gly47 i Ser51. Altres ADHs com ADH2 i ADH6 de rosegadors,
ADH2B de conill, ADH5 humana tampoc tenen His en les posicions 47 1 51 (Svensson i
col., 2000;Yasunami i col., 1991; H66g i Brandt, 1995; Svensson i col., 1998).

En el complex ADHS-NADP", el glicerol interactua amb el grup hidroxil de la
Ser48 que a I’hora connecta amb el 2’-hidroxil de la nicotinamida ribosa del NADP". La
distancia que hi ha entre el grup hidroxil del NADP" i el de la Ser51 podria ser massa
gran per permetre la transferéncia protonica, a I’ADHS hi ha una molécula d’aigua que
fa pont en el buit entre el coenzim i la Ser51 que pot facilitar la connexi6 del centre
actiu amb el solvent. Per la ADH2 de ratoli s’ha proposat un mecanisme de “proton
relay” que segueix aquests mateix patrd 1 té una asparagina a la posicio 51. (Svensson i
col., 2000).

L’aigua s’observa sovint com a lligant en 1’estructura de metal-loproteines,
particularment quan aquest zinc-H,O o zinc-hidroxid és important per la funcid
catalitica dels enzims. Es sabut que la coordinacié de una molécula d’aigua a un i6 zinc
tetracoordinat redueix el pK, del solvent aproximadament a 7 (Groves i Olson, 1985;

Groves u Baron, 1989).
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4. Estructura del NADP" i les interaccions

En el cristall del complex ADHS8-NADP', totes dues subunitats presenten
NADP" en conformacio estesa, amb les dues meitats de la ribosa amb 1’anell C2’-endo
girat, tal com es va trobar a les molecules de NAD(H) dels complexes d’altres ADHs.
Tot 1 que la unid dels cofactors t¢ lloc de la mateixa manera, les modificacions
conformacionals entre les proteines que uneixen NADP i les que uneixen NAD sén
significatives:

Destaca el canvi en el residu Asp223, aquest residu carregat negativament esta
localitzat a I’extrem terminal de la 2* cadena B als enzims dependents de NAD(H), i en
els enzims dependents de NADP es substitueix per un residu neutre, I’ADHS8 en concret
té una glicina.

Altres canvis interessants son Thr224 1 His225 presents als enzims dependents
de NADP respecte als residus conservats Ile/Leu224 i Asn225 propis d’enzims
dependents de NAD. Treonina i histidina confereixen un ambient polar que ¢és més
favorable per unir el fosfat.

S’havia suggerit també que la preséncia d’un o més residus basics interaccionant
amb el fosfat extra podia ser un punt important d’especificitat per NADP(H). Aquest
residu basic a la ADH8 és la Lys228 que esta molt conservat entre les ADHs
dependents de NAD(H).

Aixi doncs, el canvi d’uns pocs residus (D223G/1224T/N225H) i el reclutament
de Y228 son suficients per donar ’especificitat per NADP. Aquest tipus d’adaptacio
imposa només un minim canvi conformacional entre la uni6 a NADP o a NAD(H) i
explica perque la ADHS és capag d’unir també NAD. Aquest fet especific ens ha ocupat

un estudi exhaustiu que es recull al capitol 3 de la tesi.

Els residus conservats a les ADHs dependents de NAD(H): 1le224 i 11e269
confereixen una forta interacci6 amb 1’adenina del NAD(H), aquests residus es
substitueixen per Thr224 i Ala269 a la ADHS, la interaccié que exerceixen amb el
cofactor sera menor, aixo facilita 1’alliberaci6 del NADP i explicaria perque incrementa

la K.« de forma similar al que es va descriure pel llevat i els mutants d’ADH de cavall.
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Altres ADHs dependents de NADP(H) de microorganismes també tenen una
glicina, 1 un residu hidrofobic i un basic a les posicions 223, 224 i 225. Pero tot 1
coincidir en aquestes posicions, hi ha diferéncies importants sobretot en el loop que
envolta la butxaca d’uni6 a NADP. Aix0 reflexa per tant, que els membres de la
superfamilia MDR han seguit una estratégia diferent per adquirir 1’especificitat de

reconeixement per NADP(H).
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CAPITOL 3

Complete Reversal of Coenzyme Specificity by Concerted Mutation of

Three Consecutive Residues in Alcohol Dehydrogenase.
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Gastric tissues from amphibian Rana perezi express
the only vertebrate alcohol dehydrogenase (ADHS8) that
is specific for NADP(H) instead of NAD(H). In the crys-
tallographic ADHS-NADP* complex, a binding pocket
for the extra phosphate group of coenzyme is formed by
ADHS-specific residues Gly??3-Thr??4-His??®, and the
highly conserved Leu?’® and Lys?28, To investigate the
minimal structural determinants for coenzyme specific-
ity, several ADH8 mutants involving residues 223 to 225
were engineered and kinetically characterized. Com-
puter-assisted modeling of the docked coenzymes was
also performed with the mutant enzymes and compared
with the wild-type crystallographic binary complex. The
G223D mutant, having a negative charge in the phos-
phate-binding site, still preferred NADP(H) over
NAD(H), as did the T2241 and H225N mutants. Catalytic
efficiency with NADP(H) dropped dramatically in the
double mutants, G223D/T2241 and T2241/H225N, and in
the triple mutant, G223D/T2241/H225N (k. ,/K, , NADPH =
760 mM~! min~!), as compared with the wild-type en-
zyme (k,/K, NADPH = 133,330 mm ™! min~'). This was
associated with a lower binding affinity for NADP* and
a change in the rate-limiting step. Conversely, in the
triple mutant, catalytic efficiency with NAD(H) in-
creased, reaching values (k,/K,,NADH = 155,000 mm !
min~!) similar to those of the wild-type enzyme with
NADP(H). The complete reversal of ADH8 coenzyme
specificity was therefore attained by the substitution of
only three consecutive residues in the phosphate-bind-
ing site, an unprecedented achievement within the ADH
family.

Coenzyme specificity is an important property of NAD(P)-de-
pendent oxidoreductases that is linked to their metabolic func-
tion. Thus the type of coenzyme, NAD"* or NADP™, often dis-
tinguishes between enzymes involved in alternative pathways
(e.g. oxidative versus reductive or degradative versus biosyn-
thetic). Because NAD* and NADP" only differ structurally in
the phosphate group esterified at the 2’ position of adenosine
ribose, dehydrogenases must possess a limited number of res-
idues to discriminate between the two coenzyme types. More-
over, among dehydrogenases from a given enzyme family, the
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same protein fold is often used to bind either coenzyme type
and even some enzymes show dual activity, meaning that they
can use both coenzymes with similar efficiency (1).

A rather unique NADP-dependent alcohol dehydrogenase
(ADHS8)! was discovered in the gastric tissues of amphibians
(2). ADHS belongs to the medium chain dehydrogenase/reduc-
tase (MDR) superfamily and is phylogenetically related to the
NAD-dependent vertebrate ADH family. This enzyme is active
with ethanol and functionally may participate in the reduction
of retinal to retinol (k.,/K,, all-trans-retinal = 33,750 mm *
min~!). Recently, the three-dimensional structure of the
ADHS8-NADP™ binary complex was determined at 1.8-A reso-
lution (3). Structural data suggested that the preference for
NADP(H) depends on the segment Gly??3-Thr??4-His?2°
(Asp?23-Tle/Leu??*-Asn??® in most vertebrate NAD-dependent
ADHs; Ref. 4), which together with Leu2°° and Lys?2?®, define a
binding pocket for the terminal phosphate group of NADP(H).
Henceforth residue numbering will correspond to that of horse
ADH]1 with the Swiss Prot entry P00327. Interestingly, NADP-
dependent ADHs from distantly related microorganisms (5-7),
also have a glycine and two more hydrophilic residues at the
positions corresponding to 223, 224, and 225, respectively. In
ADHs, residue 223 is located at the C-terminal end of the
second B-strand of the Rossmann fold (8) and classically is
considered as determinant for coenzyme specificity. The sub-
stitution D223G, as found in ADHS8, would avoid the possible
steric and electrostatic hindrances because of the extra phos-
phate group of NADP(H). In fact, different attempts to switch
the coenzyme specificity in medium chain ADHs have been
focused on mutations involving residue 223 (9-12). However,
full reversal of coenzyme specificity, in terms of having a mu-
tant enzyme as catalytically efficient as the wild type, has been
rarely achieved. This implies that conversion of coenzyme spec-
ificity may require multiple substitutions in the coenzyme-
binding domain. Other residues found in ADHS, such as Thr??*
and His?2% which are making hydrogen bonds with the oxygen
atoms from the terminal phosphate group (3), could also be
important in defining coenzyme specificity of ADHS.

In the present work, we have investigated, by means of
site-directed mutagenesis, steady-state kinetics, and computer
modeling, the individual and combined contribution of the ad-
jacent residues Gly?23-Thr?24-His?2° of ADHS to coenzyme
specificity. Moreover, because the ADHS8 sequence is only 30%
deviant from the closest NAD-dependent ADH structure (Rana
perezi ADH1, Ref. 13), it was a suitable candidate for attempt-
ing the redesign of coenzyme specificity.

! The abbreviations used are: ADH, alcohol dehydrogenase; K, dis-

sociation constant for coenzyme; K, K,, for coenzyme; K,, K, for etha-
nol; MDR, medium chain dehydrogenase/reductase.
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TABLE 1
Kinetic constants of wild-type and mutant ADH8 with NAD" and NADP* at pH 10.0

Activities were measured with 1 M ethanol and 0.1 M glycine/NaOH at pH 10.

Enzyme Coenzyme K,, Eeat keoi/K,,
mm min~1 my~ L min~1
Wild-type NADP™* 0.050 + 0.002 1,600 = 80 32,000 = 6,600
NAD* 0.50 = 0.05 1,490 = 60 2,980 = 295
G223D NADP* 0.08 = 0.01 600 = 50 7,500 = 1,100
NAD* 0.42 = 0.06 1,550 = 50 3,690 £ 530
T2241 NADP* 0.20 = 0.01 900 + 170 4,500 + 890
NAD* 0.44 = 0.03 2,370 £ 10 5,390 + 320
H225N NADP* 0.16 = 0.01 1690 = 76 10,560 + 640
NAD* 1.7+04 1,820 *= 280 1,050 = 270
G223D/T2241 NADP™* NS NS 9.0 +0.3°
NAD* 0.130 = 0.002 1,227 = 40 9,440 = 360
T2241/H225N NADP* 1.37 £ 0.30 50 =3 36 =9
NAD* 0.20 = 0.04 1,850 = 70 9,250 + 1,840
G223D/T2241/H225N NADP* NS NS 15 = 28
NAD* 0.020 £ 0.003 2,275 £ 170 113,750 = 10,700

“ NS, no saturation up to 4.8 and 9.6 mm NADP* for G223D/T2241 and G223D/T2241/H225N, respectively.
® k../K, was calculated as the slope of the linear plot of V versus [S].

EXPERIMENTAL PROCEDURES

Site-directed Mutagenesis—G223D, T2241, H225N, G223D/T224I,
and T224I/H225N mutants were obtained using the wild-type ADHS8
c¢DNA cloned into pGEX 4T-2 as a template. The mutations were intro-
duced by sequential steps of PCR. In a first round, two reactions, 1 and
2, were performed with the following primers: 1) Ranal. primer, 5'-
TTATAGGATCCATGTGCACTGCGGGAAAAGAT-3', and one of the
antisense primers containing the mutations (underlined): 223R, 5'-
GTCTTTATGGGTATCAACCCCTATAATACG-3'; 224R, 5'-GTCTTTA-
TGGATTCCAACCCCTATAATAC-3'; 225R, 5'-GTCTTTATTGGTTCC-
AACCCCTATAATACG-3'; 224/225R, 5'-GTCTTTATTGATTCCAACC-
CCTATAATAC-3'; 2) RanaR primer, 5'-CCACCTGAATTCTTAGTATA-
TCATAATGCTTCG-3" and one of the primers containing the sense
mutations. In a final amplification step, purified overlapping PCR prod-
ucts were used as templates, using Ranal. and RanaR primers. All
reactions were performed in a DNA thermal cycler (MdJ Research) with
High Fidelity DNA polymerase (Roche Diagnostics) under the following
conditions: hot start at 95 °C for 1 min, annealing at 55 °C for 1 min,
extension at 68 °C for 12 min (11 cycles to step 2), and a final extension
step. All PCR products were purified and cloned into pGEX 4T-2 as for
wild-type cDNA (14).

The G223D/T2241 and G223D/T2241/H225N mutants were obtained
using a method based on the QuikChange XL site-directed mutagenesis
kit (Stratagene). Full-length pGEX 4T-2, containing G223D and T2241/
H225N ¢cDNAs, were used as templates to obtain the double and triple
mutants, respectively. Mutagenesis was performed by means of a single
PCR using an antisense primer containing the mutation (223/224R,
5'-GTCTTTATGGATATCAACCCCTATAATAC-3" or TMR, 5'-GTCTT-
TATTGATATCAACCCCTATAATACG-3') and primers containing ei-
ther sense mutation. PCR conditions were the same as above except for
the use of Expand Long Template polymerase (Roche). PCR products
were incubated with Dpnl at 37 °C for 60 min. This treatment ensured
the digestion of the dam-methylated parental strand (15). The resulting
nicked circular mutagenic strands were transformed into Escherichia
coli BL21, where bacterial DNA ligase repaired the nick and allowed
normal replication to occur. Prior to expression, all mutated DNAs were
completely sequenced, to ensure that unwanted mutations were absent.

Protein Expression and Purification—All mutants were expressed
using the conditions previously described for the wild-type enzyme (14).
Batch-wise purification of wild-type and T2241 enzymes followed iden-
tical procedures (14). For G223D, H225N, G223D/T2241, T2241/H225N,
and G223D/T2241/H225N mutants, the only difference was the matrix
used in the last affinity chromatography step (Cibacron Blue 3-GA;
Sigma). The degree of purity for each protein was assessed by means of
SDS-polyacrylamide gel electrophoresis and Coomassie Blue staining.
Protein concentration was determined using the Bio-Rad assay, based
on the method of Bradford (16).

Enzyme Activity Assays—Alcohol dehydrogenase activity was deter-
mined at 25 °C by monitoring the change in absorbance at 340 nm,

using a Cary 400 Bio (Varian) spectrophotometer. One unit of activity
corresponds to 1 umol of reduced coenzyme formed or utilized per min,
based on an absorption coefficient of 6220 M~! cm™' at 340 nm for
NADH or NADPH. Cuvette path length was 1 cm in oxidation reactions
and 0.2 cm in reduction reactions. Alcohol oxidation was performed in
0.1 M glycine/NaOH, pH 10.0, or in 0.1 M sodium phosphate/NaOH, pH
7.5, using 1 M ethanol or 1.5 mM octanol as a substrate, respectively. For
aldehyde reduction, 0.1 M sodium phosphate/NaOH, pH 7.5, and 0.2 mm
m-nitrobenzaldehyde were used. When saturation could be reached,
kinetic parameters were obtained from activity measurements with
substrate or coenzyme concentrations that ranged from 0.1 X K, to
10 X K,,. Each individual rate measurement was run in duplicate.
Three determinations were performed for each kinetic constant. Kinetic
constants were obtained with the non-linear regression program Grafit
5.0 (Erithacus Software Ltd.) and expressed as the mean + S.D. Bisub-
strate kinetic constants were calculated by fitting data to a Bi-Bi
sequential mechanism (17). The standard assays were performed using
1 M ethanol as a substrate in 0.1 M glycine/NaOH, pH 10.0, and 1.2 mMm
NADP* for wild-type and G223D mutants; 2.4 mm NADP™" for T2241
and H225N mutants; 0.4 mM NAD* for G223D/T2241/H225N; and 2.4
mM NAD™ for G223D/T2241 and T2241/H225N mutants.

Deuterium Kinetic Isotope Effect—Kinetic constants for NAD* and
NADP™ were determined in 0.1 M Gly/NaOH, pH 10.0, with 1 M etha-
nol-dg (Merck) or ethanol as a substrate at different coenzyme concen-
trations, depending on the enzyme assayed. For the G223D/T2241 and
G223D/T224I/H225N mutants, saturation with NADP™" could not be
achieved, and thus a single concentration of 4.8 mmM NADP™ was used to
measure enzyme activity. Assay buffer and ethanol-dg solution were
prepared in deuterated water.

Structural Modeling of the Variants—The structures of all the vari-
ants were modeled using the available coordinates of the binary com-
plex ADH8-NADP* (Protein Data Bank entry 1POF, Ref. 3), where the
corresponding substituted residues were introduced with the graphics
program O (18). Conformations of the replaced residues were initially
assumed to be the rotamers that presented less steric constraints. The
geometry of the models was then regularized and refined throughout
cycles of energy minimization with the program XPLOR (19).

RESULTS

Our study focused on residues 223 to 225 of ADHS8, with the
aim of testing their role in the phosphate-binding site and
attempting the switch of coenzyme specificity. The obvious
choice was to mutate Gly?23, Thr??4, and His??° to Asp, Ile, and
Asn, respectively, because the sequence Asp??3-Ile/Leu?*-
Asn??5 is well conserved among vertebrate NAD-dependent
ADHs (4). Therefore, single ADH8 mutants, G223D, T2241, and
H225N, double mutants, G223D/T2241 and T224I/H225N, and
the triple mutant, G223D/T2241/H225N, were generated by
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TaBLE II
Kinetic constants of wild-type and mutant ADH8 with NAD" and NADP" at pH 7.5
Activities were measured with 1.5 mM octanol and 0.1 M sodium phosphate/NaOH at pH 7.5.
Enzyme Coenzyme K, Reat kea/K,
mm min~1 my~ T min~1
Wild-type NADP™* 0.045 *+ 0.007 640 + 35 14,220 * 2,330
NAD* 2.0 £0.2 640 + 15 320 + 33
G223D NADP* 0.090 = 0.008 160 =9 1,780 + 430
NAD™* 0.64 = 0.02 420 = 50 655 = 80
T2241 NADP* 0.07 = 0.01 330 = 11 4,715 = 730
NAD* 0.36 = 0.06 560 = 38 1,555 = 272
H225N NADP* 0.11 £ 0.01 590 = 37 5,360 + 640
NAD™ 3.0 0.2 450 + 48 150 + 21
G223D/T2241 NADP* NS« NS 1.3 +0.1°
NAD* 0.25 = 0.03 330 + 17 1,500 =+ 220
T2241/H225N NADP* 9.0 £ 0.7 95+ 5 10+1
NAD™* 0.34 £ 0.03 580 = 31 1,700 = 160
G223D/T2241/H225N NADP* NS NS 6+1°
NAD* 0.05 £ 0.01 785 = 33 15,700 = 2,890

“ NS, no saturation up to 4.8 and 9.6 mm NADP* for G223D/T2241 and G223D/T2241/H225N, respectively.

® k../K, was calculated as the slope of the linear plot of V versus [S].

site-directed mutagenesis. The expression level for the wild-
type enzyme and mutants was ~30 mg/liter of culture. All
enzymes were purified to homogeneity with a 10% yield, and
they were stable for several weeks when stored at 4 °C.

Steady-state Kinetics of Wild-type and Mutant Enzymes—
Steady-state kinetic constants of wild-type and substituted
ADHS8 with NAD* and NADP™, at pH 10.0 and 7.5, determined
under saturating concentrations of substrate, are presented in
Tables I and II, respectively. Kinetic constants in the reduc-
tive direction for NADH and NADPH, at pH 7.5, are shown in
Table III.

In the wild-type recombinant ADHS, the kinetic constants
were similar to those previously reported for the native enzyme
purified from frog stomach tissue (2). At a given pH and with
the same substrate, the %, values attained with NADP(H) and
NAD(H) were similar, suggesting a common rate-limiting step,
independent of the cofactor used. By contrast, K,, values for
NADP(H) were 10—40-fold lower than those for NAD(H). This
resulted in an enzyme much more specific for NADP(H), espe-
cially at pH 7.5.

Regarding the effect of substitutions on coenzyme kinetics,
most of the observations made at pH 10.0 (Table I) could be
confirmed at pH 7.5, for both the oxidation (Table II) and the
reduction (Table III) reactions. This suggests that the intro-
duced mutations had a similar effect on each coenzyme kinet-
ics, independently of pH and whether the cofactor used was in
its oxidized or reduced form. However, the substitutions did
have a different effect on whether the cofactor used was
NADP(H) or NAD(H).

Single mutations only produced a small decrease (2—8-fold)
in the catalytic efficiency (k_,/K,,,) with NADP(H). Generally,
this was because of an increase in K,, values, whereas k.,
values did not significantly change in the mutants. The substi-
tution G223D did not hamper NADP™* binding (see below) or
change the catalytic rate significantly, as would have been
anticipated, but resulted in an enzyme that still preferred
NADP(H) over NAD(H). Similar results were obtained for the
T2241 mutant. The H225N substitution was well tolerated as it
had the least effect on NADP(H) kinetics. No pH-dependent
effect was observed associated with this mutation, perhaps
because in the enzyme the His residue is deprotonated at both
pH 7.5 and 10.0.

Single mutations provided a positive effect on NAD(H) ki-
netics, with a moderate increase in k. /K,, values. T2241
showed the best catalytic efficiency for a single mutant,
whereas H225N displayed the lowest catalytic efficiency,
mostly due to its high K, values for this coenzyme. In all single
mutants, k., values for NAD(H) remained essentially con-
stant, which is suggestive of a common rate-limiting step. At
any pH employed, none of the three mutants showed a reversal
of coenzyme specificity. Only the mutant T2241 showed a very
similar catalytic efficiency with the two cofactors at pH 10.0
(Table I).

A double mutation, G223D/T2241 or T2241/H225N, was the
minimal change to show a clearcut effect on coenzyme specific-
ity, both at pH 7.5 and 10.0. The effect was most marked on
NADP(H) kinetic constants, especially in the G223D/T2241 mu-
tant. This mutant could not be saturated with NADP(H) and
thus K,, and %, values could not be determined. Kinetic con-
stants could only be accurately measured for the T2241/H225N
mutant in the oxidative direction: K,, values for NADP(H)
increased dramatically (up to 200-fold) and %, values dropped
down 30-fold. Catalytic efficiency with NADP(H) decreased
from 1,500 to 10,000-fold for G223D/T2241 and from 100 to
1,400-fold for T2241/H225N. Both mutants showed a moderate
increase in k.,/K,, values for NAD(H), mostly because of a
small decrease in K,, values (more marked in G223D/T2241I),
with respect to the single mutant T2241. Overall, the double
mutants showed a switch in coenzyme specificity, but without
reaching full catalytic efficiency with NAD(H), which was only
observed in the triple mutant.

The G223D/T2241/H225N triple substitution produced a
complete reversal of coenzyme specificity, both at pH 7.5 and
10.0. In comparison with the double mutants, the effect was
most marked on the NAD(H) kinetics. Thus, the catalytic effi-
ciency of the triple mutant with NAD(H) increased 30-50-fold
with respect to that of the wild-type enzyme, and it was even
higher than the k.,/K,, value of the wild-type enzyme with
NADP(H). This was mainly provoked by a decrease in K,
values for NAD(H), which paralleled an increase in the affinity
for the coenzyme (see below). On the other hand, the triple
mutant could not be saturated by NADP(H) and the catalytic
efficiency with NADP(H) decreased to about the same order of
magnitude as those of the double mutants. Overall, the triple
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TasLE IIT
Kinetic constants of wild-type and mutant ADH8 with NADH and NADPH at pH 7.5

Activities were measured with 0.2 mM m-nitrobenzaldehyde and 0.1 M sodium phosphate/NaOH at pH 7.5.

Enzyme Coenzyme K,, Reat keoi/K,,
mm min~1 my~ L min~1
Wild-type NADPH 0.030 = 0.006 4,000 = 10 133,330 = 26,670
NADH 0.44 = 0.07 2,455 = 190 5,580 = 990
G223D NADPH 0.110 * 0.008 1,765 = 120 16,050 * 1,590
NADH 0.150 = 0.006 1,610 = 50 10,735 £ 550
T2241 NADPH 0.050 = 0.001 1,920 = 80 38,400 = 1,720
NADH 0.110 + 0.008 1,920 = 10 17,455 + 1,260
H225N NADPH 0.080 £ 0.003 4,605 £ 110 57,560 = 2,535
NADH 0.660 = 0.016 2,350 = 70 3,560 + 140
G223D/T2241 NADPH NS« NS 89 + 7°
NADH 0.040 = 0.002 1,500 = 190 37,550 = 5,100
T2241/H225N NADPH NS NS 1,250 = 50°
NADH 0.150 = 0.016 2,805 £ 100 18,700 + 2,100
G223D/T2241/H225N NADPH NS NS 760 = 21°
NADH 0.040 = 0.001 6,200 * 150 155,000 = 4,100

“ NS, no saturation up to 1.2 mm NADPH.
® k../K, was calculated as the slope of the linear plot of V versus [S].

TABLE IV
Bisubstrate kinetics of wild-type and mutant ADH8 with NAD* and NADP* at pH 10.0
Activities were measured in 0.1 M glycine/NaOH at pH 10.0, with ethanol as a substrate. Standard errors of fits were less than 20%, except for
the indicated values.

Enzyme Coenzyme K,, K, K, Reat koK Ky
mm mu mu min~! my2 min~!
Wild-type NADP* 0.02 0.042 25 1,520 3,040
NAD™ 0.56 0.83 31 1,790 103
G223D NADP* 0.037« 0.14 109 570 141
NAD" 0.22* 0.33 35 1,100 143
T2241 NADP* 0.028 0.12 98 900 328
NAD* 0.12¢ 0.20 41 2,250 457
H225N NADP* 0.16 0.10 40 1,700 265
NAD* 0.71 0.88 39 1,795 65
T2241/H225N NADP* 1.22 1.16 56 76 1
NAD™ 0.12 0.23 68 2,090 256
G223D/T2241/H225N NADP* NS NS NS NS NS
NAD™ 0.017¢ 0.04 45 2450 3,200
“ Standard errors of fits were 20-30%.
® NS, no saturation up to 9.6 mm NADP*.
mutant was much more NAD(H) specific than wild-type ADHS8 . o TapLe V.
ith NADP(H) Deuterium kinetic isotope effects of wild-type and mutant
was wi . ADHS at pH 10.0

Bisul?strate kinetics Were. performed by covarying the con- Activities were measured with 1 M ethanol-dg4 or ethanol as a sub-
centrations of ethanol and either coenzyme, and were compat-  strate and 0.1 M glycine/NaOH at pH 10.0.
ible with a Bi-Bi sequential kinetic mechanism (Table IV). In

; NADP* NAD*
the enzymatic forms tested, K,, values for ethanol (K,) ranged Enzyme
between 25 and 110 mM. Single substitutions had modest ef- keatrlkcatn ({ﬁfcf:;//ll{{’,’jg))/ keairi/keatn (&i‘:g//ll{{g))/
. " . on.

fects on the &, value with NADP™ but this dropped ~20-fold Wild-type 1.99 1.99 185 2.02
in the T224I/H225N double mutant and could not be deter- g993p 2.04 1.95 1.72 1.86
mined in the triple mutant because saturation could not be T2241 1.94 2.04 1.88 2.04
reached. For the double mutant, this dramatic change in the H225N 2.11 2.04 1.87 1.81
ko value with NADP™ paralleled an increase in the dissocia- G223D/T2241 131 L.15 1.78 L57
tion (K,,) and Michaelis constant (K ) values for NADP™" by 60- T224VH225N 1.03 1.08 1.60 1.80
on g a y G223D/T224I/H225N  0.90° 1.02° 2.08 1.66

and 30-fold, respectively. In contrast, the k.., value with NAD™ — - - -
remained relatively unchaneed in all the substituted forms “ Activity ratio was calculated from a single concentration of coen-
y g > zyme (4.8 mM NADP™) because saturation could not be reached.

suggesting a common rate-limiting step. Catalytic efficiency for b k../K,, was calculated as the slope of the linear plot of V versus [S],
NAD™, as measured by k., /K;, K, (20), increased by 30-fold, since saturation could not be reached.
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A

FiG. 1. Stereo views of the adenosine-
phosphate moiety of NADP* bound to
wild-type and mutant forms of ADHS.
Interaction through hydrogen bonds is rep-
resented with dotted lines. A, crystallo-
graphic binary complex of wild-type ADHS8
(Protein Data Bank code 1POF, Ref. 3).
Docking of NADP" inside the coenzyme-
binding pocket of ADH8 mutants: B, G223D;
C, G223D/T2241/H225N.
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reaching the same level as that of the wild-type enzyme for
NADP™.

The kinetic isotope effect was studied with deuterated etha-
nol in the presence of either coenzyme. A substrate kinetic
isotope effect of ~2-fold was observed with either NADP* or
NAD™ in the wild-type ADHS8 (Table V), suggesting that hy-
dride transfer may be the rate-limiting step during catalysis.
When using NADP™ as a cofactor, the same increase was only
seen in the single mutant forms. In contrast, the double and
triple mutants did not display any significant isotope effect,
indicating that hydride transfer was no longer rate-limiting.
With NAD™ as a coenzyme, the 2-fold isotope effect was ob-
tained for all the mutant forms.

Computer Modeling of Binary Complexes—Docking simula-
tions of NADP* and NAD™ to the wild-type and mutant en-
zymes were performed based on the three-dimensional struc-
ture of the binary complex ADH8-NADP™ (3). In this structure,
the oxygen atoms from the extra phosphate group interact
through five hydrogen bonds with the side chains of Thr??4,
His??%, Lys?28, and the nitrogen main chain atoms of Leu?%°

and Thr??* (Fig. 14). In the G223D-NADP" complex, steric and
electrostatic hindrances by the side chain of Asp?23 force the
coenzyme phosphate to relocate in the binding site, moving
away from Lys22® (compare Fig. 1, B and A). Thus, as a result
of the G223D mutation, hydrogen bonds with Leu?°°, Lys228,
and the nitrogen main chain atom of Thr??* are missing. But
these losses are partially compensated by the existence of two
new hydrogen bonds between the same oxygen atom of the
terminal phosphate and the carbonyl oxygen atom of Leu®%2
and the oxygen atom of Ser®®. Thus, one oxygen atom of the
extra phosphate group is left without interacting, although it
could do so through a water molecule. Small differences are
observed in T224I-NADP* and H225N-NADP™" complexes with
respect to NADP™ docked to the wild-type enzyme. In both
cases, two hydrogen bond interactions involving the extra phos-
phate are lost, but a new hydrogen bond is formed in such a
way that all the oxygen atoms of the extra phosphate group are
interacting with some residue (data not shown). When compar-
ing NADP" binding to the T224I/H225N mutant with respect
to the wild-type enzyme, an oxygen atom of the extra phos-



FiG. 2. Stereo views of the adenosine moiety of NAD* docked
inside the coenzyme-binding pocket of wild-type ADHS8 and tri-
ple mutant. Interaction through hydrogen bonds is indicated with
dotted lines. A, wild-type ADHS; B, G223D/T2241/H225N.

phate group would not interact with any residue, but it is
conceivable that it could do so through a water molecule (data
not shown).

In the simulation of docking NADP™ to the G223D/T2241/
H225N mutant, as it was previously observed for the G223D
mutant, there is a relocation of the coenzyme. In this case,
although, several protein-phosphate interactions (three hydro-
gen bonds) are lost and they are not compensated by new
hydrogen bond formation. As a result, an oxygen atom of the
extra phosphate group does not interact with any residue,
although interaction through water molecules is still possible
(compare Fig. 1, C and A).

Remarkably, in the binary complex of the triple mutant with
NAD™, Asp??? interacts with the 2’ and 3’ oxygen atoms of
ribose, and Lys??® is hydrogen bonded with the 3’ oxygen (com-
pare Fig. 2, B and A). These features are characteristic of
NAD-dependent ADHs (21-24). Likewise, a hydrophobic inter-
action is gained between the adenine ring and Ile??4, which is
not seen in the complex of the triple mutant with NADP*
(compare Figs. 2B and 1C). This hydrophobic interaction is also
typical of NAD-dependent ADHs and other NAD-dependent
enzymes (25).

DISCUSSION

ADHS is unique within the vertebrate ADH family in that it
uses preferentially NADP(H) as a cofactor (2). ADHS8 also binds
NAD(H), but with K,, values that are 10 to 40 times higher
than those for NADP(H). Structural studies on the binary
complex ADH8-NADP" suggested that a phosphate binding
pocket is configured by non-conserved residues 223, 224, and
225, and the highly conserved Leu??° and Lys??® (3). However,
the contribution of these residues to the discrimination be-
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Fic. 3. Bar graph representing the catalytic efficiency (k,,/
K,,) for each coenzyme of the wild-type and ADH8 mutants.
NADPH, white bars; NADH, hatched bars. Data are taken from
Table II1.

tween NAD(H) and NADP(H) remains unknown. This funda-
mental question and the challenge of reverting coenzyme spec-
ificity prompted us to perform the present site-directed
mutagenesis study. Therefore adjacent residues 223, 224, and
225 were systematically mutated and checked, separately or in
different combinations.

Effect of Substitutions on the Rate-limiting Step and Cata-
lytic Constant—In ADHS8 single mutants, k., values for
NADP(H) decreased slightly, whereas a moderate increase in
K,, values for NADP* was observed. Hydride transfer ap-
peared to be the rate-limiting step. In contrast, in the T2241/
H225N mutant, k., values for NADP™" suffered a sharp de-
crease, which was associated with a marked increase in the K,
value for NADP™. In this regard, in double and triple mutants,
the catalytic efficiency dropped dramatically, reflecting the fact
that K, values for NADP(H) increased, and even in most cases
saturation could not be reached, and apparent &, values likely
decreased. In concordance with this observation, the kinetic
isotope effect was lost, indicating a change in the rate-limiting
step, no longer being hydride transfer. A slower limiting step,
such as a conformational change associated with coenzyme
binding could be involved. However, at this time, we have no
evidence for a conformational change upon coenzyme binding,
because the crystal structure of the apoenzyme showed a closed
conformation (3). On the other hand, it is likely that coenzyme
dissociation was not the new rate-limiting step because the
increase in K, values was not followed by an increase in k.,
values.

The k., values for NAD(H) remained relatively unchanged
for the mutant enzymes with respect to the wild-type recombi-
nant ADHS, indicating that the rate-limiting step was likely
the same for all the enzymatic forms when NAD(H) was the
coenzyme. This result was consistent with the finding of a
slight deuterium kinetic isotope effect whenever NAD ™ was the
coenzyme, suggesting that hydride transfer was rate-limiting.
Hydride transfer has also been found limiting in other ADHs
using ethanol as a substrate, such as human ADH3 (26) and
horse liver 1269S (27). The finding in ADHS8 differs from what
has been described for horse liver ADH and other ADH forms,
with ethanol and other aliphatic alcohols as substrates, where
the rate-limiting step is NADH dissociation (28, 29). In those
cases, an increase in K, and K,, (dissociation constants for
NAD and NADH, respectively) often parallels an increase in
ko values, which is not observed in ADHS.

Residue 223 Is Not the Only Discriminating Residue for
Coenzyme Specificity—In the coenzyme-binding domain of NAD-
dependent dehydrogenases with the Rossmann fold, an acidic
residue (Asp??® in NAD-dependent ADHs, Ref. 4) is located at
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the C-terminal end of the second -strand (30). Asp?2® is doubly
hydrogen bonded to the adenine ribose diol in ADH-NAD™
complexes (21-24). The significance of this acidic residue has
been observed long ago and has been considered a fingerprint
for NAD(H) binding pockets (8, 31). In ADHs, it has been
proposed as the residue that discriminates against NADP(H)
(9). NADP-dependent enzymes exhibit a smaller and un-
charged residue, usually Gly, Ala, or Ser (3, 10, 32-34), that
would reduce steric and electrostatic hindrances on binding of
the extra phosphate group of NADP(H). Thus, to reverse coen-
zyme specificity, several studies have targeted this residue by
site-directed mutagenesis. In one case, the homologous Asp
residue in yeast ADHI was substituted by Gly and the resulting
D223G mutant utilized the two coenzymes with similar but
very low efficiency (9). In cinnamyl alcohol dehydrogenase, an
NADP-dependent enzyme from the MDR superfamily, the
equivalent reverse mutation S212D did not change the coen-
zyme specificity either (10). Similarly, the substitution of the
corresponding Asp in other NAD-dependent dehydrogenases
having the Rossmann fold did not generate NADP-dependent
enzymes, although substitution improved the catalytic effi-
ciency for NADP* and made it worse for NAD™ (35, 36).

In the present paper, single mutations G223D, T224I, and
H225N only provided small changes to coenzyme kinetics,
which were slightly detrimental for NADP(H) and beneficial for
NADH). For NADP(H), in general, there existed a good corre-
lation between the loss of a few hydrogen bonds and electro-
static interactions, and a modest increase in K,, and K;,, values,
as predicted by molecular docking simulations. In particular,
the substitution G223D did not greatly hamper NADP* bind-
ing as it would have been anticipated but resulted in an enzyme
that still preferred NADP(H) over NAD(H) (Fig. 3) although
with a lower catalytic constant. The modeling results for the
G223D mutant confirm the generation of unfavorable steric
and electrostatic conditions on NADP(H) binding. But interest-
ingly, the extra phosphate group of coenzyme can still be ac-
commodated in the coenzyme binding pocket by moving away
from Asp?2® and Lys?28, at the expense of losing some hydrogen
bonds and favorable electrostatic interactions. According to
these results and confirming previous findings in other ADHs
(9-12), Asp??® alone cannot be considered the discriminating
residue in the coenzyme specificity of ADHS8, and thus the
combined substitutions in other positions along with that of
residue 223 would be important as well.

Complete Reversal of Coenzyme Specificity in the Triple Mu-
tant—In the triple mutant, the attained K,,, k.., and &.,/K,,
values for NAD(H) and K, for NAD™ are in the same order of
magnitude as those for NADP(H) in the wild-type enzyme.
Thus, complete reversal of coenzyme specificity has been
achieved (Fig. 3). Moreover, the %.,/K,, values with NAD(H)
obtained in the triple mutant are similar to those of typical
NAD-dependent ADHs (37-42). It is conceivable that some
kind of threshold in catalytic power has been attained in many
ADHs regarding coenzyme usage. Overall, the triple mutant is
much more “coenzyme specific” than the wild-type enzyme, as
illustrated by the ratio k../K,,napu/Reat Kmnappre (Fig. 3).
This behavior is typical of NAD-dependent vertebrate ADHs,
which frequently are highly specific for NAD(H) although some
have residual activity with NADP(H). In the triple mutant, the
extra phosphate group poses steric and electrostatic problems
for NADP(H) binding, especially because of the presence of both
Asp??? and a less hydrophilic environment at positions 224 and
225. In contrast, NAD(H) can easily be accommodated in the
vacant phosphate-binding site (with Gly) and interact with
His??% and Lys?2® in the NADP-dependent wild-type enzyme.

Synergistic Effects between Adjacent Residues Determine Co-
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enzyme Specificity—Our results highlight the importance of
cooperative or synergistic effects between two or more adjacent
amino acid residues. Single amino acid substitutions had only
very limited effects, whereas double and triple mutations in-
volving the same residues caused great changes on coenzyme
binding and kinetics. In ADHS, it is the combined contribution
of these groups, interacting with one another and with the
coenzyme, that provides alternative binding sites for the aden-
osine/adenosine-phosphate moiety of NAD(H)/NADP(H).
NAD(H) requires the simultaneous presence of Asp?23, I1e?24,
and Asn?2?%, although it does not interact with Asn?2® in ADHS
nor in other ADH structures. NADP(H) needs Gly?22, Thr?24,
and His??? but it does not interact with Gly>23. Apparently, in
ADHS, the small side chain of Gly?22 provides additional space
for the phosphate group of NADP(H) to interact with Lys?28,
while in the triple mutant Asn?2° leaves more space than His,
for the adenine ring of NAD(H) to interact hydrophobically
with Ile??*, Asp??® helps discriminate against NADP(H) and
provides hydrogen bonding at the precise distance for NAD(H)
to interact properly with Ile??* and Lys??8. Lys?2® is a versatile
highly conserved residue that performs a dual function, i.e. the
electrostatic interaction with the extra phosphate of NADP(H)
or the hydrogen bond interaction with the 3’ oxygen of NAD(H)
ribose. It is clear that each of these residues has in ADH8 a
different function from that in NAD-dependent ADHs. As ex-
pected, ionic interactions play a predominant role in NADP(H)
binding, whereas hydrogen bonding and hydrophobic interac-
tions are more prevalent for NAD(H) binding. The present
results are consistent with the previous finding that NADP™
binds to ADHS in a similar conformation to that of NAD* found
in ADH binary complexes, showing small differences only in
the adenosine moiety of coenzyme (3).

The most effective switches in coenzyme specificities have
come from multiple mutations in different regions of the pri-
mary structure of dehydrogenases (43—46). In contrast, the
complete reversal of coenzyme specificity in ADHS8 has been
obtained by means of substitution of only three consecutive
amino acid residues. The absence of an acidic residue together
with the presence of polar residues around the extra phosphate
group contribute to the NADP(H) specificity of ADH8. ADH
architecture appears to be flexible enough to satisfy changes in
coenzyme requirements and thus NADP-dependent enzymes
have convergently evolved within the MDR superfamily at
different times using seemingly different strategies and inde-
pendent pathways: e.g. secondary ADH in bacteria (5-7), cin-
namyl ADH in plants and fungi (10), quinone oxidoreductase in
animals and bacteria (33), sorbitol dehydrogenase in insects
(34), and ADHS8 in amphibians (3). Our data support that
concerted evolution of adjacent amino acid residues (223 to 225)
within a short sequence segment, requiring minimally four
point mutations in the gene sequence, has allowed coenzyme
specificity in amphibian ADH to switch. This may reflect ADH8
late enzymogenesis, with a relatively recent evolutionary ori-
gin of this NADP-dependent structure from an ancestral
NAD(H)-specific structure (class I ADH, 70% identity), as well
as a fast functional adaptation to different metabolic needs (i.e.
reduction of aldehydes, such as retinal, instead of oxidation of
alcohols) (2). Undoubtedly, the simplicity of these evolutionary
changes has contributed to facilitate the redesign of the coen-
zyme-binding site and to achieve the complete reversal of co-
enzyme specificity reported here.

Acknowledgment—We thank A. A. Santos for performing site-di-
rected mutagenesis, expression, and purification of T2241 and H225N
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RESUM I DISCUSSIO DELS RESULTATS DE L’ARTICLE :
Complete Reversal of Coenzyme Specificity by Concerted Mutation of

Three Consecutive Residues in Alcohol Dehydrogenase.
Publicat a J. Biol. Chem. 278 (42): 40573 - 80

L’ADHS8 ¢s I’tinica de la familia de les ADHs de vertebrats que utilitza
preferentment NADP(H) com a cofactor, tot i que ¢és capa¢ d’unir NAD(H) perdo amb
molt menys afinitat, amb valors de Km de 10 a 40 vegades superiors que per NADP(H).
Els estudis estructurals del complex binari ADH8-NADP" , com hem vist en el capitol
2, suggereixen que la butxaca d’unio a fosfat esta configurada pels residus no conservats
223, 224 1 225 i els residus altament conservats Leu200 i Lys228. Es desconeixia la
manera com contribueixen aquests residus a la discriminaci6 entre NAD(H) i
NADP(H).

En aquest capitol es recullen els resultats de la caracteritzacidé cinética dels
mutants pels residus no conservats 223, 224 i 225. Els experiments de mutageénesi
dirigida van ser dissenyats per donar resposta a la qiiestio6 fonamental de com
discriminen aquests residus entre NAD(H) i NADP(H) i si es podria revertir
I’especificitat per coenzim amb mutacions puntuals. Els resultats d’aquests experiments
queden resumits a continuacid, comprovarem com I’efecte de reversié en I’especificitat
de NADP" a NAD" apareix en el triple mutant.

També es descriu graficament, a partir de modelats, la manera com afectarien a
I’especificitat d’uni6 1 per tant a 1’activitat de 1’enzim les interaccions dels residus
mutats amb el coenzim concret. Es van modelar els coenzims NADP™ i NAD" a
I’interior de la butxaca d’uni6 a cada un dels tipus de mutants generats i aquests es van
comparar amb el modelat per I’enzim salvatge i per la unié del cofactor NAD". De
I’estudi global d’aquests resultats s’extreu que I’efecte d’aquestes mutacions afecta
disminuint I’afinitat per NADP" i en un canvi en ’etapa limitant de la reaccio.

Cal destacar pero, que la part dels treballs del paper que volem exposar en
aquesta tesi €s concretament la que es correspon amb els treballs de modelat i que per
aquesta ra6 han estat descrits i analitzats amb més deteniment que els experiments de
mutagenesi dirigida 1 cin€tica enzimatica, que en realitat es van dur a terme per altres

coautors del paper.
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1. Efecte de les substitucions en ’Etapa limitant de la reacci6é i en la Constant

Catalitica

Es van mutar sistematicament els residus adjacents: 223, 224 i 225 per separat 1
amb diferents combinacions i es va estudiar quin era ’efecte provocat per aquestes
mutacions en I’etapa limitant 1 en la constant catalitica. Els mutants senzills de ADHS
que es van generar per métodes de mutagenesi dirigida van ser concretament G223D,
T2241 1 H225N. Cada un d’aquests mutants per separat provocava una decreixement
insignificant de la k., (es mantenia quasi invariable la capacitat catalitica de 1’enzim) i
un increment moderat en els valors de K;, per NADP" (disminuia moderadament

I’afinitat per coenzim). L’etapa limitant semblava ser la transferéncia hidrida.

Es van fer estudis de cinética bisubstrat covariant les concentracions tant
d’etanol com de coenzim a pH 10.0 de NADP" i NAD". En els dobles i triple mutants
I’eficiéncia catalitica disminueix dramaticament, reflectint el fet que els valors de K,
per NADP(H) incrementen i fins i tot en la majoria dels casos no s’arriba a la saturacio.
Els dobles mutants G223 / T2241 o T2241 / H225N, afecten la relacié d’especificitat per
coenzim pero sense enriquir del tot 1’eficiéncia catalitica amb NAD(H), cosa que només
s’observa en el triple mutant que produeix la reversid completa de I’especificitat per
coenzim, adquirint una eficiéncia catalitica amb NAD(H) de 30 a 50 vegades superior a
la que té I’enzim ADHS salvatge, arribant a ser el valor de K¢ / K,, amb NAD(H)
superior al de I’ADHS8 salvatge amb NADP(H). El triple mutant no pot ser saturat per
NADP(H) i la disminucié d’eficiéncia catalitica amb NADP(H) és del mateix ordre que

en els dobles mutants.

Es va estudiar també I’efecte cinétic d’isotops dels mutants d’ADHS i d’ADHS
salvatge utilitzant com a substrat etanol deuterat (etanol-dg) en preseéncia de cada un dels
coenzims. L’efecte cinétic per I’ADHS salvatge, tant amb NAD" com NADP" resultava
ser aproximadament el doble que pels mutants dobles i el triple mutant. Aixo suggereix
que la transferéncia hidrida hauria de ser I’etapa limitant durant la catalisis. Quan
s’utilitza NADP" com a cofactor aquest efecte només s’aprecia en els mutants senzills,
els dobles i triples mutants no el presenten, perd amb NAD" ’efecte es veu en tots els
mutants, es comporten com I’ADHS salvatge. Aixi doncs, en els mutants dobles i el

triple mutant I’efecte cinétic de I’isotop es perdia quan utilitza NADP" com a cofactor,
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indicant un canvi en ’etapa limitant, deixa d’haver transferéncia hidrida. Aquest canvi
pot estar relacionat amb un canvi conformacional associat a la uni6 del coenzim del que
no tenim evidencies perque [’estructura cristal'lina de 1’apoezim mostrava una
conformacié tancada.

Draltra banda, és molt possible que la dissociaci6é del coenzim no sigui I’etapa
limitant perque I’increment de la K;, (I’increment en la constant de dissociacid del
coenzim suposa una davallada en I’afinitat per NADP, aquest es dissocia de 1’enzim
amb més facilitat) no va seguida d’un increment en la K., (que es dissocii més
facilment el coenzim no millora la capacitat catalitica d’aquest). La K.,, per NAD(H) es
manté bastant invariable, aixdo €s consistent amb que s’hagi trobat una cinctica de
I’isotop deuteri insignificant quan el coenzim és el NAD', reaccio en la qual la
transferéncia hidrida es I’etapa limitant, com també ho és en altres ADHs que usen
etanol com a substrat, com seria la ADH3 (Lee i col., 2003) o el mutant 1269S de la
ADH de cavall (Fan i Plapp, 1995) i a diferéncia del que es coneixia de I’ADH de cavall
1 altres ADHs especifiques d’etanol i alcohols alifatics en que I’etapa limitant és la
dissociaci6 de NADH (I’increment en Kj, 1 Kj;, constants de dissociacié per NAD i
NADH respectivament, és a dir 1’alliberaci6 de cofactor reduit afavoria la constant

catalitica, feia incrementar la Ky)

2. Modelat dels complexes binaris

Es van fer la simulacié de col-locar NADP" i NAD" a la butxaca d’uni6 a
coenzim als enzims salvatges i mutants a partir de 1’estructura 3D coneguda del
complex binari ADHS-NADP".

Tal com es mostra a la figura 1 del paper es poden identificar les interaccions

establertes entre el cofactor i els residus de proteina en els diferents complexes:

e ADHS-NADP": Els atoms d’hidrogen del grup fosfat extra interaccionen amb
cinc enllacos d’hidrogen de les cadenes laterals de Thr224, His225 i Lys228 i
el nitrogen de la cadena principal de Leu200 1 Thr224.

e G223D-NADP': Les interaccions estériques i electrostatiques amb la cadena
lateral d” Asp223 forcen al coenzim a recolzar-se en el lloc d’unié i allunyar-se
de Lys228.

Els enllagos amb Leu200, Lys228 i Thr224 es perden. Aquesta pérdua es compensa

parcialment per I’existéncia de dos enllagos d’hidrogen nous entre el mateix atom
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d’oxigen del fosfat terminal i I’oxigen carbonil de Leu362 i I’atom d’oxigen de Ser364.

Un atom d’oxigen del fosfat extra queda sense interaccionar, pordria fer-ho amb un

aigua.

T224I-NADP" i H225N-NADP": les dues interaccions per ponts d’hidrogen
involucrades amb el fosfat extra es perden, perd es forma un nou pont
d’hidrogen de manera que tots els atoms d’oxigen del grup fosfat extra estan
interaccionant amb algun residu.

(T2241 / H225N)-NADP": Si comparem amb el complex salvatge ADHS-
NADP", un oxigen del PO; no interacciona amb cap residu i potser ho faria amb
una aigua.

(G223D / T2241 / H225N)-NADP": Es dona una recol-locacié del coenzim tal
com passa a G223D. Es perden tres ponts d’hidrogen que no es compensen per
nous ponts d’hidrogen. Un dels oxigens del POs no interacciona amb cap residu
1 potser ho faria amb molecules d’aigua.

(G223D / T2241 / H225N)-NAD": Aquest mutant pren el patré caracteristic de
les ADHs dependents de NAD" que consisteix en un enllag entre Asp223 i els
oxigens 2’ 1 3’ de la ribosa i1 un enllag d’hidrogen entre la Lys228 i I’oxigen 3’
de la ribosa. Es guanyen interaccions hidrofobiques entre 1’anell de I’adenina i la
T1e224 ( aixo no apareix en el complex del triple mutant amb NADP"). Aquestes
interaccions hidrofobiques son també tipiques d’ADHs i altres enzims

dependents de NAD.

El residu 223 no ¢és I'unic residu que discrimina I’especificitat de coenzim. En

ADHs amb “Rossmann fold” dependents de NAD un residu acidic (Asp223 en ADHs

dependents de NAD) esta localitzat a I’extrem C-terminal de la segona lamina f.

L’Asp223 forma dos ponts d’hidrogen amb 1’adenin ribosa diol en el complex ADH-

NAD". Es molt significatiu i esta considerat determinant de la butxaca d’unié de

NAD(H). Els enzims dependents de NADP tenen un residu petit i no carregat,

normalment : Gly, Ala o Ser, aix0 redueix les relacions estériques 1 electrostatiques que

es donarien en unir el grup fosfat extra del NADP(H).
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A més d’aquest fet hi ha estudis de mutageénesi dirigida en aquest residu que
reverteixen ’especificitat de coenzim, p.e., el mutant D223G de la ADHI de llevat
utilitza els dos coenzims amb eficiéncia similar encara que molt baixa (Fan i col., 1991).
A la Cinamil alcohol deshidrogenasa, que és una MDR dependent de NADP, la mutacio
del residu equivalent pero a la inversa, S212D no provoca cap canvi en absolut en
I’especificitat per cofactor (Lauvergeat i1 col., 1995). La substituci6 de I’Asp
corresponent en altres deshidrogenases dependents de NAD que tenen “Rossmann fold”
no genera enzims dependents de NADP, pero si és cert que millora I’eficiéncia catalitica

amb NADP" i I’empitjora amb NAD".

Les mutacions senzilles G223D, T2241, H225N, només donen petits canvis en la
cin¢tica de coenzim en detriment no molt significatiu de ’afinitat per NADP(H) i
benefici per NAD(H). Pel NADP(H) existeix una correspondéncia entre peérdua
d’alguns ponts d’hidrogen i interaccions electrostatiques que es poden predir amb els
modelats 1 un modest increment en la K, i el la K;, (disminucié d’afinitat). G223D no
impedeix la uni6 de NADP", I’enzim segueix preferint NADP(H) davant de NAD(H)

perd amb una K,; més baixa.

El modelat confirma la generacié de condicions esteriques desfavorables per la
unid del NADP(H). Pero el grup fosfat encara es pot acomodar enretirant-se de
I’Asp223 1 la Lys228, a costa de perdre alguns ponts d’hidrogen i interaccions
electrostatiques. L’Asp 223 no es pot considerar per ell mateix el residu discriminador

de I’especificitat de coenzim en ADHS, altres posicions també son importants.

3. Reversio completa d’especificitat de coenzim en el triple mutant

Els valors de K, Kcat 1 Keat /Ky per NAD(H) 1 K, per NAD" s6n de la mateixa
magnitud que per NADP(H) en I’enzim ADHS salvatge 1 aquests son valors de Kea /Ky
semblants als tipics per les ADHs dependents de NAD. En el triple mutant els grup
fosfat té problemes estérics i electrostatics per unir-se sobretot per la preséncia de
1’ Asp223 i I’ambient menys hidrofobic en les posicions 224 1 225, en canvi el NAD pot
entrar al lloc d’uni6 i interaccionar amb la His225 i la Lys228 en la ADHS8 salvatge

dependent de NADP.
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L’especificitat per coenzim ve determinada per efectes sinérgics entre residus

adjacents.

Els efectes de les mutacions simples son limitats, mentre que les mutacions
dobles i la triple mutaci6 provoquen grans canvis en la cinética d’unié dels coenzims,

podriem dir que es dona un efecte sinérgic cooperatiu entre dos o més residus.

El NAD(H) requereix simultaniament Asp223, Ile224 1 Asn225 (sense
interaccionar amb aquesta ultima ni en ADHS ni tampoc en altres ADHs) i el NADP(H)
requereix Gly223, Thr224 1 His225. La Gly223 no interacciona directament sind que la
seva cadena lateral minima aporta un espai addicional pel grup fosfat del NADP(H) per
interactuar amb la Lys228, mentre que en el triple mutant I’Asn225 deixa més espai que
la His per tal que I’anell adenina del NAD(H) interaccioni apropiadament amb la Ile224
ila Lys228.

La Lys228 ¢és un residu versatil altament conservat que té una doble funcio
segons si actua amb NADP(H) o NAD(H): D’una banda exerceix interaccio
electrostatica amb el fosfat extra del NADP(H) i d’altra banda interacciona per pont

d’hidrogen amb I’oxigen 3’ de la ribosa del NAD(H).

Cada un dels residus té una funcio en ’ADHS8 diferent de la que tenen en les
ADHs dependents de NAD. Tal com s’esperava, la interaccié ionica juga un paper
predominant en la unié de NADP(H), mentre que els ponts d’hidrogen i les interaccions
hidrofobiques son prevalents en la uni6é del NAD(H).

Aquests resultats son consistents amb els resultats previs de que el NADP"
s’uneix a la ADHS8 en una conformaci6 similar a com ho fa el NAD" en els complexes

binaris, mostrant petites diferéncies només en la part adenosin del coenzim.

Els rangs d’especificitat per coenzim s’han obtingut de mutacions multiples en
diferents regions de 1’estructura primaria de deshidrogenases en general, en canvi en
ADHS s’ha aconseguit revertir completament 1’especificitat per coenzim mutant només
tres aminoacids consecutius. La manca d’un residu acidic (Asp223) i la preseéncia de
residus polars al voltant del fosfat extra contribueixen a 1’especificitat de I’ADHS8 per

NADP(H).
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L’arquitectura de les ADHs sembla ser suficientment flexible per satisfer els
canvis en els requeriments de coenzim 1 aquests enzims dependents de NADP han
convergit evolutivament entre la superfamilia de les MDRs en diferents moments usant
similarment diferents estratégies 1 patrons (processos) independents, p.e. ADH
secundaria en bacteris (Burdette i col., 1996; Korkhin i col., 1998; Kumar i col., 1992),
cinamil alcohol deshidrogenasa de plantes i fongs (Lauvergeat i col., 1995), quinona
oxidorreductasa en animals i bacteris (Edwards i col., 1996), sorbitol deshidrogenasa en
insectes (Banfield i col., 2001) i ADH8 en amfibis (Rosell, Valencia i col., 2003). Tots
ells enzims dependents de NADP.

Les dades nostres donen suport a la idea que I’evolucid concertada dels
aminoacids adjacents (223-225) que vénen codificats per un segment de seqiiéncia curta
1 requereixen només quatre punts de mutacid en la seqliéncia genica, ha permes
intercanviar 1’especificitat de coenzim a les ADHs d’amfibis. Aix0 pot reflectir una
enzimogenesi tardana de I’ADHS, amb un origen evolutiu relativament recent d’aquesta
estructura dependent de NADP a partir de ’estructura ancestral dependent de NAD(H)
(identitat del 70% amb la ADH de classel). La resta d’ADHs dependents de NADP i la
ADHS haurien convergit amb la mateixa disposici6 de residus al lloc d’uni6 a cofactor.
Hauria estat una adaptacié funcional rapida a diferents necessitats metaboliques, p.e.,

reduccio d’aldehids com seria el retinal en comptes d’oxidar alcohols.
Sens dubte que la simplicitat d’aquests canvis evolutius hauran contribuit a

facilitar el disseny del lloc d’unié a coenzim i a aconseguir la reversié completa de

I’especificitat de cofactor.
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CAPITOL 4

Apo and Holo structures of an NADP(H)-Dependent
Cinnamyl Alcohol Dehydrogenase from Saccharomyces

cerevisiae.

Enviat a J. Mol. Biol.
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SUMMARY

The crystal structure of Saccharomyces cerevisiae ScAdh6p has been solved using
the anomalous signal from the two zinc atoms found per subunit, and it constitutes the first
structure determined from a member of the cinnamyl alcohol dehydrogenase (CAD)
family. ScAdh6p subunits exhibit the general fold of the medium-chain
dehydrogenases/reductases (MDR) but with distinct specific characteristics. In the three
crystal structures solved (two trigonal and one monoclinic), ScAdh6p molecules appear to
be structural heterodimers constituted by one subunit in the apo and the second subunit in
the holo conformation. Between the two conformations the relative disposition of
domains remains unchanged while two loops, Cys250-Asn260 and Ile277-Lys292,
experience large movements. The apo-apo structure is disfavoured because of sterical
impairment involving the loop I1e277-Lys292, while in the holo-holo conformation some
of the hydrogen bonds between subunits would break apart. These suggest that the first
NADP(H) molecule would bind much more tightly than the second to the dimer.
Therefore, ScAdh6p appears to function according to a half-of-the-sites reactivity
mechanism resulting from a pre-existing (prior to cofactor binding) asymmetry.
Specificity of ScAdh6p towards NADP(H) is mainly due to the tripod-like interactions of
the terminal phosphate with Ser210, Arg211 and Lys215. The size and the shape of the
substrate binding pocket correlate well with the substrate specificity of ScAdh6p towards
cinnamaldehyde and other aromatic compounds. Structural relationships of ScAdh6p with

other MDR structures are also analysed.



INTRODUCTION

Enzymes with alcohol dehydrogenase activity are widespread among several

superfamilies, in particular medium-chain dehydrogenases/reductases (MDR)', from the
oxidoreductases class. The MDR superfamily, with over one thousand entries in the
protein sequence databases (see, for instance, entrance 00107 in Pfam Protein Families
Database) (1), includes enzymes that participate in a large diversity of physiological
functions such as alcoholic fermentation, detoxification of aldehydes and alcohols,
biosynthesis of lignin, protection from oxidative damage or biosynthesis of fatty acids.
MDR enzymes, detected in most of the genome projects, have a subunit size of about 350
residues and are grouped in eight protein families, four of them containing zinc (2-4):
i) dimeric alcohol dehydrogenases (ADH), ii) tetrameric alcohol dehydrogenases
(YADH), iii) polyol dehydrogenases (PDH) and iv) cinnamyl alcohol dehydrogenases
(CAD). Crystal structures of several members from the ADH, YADH and PDH families
are known, but no structure from the CAD family has yet been reported.

CAD enzymes were originally detected in plants (5) (Figure 1), where they
catalyze the last steps of the biosynthesis of monolignols, the lignin precursors (6). In
fact, transgenic trees with reduced CAD activity are easier to delignificate, which confers
these enzymes a major biotechnological potential (7). However, some recently reported
members of the plant CAD family appear to have different enzymatic activities not related
to lignin synthesis. Thus, ELI3 proteins involved in plant disease resistance, have activity
with aromatic benzyl aldehydes (8), while another plant CAD enzyme (MTD from celery),
shows NAD-dependent mannitol dehydrogenase activity (9) and is involved in salt
tolerance and possibly also in the response to pathogen attacks. CAD enzymes are also

found in bacteria and yeast with not yet clearly established functions.



Saccharomyces cerevisiae contains, in its genome, 12 MDRs with the zinc-binding
signature: Sfalp (that belongs to the ADH family), Adhlp, 2p, 3p and 5p (YADH family),
Sorlp, Sor2p, Xyl2p, Bdhlp and YalO61p (PDH family) and, finally, Adh6p and Adh7p
that share over 60 % sequence identity and have recently been characterized as belonging
to the CAD family, by their primary structure and enzymatic activities (Figure 1) (10-11).
ScAdh6p and ScAdh7p use NADP(H) as a cofactor and display a broad substrate
specificity with aromatic and aliphatic (lineal and branched-chain) primary alcohols and
aldehydes, and high activity with cinnamyl alcohol, cinnamyl aldehyde and their
derivatives. Most likely, ScAdh6p is not involved in lignin biosynthesis, since this is a
pathway not demonstrated in S.cerevisiae. Furthermore, the enzyme shows little activity
with sinapylaldehyde and coniferylaldehyde (two lignin precursors) (10). However,
ScAdh6p might contribute to lignin degradation as it can act on products derived from the
biodegradation of lignin, such as veratraldehyde and anisaldehyde (10). In any case,
ScAdh6p exhibits high sequence similarity with some plant CAD enzymes involved in
lignification, i.e. 53 % with CAD2 from Eucaliptus gunnii (12).

The crystal structure of the NADP(H)-dependent CAD enzyme Adh6p from S.
cerevisiae (ScAdh6p) has now been determined. This is the first three-dimensional
structure for a CAD enzyme and also for a member of the MDR superfamily in
S.cerevisiae. These results provide a structural framework to understand the functioning of
ScAdh6p that can also be used as a reference for CAD proteins, in particular those related

with lignification.



EXPERIMENTAL PROCEDURES
Protein purification and crystallization

ScAdh6p was obtained following a previously described protocol (13), but using a
different yeast strain, named BL9. To eliminate a contaminating protein (saccharopine
dehydrogenase, identified by MALDI-TOFF) that copurify with ScAdh6p, the BL9 strain
was constructed disrupting the corresponding gene (LYS9) in the BJ2168 strain (14,15).
The oligonucleotides 5° GCGGAGCTCCGTTTTGTTGCTAGGATCTGG 3’ and 5’
GCGAAGCTTCCTTTAGATAGATGCCG 3’ were used to amplify LYS9 by PCR. The
resulting fragment was cloned into the Sacl and Hindlll sites of the PCR-Script vector
(Stratagene), that was digested with BamHI, removing 230 bp from LYS9, and followed by
the insertion of the URA3 marker. Finally, the construct lys9::URA3 was amplified by
PCR with the above oligonucleotides and used to transform the BJ2168 yeast strain by the
lithium acetate protocol (16), resulting in a disrupted lys9 (checked by PCR) strain (BL9).
In order to overexpress ScAdh6p, BL9 was transformed with the vector pAA318 (derived
from the yeast expression vector pAAHS) (17), that contained the ADH6 gene under the
ADHI promoter. The BL9 [pAA318] strain was grown until the late exponential phase in
selective medium containing glucose, resulting in 27 g of cells. ScAdh6p was purified by
the sequential use of DEAE-Sepharose, Red-Sepharose and, finally, by gel-filtration
HPLC to eliminate the NADP" used to elute the enzyme from the affinity column (10).

Samples of ScAdh6p were used, as reported previously (13), in crystallization
screenings with the hanging-drop vapor-diffusion method producing trigonal crystals
(Table I). Best diffracting crystals were obtained in about two days at room temperature
with 1 pl of a 10 mg/ml protein solution and 1 pl of the reservoir solution containing 1.6
M ammonium sulfate (AS) and 0.1 M Hepes pH 7.0 (Table I). A second crystal form,

previously unreported, was also obtained with the hanging-drop vapor diffusion method



when a solution of 10.5 mg/ml protein was precipitated with 30 % PEG 4000 buffered by
0.1 M Tris-HCI pH 8.5. These new crystals were monoclinic, space group C2, and grew
in about a week to maximum sizes of 0.2 x 0.3 x 0.5 mm’ (Table I). Attempts to prepare
binary complexes with NADP" or NADPH by either soaking or co-crystallization gave
crystals, isomorfous to the trigonal ones, when ScAdh6p was incubated overnight with 3.5

mM NADP" (Table I).

Data collection

Data collection for the ScAdh6p trigonal crystals (without NADP" added), was
performed at the zinc absorption K-edge peak wavelength, previously determined by an
X-ray fluorescence analysis that confirmed the presence of the metal in the enzyme (13).
Crystals, soaked in a 20 % (v/v) glycerol cryoprotectant solution, were flash cooled at the
nitrogen boiling temperature. Diffraction data, collected using a MARCCD detector in the
beam line BM14 at the ESRF (Grenoble, France), was processed with programs DENZO
and SCALEPACK (18) (Table I). Data collection (ESRF beam line ID14EH4) and data
processing for the monoclinic and for the trigonal (with NADP" added) crystals were

performed similarly, except for the wavelength used (Table I).

Structures determination and refinement

The first ScAdh6p structure was solved with the anomalous signal at the Zn*" edge
obtained from the trigonal crystals by single anomalous dispersion (SAD), with the
program SOLVE-v2.02 (19). Two anomalous scatterers with high occupancies were found
in the crystal asymmetric unit, which corresponded to the two Zn>" ions found per protein
subunit (Table I). Phases, consistently better for space group P3,21 than for its

enantiomeric P3,21, were notoriously improved by density modification (performed with



program RESOLVE (20)), in particular solvent flattening, likely due to the high volume
solvent content of these crystals (78 %). The quality of the electron density map, at 3.1 A
resolution, allowed to follow with confidence most of the protein main chain path, 332
residues from a total of 360 possible (Figure 2). Only in the N and C terminal regions and
in the vicinity of a crystal two-fold axis, which was coincident with the molecular two-
fold axis, density was difficult to interpret. The model built into the experimental map,
using the graphic program O (21), included residues Lys6-Ser252, I1e257-Ser276 and
Ala293-Glu357. Using this incomplete model, the structures of the monoclinic and of the
trigonal (with NADP" added) crystals were solved by molecular replacement with
program AMoRe (22). In the monoclinic crystals the asymmetric unit contained two
ScAdh6p subunits with a volume solvent content of 68 % (Table I)

For the three crystal structures, refinement was carried out by following standard
protocols and using iteratively the program CNS (23) with the bulk solvent correction and
alternating with manual rebuilding using program O. Refinement of the isotropic
individual B-factors was performed only in the final rounds. Due to the available
resolution in the three crystal structures, of about 3 A, no water molecules have been
explicitly included (Table I). Coordinates and structure factors are deposited in the
Protein Data Bank with accession codes 1QIN (trigonal crystal without NADP"), 1PS0

(trigonal crystal with NADP") and 1PIW (monoclinic crystal).



RESULTS AND DISCUSSION

Overall ScAdh6p structure

As indicated in the Experimental Procedures section, the structures of three
ScAdh6p crystals, two trigonal and one monoclinic, have been determined and refined at
about 3.0 A resolution (Table I). The molecular structure corresponding to the trigonal
crystals without NADP" added, comprises all the amino acid residues of one ScAdh6p
subunit, Met1-Asp360, two zinc ions and two phosphate (or sulfate) groups (Figure 2a and
3a). In this trigonal structure the loops Cys250-Asn260 and Ile277-Lys292 presented
alternative conformations, each with about 50 % occupancy. In the trigonal crystals,
obtained by co-crystallization with NADP", the ScAdh6p structure is very similar,
including the alternative conformations in the two loops, with a root mean square
deviation (r.m.s.d.) for all the Ca. atoms of 0.32 A. However, in these crystals an NADP"
molecule, with about 50 % occupancy, was found instead of the phosphates (Figure 3b).
The model corresponding to the monoclinic crystal comprises all the amino acid residues
and the two zinc atoms from each of the two subunits found in the asymmetric unit (Table
I). In these monoclinic crystals the cofactor binding site of one subunit was empty while
the site in the second subunit contained a strong density that was suited for an NADP"
molecule except because it lacked the region corresponding to the nicotinamide moiety
(Figure 3c). Similarly, a phospho-ADP-ribose has been found in the active site of the
crystal structure of spinach acetohydroxyacid isomeroreductase (24), suggesting the
hydrolysis of the nicotinamide group of NADP' during the purification and/or
crystallization procedures.

The Ca superimposition of the two crystallographically independent subunits

found in the monoclinic crystals, with a r.m.s.d. of 1.19 A, indicated only significant



differences for loops Cys250-Asn260 and I1e277-Lys292 with displacements as large as
6.0 and 6.9 A for residues 255 and 280, respectively (Figure 2b). The r.m.s.d. decreases to
0.36 A when the two loops are excluded from the superimposition, which also reflects that
the relative disposition of domains remains unchanged between both subunits. In the
subunit containing phospho-ADP-ribose the two loops close the binding site interacting
with the adenine, the pyrophosphate and the two riboses (Figure 2a). Therefore, due to the
loops and to the cofactor site occupancy differences, the ScAdh6p molecule in the
monoclinic crystal can be considered a structural heterodimer in which subunits have
adopted the apo (A) and holo (H) conformations, respectively (Figure 4a). Furthermore,
the disposition of loops in the A and H conformations coincide with the alternative
conformations, seen in the trigonal crystals, for the same two loops. Therefore, the
structure in the trigonal crystal must consist of a mixture, in about equal amounts, of
subunits with the A and H conformations. For an ScAdh6p molecule having the two
subunits in the A conformation appears sterically unfeasible, because loop 1le277-Lys292
would clash with the same loop in the second subunit (Figure 4b). Consequently, also in
the trigonal crystals, ScAdh6p molecules should be mainly present as structural
heterodimers of subunits in the A and H conformations. In the trigonal crystals with
NADP" added, the subunit in the H conformation would be the one containing the NADP"
cofactor. In the trigonal crystals without NADP" added, the subunit in the H conformation
could be stabilized by the presence of the phosphate groups. If in a ScAdh6p molecule
both subunits were to adopt the H conformation some of the hydrogen bonds between
subunits, seen in the heterodimer, would break apart (Figure 4c). Therefore, structural
heterodimers with one subunit in the A and one subunit in the H conformation appears to
be the most stable situation for ScAdh6p molecules. This molecular asymmetry favors

cofactor binding to only one of the subunits in the dimer, which suggests a half-of-the-



sites reactivity mechanism, a term coined to describe multimeric enzymes that react only
at half of their active sites (25). Loops Cys250-Asn260 and Ile277-Lys292 are involved in
crystal packing interactions in the monoclinic crystals, but not in the trigonal crystals
(Figure 5). This, together with the absence of domain displacements between the A and H
conformations, allows the coincidence of the crystalographic two fold axis with the
approximate binary axis of the heterodimer and explains the disorder found in the trigonal
crystals.

Despite the low sequence identity (<22 %) with all protein structures available,
ScAdh6p subunits present a topology similar to other MDRs (Figure 6) with a catalytic
domain (residues Metl-Cys163 and Leu301-Asp360) and a coenzyme binding domain
(residues Gly164-Ala300) separated by a deep cleft (Figures 2a). Superimposition of the
ScAdh6p subunit in the 4olo conformation with the corresponding structures of horse liver
alcohol dehydrogenase (PDB code 20HX) and Clostridium beijerinckii  secondary
alcohol dehydrogenase (PDB code 1KEV), gave in both cases r.m.s.d. values of about 2.8
A for 330 equivalent residues (26). The superimposition of the apo conformations of
ScAdh6p and ketose reductase from Baemissia argentifolii (PDB code 1E3J), gave an
rm.s.d. value of 2.5 A. However, contrary to what has been found for ScAdh6p,
coenzyme binding induces significant interdomain movements in many MDR structures
(27-29), though this is not always the case (30). Sequence alignments (Figure 6) show an
insertion of six residues (from Pro124 to Tyr129 in ScAdh6p), which might confer rigidity

to ScAdh6p.
Cofactor binding and specificity
An NADP" and a phospho-ADP-ribose molecules were found, as indicated before,

bound to ScAdh6p in the trigonal and monoclinic crystals, respectively. Both molecules
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show extended conformations, with the two riboses likely having C2’-endo sugar ring
puckerings, as commonly found in kolo-MDR structures (31,32). Cofactor binding is
defined by an extensive array of polar and hydrophobic interactions with also the
participation of residues from the two mobile loops Cys250-Asn260 and 1le277-Lys292
(Figure 7). Loop Cys250-Asn260 interacts exclusively with the phospho-ADP-ribose
moiety while loop I1e277-Lys292 interacts mostly with the second subunit and with the
nicotinamide that, similarly to other MDRs, is close to the catalytic zinc ion and with the
sulfur atom of the conserved residue Cys163 (29). The direct interaction of the mobile
loops with the cofactor, in combination with the half-of-the-sites cofactor occupancy,
might facilitate the dissociation of products, a frequently rate-limiting step in NAD(P)-
dependent enzymes (25).

NAD(H)-dependent MDRs have a conserved negatively-charged residue at the C-
terminal end of the BB strand (33), which forms hydrogen bonds with the 2°- and 3’-
hydroxyl groups of the adenosine ribose from the coenzyme. In contrast, NADP(H)-
dependent enzymes have a small and neutral residue at this position (34), such as glycine
in amphibian ADHS8 (35) or Ser210 in ScAdh6p, since an aspartic or a glutamic would
sterically and electrostatically interfere with the NADP(H) terminal phosphate (36). In
ScAdh6p the hydroxyl group of Ser210 hydrogen-bonds two oxygens from the terminal
phosphate, which also binds to the guanidinium group of Arg211 and to the g-amino group
of Lys215 (Figures 3 and 7). These tripod-like interactions leave only one of the
phosphate oxygen atoms exposed towards the solvent and without interaction with the
protein. It had already been suggested that the presence of one or two basic residues is
important for NADP(H) specificity (37) and this is also the situation in ScAdh6p with
Arg?11 and Lys215, remarkably a residue conserved in all NAD(H)-dependent ADHs. In

NADP(H)-dependent ADHs from bacteria (38-40), NADP(H) binding involves a
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contiguous Ser and Arg residues and a Tyr that makes a hydrogen bond to the ribose
phosphate (39). In turn, in ADHS the preference for NADP(H) is achieved by the
disposition and the interactions of residues Gly223, Thr224, and His225 (35). Therefore
the binding strategy of the terminal phosphate by ScAdh6p is different, though the
sequence changes required are very few, in particular due to the recruitment of the
conserved Lys215 for a new role in NADP(H) binding. These results agree well with the
modeling and biochemical studies on CAD2 from Eucalyptus gunnii, where it was
concluded that Ser212 and Arg217 (equivalent to Ser210 and Lys215 in ScAdh6p) had to
participate in the binding of the terminal phosphate group of NADP(H) (41-42).

Sequence comparisons between the CAD enzymes from Figure 1, show that, in all
cases, binding of the cofactor terminal phosphate would likely follow the same pattern as
in ScAdh6p. A conspicuous exception is MTD from Apium graveolens, with NAD-
dependent mannitol dehydrogenase activity and where an aspartic occupies the position

equivalent to Ser210 in ScAdh6p.

The catalytic site

The active site of ScAdh6p is situated in the cleft between the catalytic and
coenzyme-binding domains, centered around the catalytic zinc ion. The catalytic zinc ion
displays a tetrahedral coordination with residues Cys46, His68, Cys163 and a solvent
molecule in the apo and holo forms (visible in both the trigonal and the monoclinic
structures) (Figure 8). This catalytic zinc ion binding mode is structurally equivalent to the
one shown by the apo and holo forms of HLADH (29).

In order to generate a model for the ternary complex, cinnamaldehyde has been
“docked” to the active site of ScAdh6p-NADP" in such a way that the carbonyl oxygen

would coordinate to the Zn atom, and locating the C1 close to the nucleotide cofactor
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(Figure 8). The figure shows the ScAdh6p residues in close contact to cinnamaldehyde,
corresponding to the inner, middle and outer parts of the substrate binding site. While
some of these residues are structurally analogous to the ones found in the active center of
HLADH (specially those located in the inner part), some others do not have
correspondence, since some positions of the substrate binding site in HLADH belong to
the loop 116-138 not present in ScAdh6p. In fact, the funnel shaped active site of
ScAdh6p is larger than the active site of HLADH, mainly because part of the loop 116-
138 from HLADH restraints the entrance to the active site. The large size of the active site
of ScAdhop is in agreement with the broad substrate specificity shown by the enzyme and
its activity with bulky aromatic compounds (10). Thus, both active sites are lined mostly
with hydrophobic side chains, being the polar groups brought about by the residues that
coordinate the catalytic Zn, the nicotinamide moiety of the coenzyme and the side chain of
Ser48. In general, the residues involved in the binding of the catalytic and structural Zn,
and those of the substrate binding pocket predicted by McKie et al. (41) in their modeling
study with CAD2 from Eucalyptus gunnii, correspond well to the residues here found in

the ScAdh6p structure, suggesting that the pattern is common in the CAD enzymes.

Conclusions

The ScAdh6p crystal structures are the first determined from the CAD family,
which completes the availability of structural information for at least one representant
from each of the four families of the zinc-binding MDR enzymes. ScAdh6p exhibits the
well characterized structural features of zinc-containing dimeric MDRs, but with
important peculiarities. Thus, the size and shape of the active site appear adapted to the
bulky and hydrophobic substrates of CADs. The specificity towards NADP(H) is

achieved mainly by tripod-like interactions of the cofactor terminal phosphate with side
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chains from Ser210, Arg211 and Lys215. The interconversion between the apo and holo
conformations does not require changes in the relative disposition of domains, while two
loops, Cys250-Asn260 and 11e277-Lys292, experience large movements. However, the
most striking observation is that ScAdh6p molecules appear to be present mostly as
structural heterodimers constituted by one subunit in the apo and the second subunit in the
holo conformation, respectively. While homodimers with the apo-apo conformations
would be sterically unfeasible, the holo-holo homodimers might result energetically
unfavorable due to the absence of some of the intersubunit hydrogen bonds present in the
heterodimer. These results suggest that the first NADP(H) molecule would bind much
more tightly than the second to the ScAdh6p dimer. Therefore, ScAdh6p might function
according to a half-of-the-sites reactivity mechanism resulting from a pre-existing (prior to
cofactor binding) asymmetry of the enzyme. This type of mechanism might contribute to
the catalytic efficiency by facilitating the dissociation of products and, in particular, of the
transformed cofactor, a frequently rate-limiting step in NADP(H)-dependent enzymes.

Pre-steady state kinetics studies should help to analyze the viability of these hypotheses.
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FOOTNOTES

! The abbreviations used are: MDR, medium chain dehydrogenases/reductases; ADH,
dimeric alcohol dehydrogenases; YADH, tetrameric alcohol dehydrogenases; PDH, polyol
dehydrogenases; CAD, cinnamyl alcohol dehydrogenases; ELI3, elicitor-inducible
defense-related proteins; MTD, mannitol dehydrogenase; r.m.s.d., root mean square

deviation
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Table I. Data and model refinement statistics.

(A) Data collection statistics

TRIGONAL MONOCLINIC
SAD
ScAdhép ScAdh6p/NADP" ScAdhép
Space group P3,21 P3,21 C2
Cell parameters (A/° a=b=101.9, a=b=102.1, a=234.9, b=100.3,
c=149.15 c=149.72 c=52.4
v=120.0 v=120.0 p=92.2
Resolution range (A) ® 22.0-3.1 29.0-3.0 29.0-3.0
Unique reflections 15485 18395 24484
Ryym (%) @ 12.2 (25.0) 15.1 (30.0) 5.0 (20.0)
Completeness (%) 96.7 (96.0) 99.5 (99.9) 98.8 (93.4)
<l/c(I)> 11.5(1.0) 12.5(1.0) 8.0 (1.0)
(B) Data refinement statistics
Ruork (%) © 26.2 26.5 22.7
Riree (%) @ 31.9 29.6 27.9
Solvent content (%) 78 78 68
Asymmetric unit content
Protein subunits 1 1 2
Protein residues 360 360 2x360
Zn* 2 2 2x2
NADP* (N®© 0.5 -
Phospho-ADP-ribose -- -- 1
PO4 2x0.5% - -
Geometry desviation:
r.m.s.d. bonds (&) 0.008 0.008 0.008
r.m.s.d. angles (°) 1.5 1.4 1.4

(a) Values in parentheses correspond to data in the highest resolution shell.
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(b) Reym = 2wt 2i |Thiat, i=<Inkr>| / 2kt 22 Ik, i, Where Ing, i is the observed intensity and -
<Inx> is the average intensity of multiple observations of symmetry-related reflections.

¢) Ryork = 2kt ||Fobs|-|Feate|] 7 2= [Fobs|, Where Fops and Fey are the observed and calculated
structure factors, respectively.

(d) Riree same definition as Ry for a cross-validation set of 5% of the reflections.

(e) A low occupancy of the nucleotide seems still present in these crystals (Figure 3).

(f) The partial occupancy is likely reflecting the presence of structural heterodimers with

an even presence of subunits in the apo and holo conformations (see in the text).
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FIGURE LEGENDS

Figure 1. Phylogenetic tree of CADs.

The 74 sequences more similar to ScAdh6p (as detected by BLASTP with E-values below
107" ) were aligned by using the ClustalW program (43). These sequences contained the
sequence pattern for CADs derived by Nordling et al. (2), except 12 bacterial proteins that
substitute the first Cys of the pattern by an Ala/Ser residue. Phylogenetic analysis was
carried out by the neighbor-joining method using the program MEGA?2 (44), with 10,000
bootstrap samplings. Plant enzymes are distributed in two clusters: one containing
enzymes involved in lignin synthesis (Plant I, in the Figure), such as CAD2 from
Eucaliptus gunnii (12), and the second ELI3 proteins and enzymes annotated either as
cinnamyl alcohol dehydrogenases, or as mannitol dehydrogenases (such as MTD from
Apium graveolens (9)) (Plant II, in the Figure). ScAdh6p is in one cluster with 4 more
yeast enzymes (Yeast, in the Figure). All remaining proteins of the tree are from bacteria,
except Q9UIF0, from Leishmania major, and Q8TTMS, from the Archaea
Methanosarcina acetivorans (Bacteria*, in the Figure). The sequences are named by their

accession numbers or by their Swissprot or TTEMBL abbreviations.

Figure 2. Apo and holo conformations of ScAdh6p

(a) Superimposition of the ScAdh6p subunits in the apo (blue) and the holo
(brown) conformations. Zinc ions are represented as green spheres and the NADP"
cofactor found in the #olo monomer is also displayed. Secondary structural elements are
explicitly indicated only for the two mobile loops Cys250-Asn260 and I1e277-Lys292. (b)
R.m.s.d. between main chain Co atoms of the ScAdh6p subunits in the apo and holo
conformations. The absence of significant domain movements between both

conformations and the large displacement of the mobile loops are evident in (a) and (b).
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Figure 3. Electron density for the ScAdh6p cofactor binding site.

The ScAdh6p cofactor binding site as found: (a) in the trigonal crystals without NADP"
added, (b) in the trigonal crystals with NADP" added and (c) in the subunit having the holo
conformation from the monoclinic crystals. In the three cases a complete NADP" cofactor
is displayed with ball and sticks coloured according to the atom type. Non-protein density
is displayed using a chicken box representation. Coordination of the catalytic zinc ion,
depicted as a blue sphere, is indicated with dashed lines. The presence of phosphate (or
sulfate) groups together with a low occupancy of the whole cofactor can be assumed in
(a). Density corresponds well with an NADP" molecule having about 50% occupancy in
the trigonal crystals with NADP" added (b). Density in an omit map (green) is absent for
the NADP(H) moiety corresponding to the nicotinamide and density in this region
becomes negative (red) in an Fo-Fc map when the nicotinamide is included in the model
(c). Therefore, a phospho-ADP-ribose, likely derived from an NADP" molecule by
hydrolisis of the nicotinamide group, appears to occupy the cofactor binding site of the
holo subunit in the monoclinic crystals (see in the text). In the three crystal structures
density is found in the location corresponding to the terminal phosphate when the NADP"
is bound. Instead, no density is found in the corresponding location in the apo subunit of
the monoclinic crystal (not shown). Residues Ser210, Arg211 and Lys215, which interact

with the terminal phosphate, are labelled

Figure 4. ScAdh6p dimers view down the molecular two fold axis
Subunits having the apo conformation are coloured blue and the ones in the kolo
conformation brown with the NADP" cofactor explicitly shown. (a) Experimentally

determined structural heterodimer. Departure from the strict molecular symmetry seems

24



required to allow the antiparallel pairing of strand His281-Tyr289 between the two
subunits in the dimer (inset). In turn, apo-apo homodimers (b) would present steric
problems, while holo-holo homodimers (¢) seem to break apart the four hydrogen bonds

found in the heterodimer between strands His281-Tyr289.

Figure 5. Crystal packing in the trigonal and monoclinic crystals

(a) In the trigonal crystals, with a volume solvent content of 78%, molecules do
not contact in the vicinity of the molecular two fold axis, which, together with the absence
of interdomain movements, explains the random disposition of the heterodimers and,
consequently, the disorder found in these crystals. (b and c¢) In the monoclinic crystals,
with a volume solvent content of 68%, molecules are closely packed only when viewed
down the b axis. This close packing involves contacts of the mobile loops, in particular of
loop Cys250-Asn260, which allows to discriminate a unique orientation of the

heterodimer, as found in the monoclinic crystals.

Figure 6. Structure-based alignment of MDR sequences.

The alignment was obtained from the DALI server (26) and refined manually. The
main secondary structural elements for each sequence were displayed by using the
ESPRIPT program (45). The structural elements are from the 4olo form of ScAdh6p (PDB
code 1PIW), apo form from Baemissia argentifolii ketose reductase (BaKR, PDB code
1E3)J), holo form from Clostridium beijerinckii ADH (CbADH, PDB code 1KEV) and
holo form from horse liver ADH (HLADH, PDB code 20HX). Residues highlighted in
red are conserved among all the sequences, while residues highlighted in green are
conserved in at least three of the sequences. Triangles indicate the residues involved in the

subunit interactions between the apo and holo subunits of the dimer (in red those
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interactions that would be lost upon the hypothetical NADP'-binding to both subunits).
Circles indicate the residues involved in the binding of NADP" by hydrogen bonding and
hydrophobic contacts (further described in Figure 7). The secondary structural elements of
the nucleotide-binding domain are labeled after Eklund et al. (46) for HLADH. n denotes

03,10 helices.

Figure 7. Schematic diagram of interactions between ScAdh6p and NADP".
LIGPLOT (47) describing the interactions of the bound NADP" molecule. Only
side chains of residues Ser210, Arg211 and Lys215 interact with the terminal phosphate
group of the NADP" cofactor. Residues Ser210 and Arg211 are sequence variations
specific of ScAdh6p while residue Lys215 is conserved among NAD(H)-dependent
ADHs. The nitrogen atom of the carboxamide group of the nicotinamide is hydrogen
bonded to the carbonyl oxygen atoms of Ile275 and Ser299, while the oxygen atom is
hydrogen bonded to the main chain nitrogen of Leu301. The pyrophosphate oxygen atoms
of the coenzyme establish hydrogen bonds to main chain nitrogen atoms of Gly47, Gly190
and Ile191 and to the side chain of Ser252. The O-2’ and 3’ of the nicotinamide-ribose are

forming hydrogen bonds with the main chain carbonyl atoms of I1e277 and Ser252.

Figure 8. Docking of a substrate in the catalytic centre of ScAdh6p.

View of the ScAdh6p active centre in the holo conformation, with the NADP"
cofactor explicitly shown, and a cinnamaldehyde molecule modelled inside the substrate-
binding pocket. The molecular accessible surface is displayed as a transparent surface and
residues conforming the active centre and the substrate binding site are labelled.
Coordination of the catalytic zinc ion, with residues Cys46, His68 and Cysl63, is

indicated with dashed lines. The nature and disposition of residues that conform the,
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mostly hydrophobic, funnel shaped substrate-binding site in ScAdh6p appear well suited

for large, cinnamaldehyde like, substrates.
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RESUM 1 DISCUSSIO DELS RESULTATS DEL
MANUSCRIT Apo and Holo structures of an NADP(H)-
Dependent Cinnamyl Alcohol Dehydrogenase from

Saccharomyces cerevisiae.

Enviat a J. Mol. Biol.

En aquest capitol es descriu com es va determinar i refinar I’estructura a 3A de

resolucié de tres tipus de cristalls de ScAdh6p, dos trigonals i un monoclinic.

S’analitzen els models estructurals obtinguts de cada un dels cristalls fent especial
esment en la discussio del fenomen d’heterodimeria estructural observat tant en els
cristalls trigonals com en els monoclinics. Es relaciona aquesta estructura
heterodimerica amb el fet que el cofactor s’hagi trobat només a la meitat dels llocs
d’unio, relacid6 molar (1mol cofactor/ 2mol llocs d’unid) que es correspon amb la
descrita pels enzims que presenten ‘“‘half-site reactivity”, propietat que s’ha identificat
en diversos enzims entre els quals també¢ hi ha enzims de la familia ADH (Bernhard i
col., 1970; McFarland i Bernhard, 1972, Seydoux, Malhotra i Bernhard, 1974).

Es discuteix ’estratégia especifica de la ScAdh6p per unir NADP(H), respecte
d’altres ADHs d’igual especificitat, i es fa també un analisi comparatiu a nivell
d’estructura primaria amb altres proteines CAD, comprovant que la distribuci6 de
residus implicats en 1’especificitat sembla compartir un mateix patrd a les CADs. Ens
hem detingut també en 1’observacid acurada del centre actiu, I’estudi del modelat del
qual revela una relaci6 directa entre la seva forma i volum 1 I’especificitat per substrats
voluminosos.

Dr’altra banda, donada la baixa identitat de seqii¢éncia de la ScAdh6p amb altres
estructures 3D disponibles, per resoldre la fase es va utilitzar una técnica de recent
aplicacio al nostre laboratori, el SAD (single anomalous difraction), utilitzant en aquest
cas la difracci6 anomala provocada per la preséncia dels dos tnics atoms de zinc que
cont¢ la molecula en els cristalls trigonals. Es descriu doncs detalladament, al
comencament d’aquest capitol, el procediment emprat per resoldre la fase en el context

més general de la cristal-lografia.
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1. PROCEDIMENT EXPERIMENTAL PER A LA RESOLUCIO DE
L’ESTRUCTURA CRISTAL-LINA DE ScAdh6p de S. Cerevisiae.

La proteina pura ScAdh6p es va obtenir tal com es descriu en el capitol 1
d’aquesta tesi (Valencia i col., 2002), perd usant una soca de llevat diferent, anomenada
BL9 a la qual, tal com esta descrit a I’apartat de procediments experimentals del
manuscrit, se li van generar per mutagenesi certes modificacions especifiques per

eliminar una proteina contaminant que copurificava amb ScAdh6p.

1.1 Obtencio de diverses formes cristal-lines

La taula 1 del manuscrit presenta la relacié de dades corresponents als cristalls
que es van utilitzar per difractar. Els primers cristalls es van obtenir de la manera com
es descriu al capitol 1 (Valencia i col, 2002). Es van fer més assaigs de cristal-litzacio
buscant una forma cristal-lina que difractés a major resolucio. Els cristalls que millor
difractaven s’obtenien després d’un parell de dies d’equilibri a temperatura ambient en
gotes de 1 pul de solucié de proteina a 10mg/ml amb 1ul de soluci6 del diposit que
contenia sulfat amoni 1.6M i1 Hepes 0.1M a pH 7.0., es tractava d’uns cristalls trigonals
de morfologia igual als primers obtinguts, hexaheédrics bipiramidals.

Es va formar també un segona forma cristal-lina que préviament no haviem
descrit, també amb el mateix métode de difusié de vapor en gota-penjant quan una
solucid de proteina a 10.5mg/ml es precipitava amb 30%PEG 4000 tamponat amb 0.1
M Tris-HCI pH 8.5. Aquests cristalls eren monoclinics, del grup espaial C2, 1 creixien
en un temps aproximat d’una setmana fins a una mida maxima de 0.2 x 0.3 x 0.5 mm.
Aquests cristalls apareixien molt rarament.

Per tal de tenir cristalls dels complexes binaris de I’enzim amb NADP" i/o
NADPH es van fer proves de “soaking” i co-cristal-litzaci6. Vam obtenir cristalls
isomorfes als trigonals, quan incubavem la mostra de proteina concentrada a 10.5

mg/ml amb NADP" 3.5mM tota la nit.

1.2 Recol‘leccié de dades cristal.lografiques.

La recol-leccio de dades pels cristalls trigonals de ScAdh6p sense NADP afegit,

es va fer a als pics de longitud d’ona corresponents a I’espectre d’absorci6 del zinc (the
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zinc absortion K-edge peak wavelength) que préviament haver confirmat la preséncia
del metall a I’enzim tal com explicavem en el capitol 1 de la tesi (Valencia i col., 2002).
Els cristalls, immergits en una solucid crio protectora a 20% (v/v) glicerol, es van
congelar a la temperatura d’ebullicié del nitrogen. Les dades de difraccié es van
processar i escalar amb els programes DENZO i SCALEPACK (Otwinowski , 1993). La
recol-leccio 1 processament de dades dels cristalls monoclinics 1 del trigonal amb
NADP" afegit es van dur a terme de manera similar, excepte pel que fa a la longitud
d’ona utilitzada, els parametres de recol-leccid dels quals es recull a la taula 1 del

manuscrit.

2. TECNIQUES DE DIFRACCIO DE RAIGS X EN EL CONTEXT GENERAL DE
LA CRISTAL-LOGRAFIA

El fenomen de difraccid de raigs X obeeix a una formula fisica senzilla, que
depén de la longitud d’ona i de I’angle d’incidencia de la radiacio, a més de les
distancies entre els plans interns de la xarxa cristal-lina. Les intensitats mesurades estan
relacionades amb la densitat electronica p(r) de la macromolécula en el cristall per la

transformada de Fourier:

p(r) = [+ F (r"exp( —2mir r)dr’ )
F(r)=|F(r)|exp(ia(r)) )
| F(r') | = Vi) (3)

(|F|: modul del factor d’estructura; F : factor d’estructura , o : angle fase del factor d’estructura ;

* . .y, . , . ey, . * . ’
r : vector posicid a I’espai reciproc (h,k,1) ; r : vector posicid a I’espai real (x,y,z) S : espai reciproc.)

En el cas de la cristal-lografia, els raigs X que emergeixen del cristall estan en la
mateixa situacié que els raigs de llum visible que emergeixen d’un objecte. Per la seva
naturalesa, en canvi, els raigs X no son redireccionables per una lent. La recuperacio6 de

la imatge, és a dir, de I’estructura del cristall, precisa de la recuperacié de la fase.
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2.1 Com resoldre el problema de fases

Per obtenir la imatge final es necessiten informacions sobre I’amplitud i les fases
de les ones difractades. La intensitat d’un punt de difraccid en el detector defineix
I’amplitud de 1’ona, pero la informaciod sobre la fase en que les ones es troben no és
accessible directament. Es I’anomenat problema de les fases de la cristal-lografia. La
determinacid de les fases de les ones informa quan considerar cada una, per aixi fer la
suma total. Existeixen tres metodes principals per determinar les fases d’ones. La
substitucié molecular, la substitucié isomorfa senzilla o multiple (SIR/MIR) i la
difraccié anomala amb multiples longituds d’ona (MAD) o una unica longitud d’ona

(SAD).

La substituci6 molecular necessita del coneixement previ de 1’estructura
tridimensional d’una altra proteina , un model, que tingui almenys d’un 30 a 50% de
seqiiéncia homologa a la que es vol analitzar. Aquest metode el vam emprar per resoldre
les fases de I’ADHS utilitzant com a models les coordenades d’altres ADHs dipositades
al PDB i també¢ per resoldre la fase en els cristalls de ScAdh6p que van seguir al primer
de tots. El model previ permet atribuir el valor de les fases inicials per les dades de

difraccid recol-lectades.

La substitucié isomorfa €és el métode classic per determinar fases d’estructures
noves quan no existeixen models disponibles en els bancs de dades. En aquest metode
es comparen diversos conjunts de dades obtinguts per difraccid de raigs X en “derivats”
els quals consisteixen en I’addici6é a la mateixa d’un determinat atom pesant (mercuri,
plati o d’altres). Aquests poden localitzar-se amb precisid i serveixen com a referéncia
artificial: les comparacions dels seus efectes, en els diferents conjunts de dades,
permeten determinar la fase. Tot 1 que finalment no vam aprofitar les dades recollides
amb aquest sistema, per resoldre l’estructura de ScAdh6p que té només un 25%
d’identitat de seqiiéncia amb la proteina dipositada més semblant, vam fer derivats de
Hg i Pt 1 Pb mitjangant “soaking” amb compostos que contenen aquests metalls, 1 vam

recollir els espectres.
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3. DIFRACCIO ANOMALA (MAD /SAD)

Finalment, en el nostre cas, va ser més senzill aprofitar la preséncia constitutiva
dels dos atoms de Zn>* de la molécula i resoldre les fases utilitzant la difraccié anomala
produida per aquests atoms. Aquest métode també permet obtenir les fases de les ones
difractades per proteines sense disposar de models. Es basa en les diferéncies d’absorcid
de raigs X per atoms pesants incorporats a la nostra proteina. Aquest métode és millor
que I’anterior perqué només es necessita un “derivat” per determinar les fases. Variant
la longitud d’ona dels raigs X que incideixen en 1I’atom pesant, el mateix derivat actua
de maneres diferents, la comparacio de les dades obtingudes amb les longituds d’ona
diferents (MAD, multiwavelength anomalous diffraction) permet calcular les fases tant
del derivat com de la proteina original. Vam recollir dades a les tres longituds d’ona que
es corresponen amb al maxim f” (9671.41eV), en el punt d’inflexié minim f (9663.33
eV), i una remota (1050.0 eV) (Figura 8).

frmax 514 67

£ ;-9.9 eV

Figura 8. Difraccion anomala en funcié de I’energia de raigs X

Vam processar i escalar les dades amb els programes DENZO i SCALEPACK.
Les dades escalades juntes es van introduir a al programa SOLVE-v2.02 (Terwilliger,
2000), perd no trobarem cap soluci6 unica amb les tres longituds d’ona, en canvi, amb
les dades de només el pic maxim f” (9671.4eV) introduides al mateix programa
SOLVE-v2.02 (Terwilliger, 2000) es van trobar dues dispersions anomales d’alta
ocupacié a la unitat asimétrica, que es corresponen amb els dos ions de Zn®" per

subunitat de proteina.
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3.1 Els programes SOLVE i RESOLVE

Els programes SOLVE i RESOLVE han mostrat que és possible automatitzar una
part significativa dels processos de determinacid de 1’estructura de macromolécules per
raigs X (Terwilliger TC, 2003) poden portar a terme tot tipus d’etapes per arribar a la
soluci6 de I’estructura molecular, des de 1’escalat a la localitzacidé dels atoms pesants i a
través d’aquests trobar la fase, modificacié de densitat (density modification) i

construccié de model en els casos de MAD, SAD i MIR.

SOLVE utilitza un esquema de tempteig per convertir el fet de decidir la solucid
de I’estructura molecular en un problema d’optimitzacio. RESOLVE porta a terme la
identificaci6 de NCS (simetria no cristal-lografica) , la modificacié de densitat (density
modification) 1 la construcci6 automatica del model. El procés pot arribar a ser
automatic i pot funcionar a resolucions per sota de 3A. En el nostre cas hem obtingut
soluci6 1 una porcid considerable del model construit a partir de dades a un grau de
resolucid que estava als limits (3.1A), i usant la senyal andmala no molt forta propia
d’un atom pesant com el zinc, gracies a la bona qualitat del mapa aportada per la millora
deguda a la modificacié de la densitat electronica per ’alt contingut de solvent dels

cristalls, que estava entorn al 80%. (Figura 9)

Operacio automitica
SOLYEper a dades MIE I
IR MAD WD

(Matiu + MNdervats) {Mlongitud d ona)

Fscala localde les dades  Egcalalocala la longitud d'ona estindar

del natui 1 corbinacio de icorhinac it a la unitat asimétrica
la unitat;simétrica *
Diades del natin i dertvats escalats Dades de Mlongitud d'ona escalades
Diferéneia de Drades pseudo- \ :

Fa Bayesiana

Pattersone SIRLS
de Patt

ezcalades SRR
(MADMRG) \
SOLVE SOLVE

' f

Solucid refinada d-dtores pesants  Solucid refinada d-dtors pesants

t

Correlacio de Conrelacit bayesiana de
fases de MIR fases de MIAD

Fases nattres 1 mapa de densitat electromica

Figura 9. Etapes en la determinacid automatica d’estructura amb SOLVE
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El tempteig de la Fourier nativa esta basat en la identificaci6 del solvent i les
regions que contenen la molécula que son contigiies 1 clarament separades unes de les
altres. Utilitza ’algoritme de dividir la unitat asimétrica en caixes de 5-10A d’una banda
1 de calcular la desviacio estandard de la densitat electronica entre cada caixa. Per les
caixes que estan a la regid que conté proteina €s alta i per les que contenen solvent és
baixa, tenir una gran quantitat de solvent incrementa la qualitat del mapa que es pot

obtenir amb aquests programes (Terwilliger i Berendzen, 1999)

El procés estadistic de density modification es segueix d’una aproximaci6 a la
solucié de I’estructura perqué el metode és relativament insensible a la seleccio del
contingut de solvent i el nombre de cicles. La construccié del model automatica
comenca amb una recerca d’helixs i1 fulles (Terwilliger, 1999) i ha donat resultat per
mapes amb resolucions fins a 3A. Com que els programes SOLVE i RESOLVE son
unitats independents, la sortida de SOLVE (les amplituds i les fases dels factors
d’estructura) son entrades necessaries per RESOLVE, pero tots dos programes poden
funcionar seqiiencialment sense cap decisio de 1’usuari i/0 ho poden fer si introduim les

dades separadament.

3.2 Determinacié de ’estructura i refinament de ScCADH6p

La primera estructura es va resoldre amb la senyal anomala a la longitud d’ona
del Zn?. Les fases es van millorar amb modificacié de densitat (density modification)
usant el programa RESOLVE (Terwilliger, 2000), en particular tractant les dades amb
correccid de solvent (solvent flatering). Degut a I’alt contingut de solvent dels cristalls
(78%) les fases milloraven molt amb aquest tractament. La qualitat d’aquest mapa de
densitat ens va permetre seguir amb la coincidéncia de la majoria de la cadena principal,
vam poder fer un tragat de 332 residus d’un total de 360.

Només costava interpretar les regions corresponents als extrem N 1 C terminals o
la zona proxima a I’eix binari cristal-lografic, que coincidia amb I’eix binari molecular.
El model construit en el mapa experimental usant el programa O (Jones i col., 1991)
incloia els residus Lys6-Ser252, 11e257-Ser276 i Ala293-Glu357. Usant aquest model
incomplet, les estructures del cristall monoclinic i trigonal (amb NADP" afegit) es van

resoldre per reemplacament molecular amb el programa AMoRe (Navaza, 1994). En els
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cristalls monoclinics, la unitat asimétrica contenia dues subunitats de ScAdh6p amb un
volum de contingut de solvent del 68%.

Les tres estructures cristal-lines van ser refinades seguint els protocols habituals 1
usant iterativament el programa CNS (Brunger i col., 1998) amb la correccio de solvent
i alternant amb la reconstruccio amb el programa O. El refinament dels factors de
temperatura (isotropic individual B-factors) es va fer solament a les darreres etapes.
Donada la resoluci6 disponible dels cristalls, d’aproximadament 3A, no vam incloure
explicitament moleécules d’aigua al model. Les coodenades 1 els factors d’estructura
estan dipositats al banc de dades de proteina (Protein Data Bank) amb els codis d’accés
1QIN (cristall trigonal sense NADP"), 1PSO (cristall trigonal amb NADP"), 1PIW

(cristall monoclinic).

4. ANALISIS DE L’ESTRUCTURA RESOLTA DE ScAdh6p

L’estructura molecular corresponent als cristalls trigonals obtinguts a partir de la
mostra sense NADP" afegit, comprén tots els residus aminoacidics d’una subunitat de
ScAdh6p, Metl-Asp360, dos ions de zinc i dos grups fosfat (o sulfat). En aquests
cristalls trigonals, els loops Cys250-Asn260 i Ile277-Lys292 presenten conformacid
alternativa, cada un d’ells amb una ocupaci6 aproximada del 50%.

L’estructura resolta a partir dels cristalls trigonals , obtinguts per co-
cristal-litzacid amb NADP, és molt similar, incloent-hi la conformacié alternativa en
els dos loops, amb una desviacio (root mean square deviation) (r.m.s.d.) per tots els
atoms Co de 0.32A. En aquests cristalls vam trobar una molécula de NADP™ , amb
aproximadament un 50% d’ocupaci6 en el lloc d’unidé a cofactor, on en I’altre cristall

haviem trobat fosfats.

El modelat corresponent al cristall monoclinic comprén tots els residus i els
atoms de zinc de cada una de les dues subunitats que es troben a la unitat asimétrica. En
aquests cristalls monoclinics el lloc d’uni6 a cofactor estava buit mentre que el mateix
lloc en la segona subunitat contenia una forta densitat que és conseqiient amb la
preséncia d’una molécula de NADP" excepte pel fet que li manca la regi6 corresponent
a la nicotinamida. De manera similar, també es va trobar una fosfo-ADP-ribosa en el

centre actiu de 1’estructura cristal-lina de I’acetohidroxiacid isomeroreductasa d’espinac
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(Thomazeau i col., 2000), suggerint que ha tingut lloc la hidrolisi del grup nicotinamida

del NADP" durant els processos de purificacio o cristal-litzaci6 de les proteines.

4.1 ScAdhép: holo- / apo- heterodimer estructural i “half- site reactivity”

La superposicid dels Ca de les dues subunitats independents que es van trobar
als cristalls monoclinics, amb un r.m.s.d. de 1.19A, indicava només diferéncies
significatives pels loops Cys250-Asn260 1 [1e277-Lys292 amb desplagaments majors de
6.0 i 6.9A pels residus 255 i 280, respectivament (Figura 2b, manuscrit). El r.m.s.d.
decreix fins a 0.36A quan tots dos loops s’exclouen de la superposicio, aquests valors
reflecteixen que la disposicio relativa dels dominis es manté invariable entre subunitats.
A la subunitat que conté la fosfo-ADP-ribosa, els dos loops es tanquen sobre el lloc
d’uni6 del cofactor i interaccionen amb 1’adenina, el pirofosfat i les dues riboses, tal
com mostra la figura 2a del manuscrit que representa la superposicio en 1’espai de les

conformacions H i A corresponents al cristall monoclinic.

Aixi doncs, degut a les diferéncies entre aquests dos loops 1 1’ocupacio diferent del
cofactor (presencia o no de cofactor) a cada subunitat de 1’enzim, la molécula ScAdh6p
del cristall monoclinic es pot considerar un heterodimer estructural les subunitats dels
quals han adoptat les conformacions apo (A) i holo (H) que es corresponen
respectivament amb les propies de 1’apoenzim (enzim no unit a cofactor) i de
I’holoenzim (complex binari d’enzim unit a cofactor).

Per introduir el concepte de que el canvi conformacional estd intimament
relacionat amb la funci6 de la proteina, Monod, Wyman, i Changeux (MWC) van
intentar descriure el fenomen de la regulaci6 enzimatica. El classic model MWC, es
basa en la conservacio de la simetria molecular per explicar els canvis conformacionals
deguts a la uni6 de lligant (Monod i col., 1965), aporta una explicacioé plausible per
diversos fenomens al-lostérics incloent-hi les interaccions homotropiques positives i la
modulacidé d’aquestes interaccions per efectors heterotropics positius i negatius en canvi
no pot explicar les interaccions homotropiques negatives i per tant tampoc el fenomen
de “half-site reactivity”. El model proposat per Koshland, Nemethy, i Filmer (KNF;

Koshland i col., 1966) sovint es presenta com una alternativa al model MWC. Aquest
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model evita assumir que es doni simetria de subunitats i permet 1’existéncia de formes
conformacionals intermedies. El model KNF proposa que el canvi conformacional ¢és
induit en les subunitats individuals com una conseqiiéncia de la unio6 del lligant i que els
canvis conformacionals tenen lloc de manera seqiiencial. D’aquesta manera, en abséncia
de lligants la proteina existeix en una Unica conformacid. Pot explicar també la major
part de fenomens al-lostérics amb [’excepcid6 novament de les interaccions
homotropiques negatives.

El terme cooperativitat negativa s’utilitza empiricament per referir-se a unions en les
quals I’afinitat aparent es torna més debil quan la concentracio de Iligant incrementa o
per a unions que semblen saturar quan la ocupacié és menor al nombre total de llocs
(p-e.: “half-site reactivity”).

Basant-se en ’observacié de que algunes proteines oligomériques i enzims estan
composats per dimers asimetrics, p.e., parelles de polipéptids amb idéntica estructura
covalent que tenen diferent conformacio terciaria, Seydoux, Malhotra i Bernhard (SMB;
Seydoux 1 col., 1974) van proposar les bases estructurals plausibles per explicar la
cooperativitat homotropica negativa. El model SMB postula que la simetria suboptima
pot donar cabuda a dues classes de llocs d’uni6 entre les unitats del dimer, i en I’extrem,
la unid a una classe de lloc (a un tipus de subunitat) pot impedir la uni6 a la segona
classe de lloc (a I’altra subunitat) , una condicié designada com a ‘“half-site reactivity”
(Reactivitat de la meitat del llocs) (Matthews i Bernhard, 1973).

El model SNB (Seydoux i col. 1974) es pot descriure utilitzant quatre suposits en
quant a I’estructura d’una proteina oligomérica.

(1) Estan composats per subunitats o protomers de seqiiéncia primaria identica,
agrupats en unitats dimeriques amb un eix de simetria binari imperfecte
(pseudosimétriques).

(2) L’agregacio en n nimero de unitats dimeriques té lloc en un ordenament
regular sobre un eix de perfecta simetria n.

3) Al menys existeixen dues conformacions globals diferents dels protomers
per I’estructura nativa, anomenades T i R en analogia de la nomenclatura
MWC.

4) La uni6 dels lligants té lloc a diferents llocs simeétricament realcionats que

estan separats per amplies distancies.
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Les propietats de “half-site reactivity”, interaccions homotropiques positives i
negatives, aixi com les interaccions heterotropiques positives 1 negatives es donen

com a conseqiiéncia d’aquestes propietats fisiques dels oligomers.

Tenim diferents raons per pensar que la molécula presentaria, préviament a la
uni6 del cofactor, la conformacié d’heterodimer estructural. Existiria a la ScAdh6p una
asimetria inherent a I’enzim, és a dir, serien molt més estables els dimers pseudoisolegs
que no pas els aparellaments isolegs (segons la terminologia utilitzada pel model SMB,

Seydoux, Malhotra i Bernhard, 1974).

El primer indici d’aquest fet el vam trobar en la impossibilitat d’obtenir
I’apoenzim en forma pura i lliure de fosfats en el medi. Mentre que el procés de
purificaci6 de I’enzim, que ha estat posat a punt i perfeccionat amb técniques
d’enginyeria genctica (Larroy 1 col. 2002a,b) donava un bon rendiment de proteina
purificada, la forma no acomplexada i sense fosfats en el medi no es podia recuperar en
absolut dels processos de purificaci6. Aquest fet fa pensar que I’estabilitat de la
conformaci¢ inicial de 1’apoenzim és molt inestable i presentaria una forta tendéncia a
convertir-se en la forma heterodimeérica (de més baixa simetria) que a 1’hora és la

conformacio més estable.

Una altra dada que recolza aquesta idea es basa en el fet que en els cristalls
trigonals hi havia un desordre localitzat proxim a I’eix de simetria i relacionat amb el
lloc d’unid a cofactor, aquest desordre el vam interpretar i tragar com a dues posicions
alternatives de dos /loops. Aquests mateixos dos loops son els que adopten
conformacions A 1 H, en els cristalls monoclinics i les seves posicions en 1’espai son
coincidents amb les posicions alternatives dels cristalls trigonals. El tragat alternatiu
dels cristalls trigonals, es pot explicar doncs, si considerem que la seva estructura seria
una barreja que contindria aproximadament un nombre equivalent de subunitats en la
conformacid A i la conformacio H. Per tant, tots els cristalls obtinguts, tant els formats a
partir de mostres amb NADP" afegit com els que apareixen a partir de mostres sense
NADP" afegit, tindrien el seu origen en una mostra de molécules dimériques en la qual
la meitat de les subunitats tindrien la conformacié corresponent a la propia de

I’apoenzim i I’altra meitat la conformacié corresponent a la de I’holoenzim.
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Corroboren aquesta hipotesi els resultats obtinguts de modelar una hipotética
molécula de ScAdh6p que tingués totes dues subunitats en la conformaci6 apo (Figura 4
del manuscrit). Aquesta conformacié de 1’apoenzim com a dimer isoleg d’A seria
esteéricament impossible perque el loop 11e277-Lys292 es toparia amb el mateix /oop en
la segona subunitat. Davant de la dificultat que presentaria la molécula per trobar-se en
conformacié A com a dimer isoleg, s’esperaria d’aquesta conformacié hipotética una
gran inestabilitat i aquesta seria la rad per la qual en els cristalls trigonals obtinguts de
mostres sense NADP' afegit , les molécules de ScAdh6p son també heterodimers
estructurals de les conformacions A 1 H (conformacié més estable) en les quals la
conformacié H podria ser estabilitzada per la preséncia de grups fosfat que ocuparien
els mateixos llocs que ocupen els grups fosfat propis de la molécula cofactor NADP”,

Un raonament similar serveix per explicar el doble tragat en els cristalls trigonals
aconseguits de mostres d’enzim amb NADP" afegit. En el modelat de la hipotética
molecula de ScAdh6p amb conformacié holo com a dimer isoleg, és a dir, que totes
dues subunitats adoptessin la conformacié H, alguns dels ponts d’hidrogen entre
subunitats, els que es veuen en heterodimer o dimer pseudoisoleg , es trencarien, aixi
doncs la molécula en forma holo com a dimer isdleg també seria inviable o molt dificil
d’aconseguir, 1 altre cop en la mostra que va donar lloc als cristalls hi hauria hagut un
equilibri al-lostéric en que la majoria de molecules estaria en la conformacié més
estable, com a dimer pseudoisoleg. En aquest cas, per la saturacié6 de NADP" en el
medi, la major part de les molecules estarien lligades a 1’efector en el tipus de lloc on és

possible la unio, és a dir només la meitat de les subunitats estarien unides a NADP".

Aixi dons, la forma energeticament més estable per les molécules ScAdh6p seria
la de heterodimers estructurals amb una subunitat en la conformacié A i ’altra en la
conformacidé H. Aquest tipus d’asimetria molecular afavoreix que s’uneixi el cofactor
unicament a una de les subunitats del dimer, aix0 suggereix un mecanisme de reactivitat
de la meitat dels lloc d’uni6 (“half--site reactivity”) , terme utilitzat per descriure enzims

que reaccionen només en la meitat dels seus centres actius (Fersht, 1999).

La “half-site reactivity” reflexa 1’asimetria inherent entre els enzims
oligomeérics, mentre que la “full-site reactivity” reflexa capacitat del substrat real per

facilitar o induir la simetria reciproca (Seydoux i col., 1974). Alguns dels enzims que
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tenen cooperativitat negativa i “half-site reactivity” estan involucrats en dos processos
de catalisi diferents. Fins 1 tot quan només participen en un procés catalitic sembla que
hi ha un mecanisme de regulaci6 via efectors de conformaci6é positiva o negativa
relacionat amb aquesta capacitat de tenir “half-site reactivity”. Es pensa que en general
hi haura un equilibri via flip-over entre les dues subunitats i que el rang d’interconversio
depen de I’estructura del 1ligant. p.e.: I’enzim GPDH quan s’uneix al seu substrat “real”
3-fosfoglicerol té reactivitat en tots els llocs perd quan s’uneix al B-2furil acetil acil
(pseudosubstrat) té reactivitat a la meitat dels llocs (Conway i Koshland, 1968, Seydoux

i col., 1973).

Els contactes d’empaquetament que es donen en els cristalls monoclinics
impliquen ’eix de simetria binaria molecular. Els loops Cys250-Asn260 i Ile277-
Lys292 participen en I’empaquetament dels cristalls monoclinics. L’ordenacié del
cristall i la segregaci6 entre subunitats H i A permet veure clarament com es disposen
els loops mobils a la molecula heterodimerica. En els cristalls trigonals aquests /oops no
participen en [’empaquetament dels cristall, el centre de simetria cristal-lografica
coincideix amb 1’eix binari aproximat de la moleécula heterodimérica en el qual es
troben els dos /oops mobils esmentats, aixo permet explicar el desordre que es troba als

cristalls trigonals.

A pesar de la baixa identitat de seqiiéncia que comparteix la ScAdh6p amb altres
estructures disponibles (<22%), la ScAdh6p presenta una topologia similar a altres
MDRs amb un domini catalitic (residus Met1-Cys163 i Leu301-Asp360) 1 un domini
d’uni6 a coenzim (residus Gly164-Ala300) separats per un solc profund. La
superposicid de la subunitat ScAdh6p en la conformacié holo amb la corresponent
estructura de alcohol deshidrogenasa de fetge de cavall (codi PDB: 20HX) i amb la
alcohol deshidrogenasa secundaria de Clostridium beijerinckii també en conformacid
holo (codi PDB: 1KEV), déna en ambdos casos un valor de r.m.s.d. al voltant de 2.8 A
per 330 residus equivalents (Holm i Sander, 1996). La superposici6 de la conformacié
apo de la Cetosa reductasa de Baemissia argentifolii (codi PDB: 1E3J), déona un r.m.s.d.
de 2.5A. A diferéncia del que s ha trobat per la ScAdh6p, la unié del coenzim indueix
moviments significatius inter-donimi en varies MDRs (Eklund i col., 1981, 1987;
Colonna-Cesari i col., 1986), tot i que no sempre passa aixi (Sanghani, P.C., i col.,

2002). Els alineaments de seqiiéncia mostren una inserci6 de sis residus (Prol24-

117



Tyr129 en ScAdh6p), que podria tenir sobretot funcié estructural i actuarien conferint

rigidesa a la molecula de ScAdh6p.

4.2 Especificitat d’unio a cofactor

Les MDRs dependents de NAD(H) tenen un residu conservat negatiu al C-
terminal de la lamina B que forma enllagos d’hidrogen amb els grups hidroxils 2°- 1 3’
de ’adenosin ribosa del coenzim. En canvi, els enzims dependents de NADP(H) tenen
un residu petit i neutre en aquesta posicid, com seria la glicina en amfibis (ADHS8) o la
Ser210 a ScAdh6p, perque un aspartic o glutamic podria interferir estéricament i
electrostaticament amb el fosfat terminal del NADP(H). Estava descrit que la preséncia
d’un o dos residus basics, és important per I’especificitat per NADP(H) i aquesta
situacié es compleix també amb I’Arg211 i la Lys215 de la ScAdh6p (Carugo i Argos,
1997).

En ADHs dependents de NADP(H) de bacteris, la uni6 de NADP(H) involucra
els residus contigus: Ser, Arg i Tyr , aquesta Tyr fa un enllag d’hidrogen amb el fosfat
de la ribosa. Tots tres residus tenen funcié equivalent a la Ser210, Arg211 i Lys215,
que determinen la unié del NADP(H) a la ScAdh6p. A la ADHS la preferéncia per
NADP(H) esta determinada per la disposicid 1 les interaccions dels residus Gly223,
Thr224 1 His225 tal com recullen els treballs exposats en el capitol 3 d’aquesta tesis que
tracta sobre les mutacions especifiques per identificar els residus responsables de

I’especificitat per NADP(H) a I’ADHS.

Per tant, I’estratégia d’unié del fosfat terminal per la ScAdh6p és diferent,
encara que els canvis de seqiiéncia necessaris sobn molt pocs, en particular degut al
reclutament de la Lys215 conservada amb un nou paper en la uni6 del NADP(H).
Aquests resultats estan d’acord amb els estudis bioquimics i de modelat de la CAD2 d’
Eucalyptus gunnii, en els quals es va concloure que la Ser212 i I’Arg217 (equivalents a
la Ser210 i la Lys 215) han de participar en la unidé del grup fosfat terminal de
NADP(H) (McKie i col., 1993; Lauvergeat i col., 1995).

Es interessant comprovar com, segons els alineaments de seqiiéncia que
mostrem a la figura 6 recollida en el manuscrit d’aquest capitol, totes les CADs unirien
el fosfat terminal del cofactor amb el mateix patré que la ScAdh6p, amb 1’excepcio de

la. MTD d Apium graveolens (Williamson i1 col.,, 1995), amb activitat manitol
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deshidrogenasa dependent de NAD i en la qual un aspartic ocupa la posicio equivalent a
la Ser210 en ScAdh6p. El residu Asp, carregat negativament interferiria amb el fosfat

extra del NADP" si la molécula utilitzés aquesta molécula com efector.

4.3 El centre catalitic

El centre actiu de la ScAdh6p esta situat en el solc que queda entre els dominis
catalitic 1 el domini d’unié a coenzim, centrat al voltant del 16 de zinc. Aquest zinc
apareix coordinat de manera tetra¢drica amb els residus Cys46, His68, Cys163 i una
molécula de solvent, tant en la forma apo com en la forma holo, estructuralment es
tracta d’un zinc del mateix tipus que s’ha descrit per altres ADHs.

Per tal de tenir una imatge grafica del mecanisme d’acci6 de I’enzim vam
generar un model del complex ternari, de 1’holoenzim amb cinamaldehid, un dels
aldehids aromatics en vers el qual I’enzim ha mostrat experimentalment tenir elevada
efectivitat de reaccié (Larroy i col., 2002). Per fer el model vam utilitzar les
coordenades de la molécula refinada a partir de les dades del cristall trigonal format
amb NADP" afegit i vam fer un mapa de superficie a partir de la densitat electronica del
mateix utilitzant el programa VOLUMS (R.M. Esnouf, unpublished program). Vam
col-locar el substrat seguint el model que esta descrit per la ADH1 de cavall (Eklund 1
col., 1985) , I’oxigen carbanil del substrat coordinat amb el zinc 1 proper al cofactor , de
manera que sigui possible la transferéncia hidrida. La figura 8 del manuscrit del capitol
mostra una seccio de I’esmentat modelat. Es poden veure els residus que en contacte
amb el cinamaldehid, corresponents a les zones interna, intermédia i externa del lloc
d’unié a substrat.

Vam fer el mateix tipus de modelat amb I’estructura coneguda d’ADHI1 de
cavall per poder analitzar comparativament els mapes de superficie 1 la disposicio
tridimensional dels tres elements dels complexes (Figura 10). Alguns dels residus que
estan en contacte amb el substrat a la ScAdh6p eren analegs al centre actiu de I’ADHI
de cavall (sobretot els més interns), d’altres no tenien correspondéncia.

La diferéncia més evident esta en el loop 116-138 de I’ADHI1 de cavall, que no
esta present a la ScAdh6p, part d’aquest loop a ’ADHI1 de cavall estaria restringint
I’entrada del centre actiu. Comparant els mapes de superficie d’ambdues proteines

s’aprecia clarament que la capacitat del canal d’entrada del centre actiu de ScAdh6p és
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major que la d’ADHI1 de cavall. Aquesta amplitud del centre actiu esta d’acord amb
I’especificitat de substrat que mostra I’enzim ScAdh6p, que té activitat amb compostos

aromatics voluminosos.

(b)

Figura 10. Doaking de substrat en el centre catalitic a la molécula unida a cofactor. Es pot apreciar com
el solc catalitic a la ScAdh6p (a) és més ample que a ADH de cavall (b).
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Els enzims ADH]1 de cavall i de ScAdh6p tenen en com, en quant als seus centres
actius, que tots dos prefereixen cadenes hidrofobiques, els grups polars coordinen amb
el Zn catalitic juntament amb una part de la nicotinamida del coenzim i la cadena lateral
de la Ser48. En general, els residus involucrats en la uni6 dels zincs catalitic i
estructural a ScAdh6p es corresponen amb la informacié que aportava 1’estudi de
McMie (McMie JH., 1993) que consisteix en un modelat de la CAD2 d’Eucapliptus
gunnii , suggerint que es tracta d’un patré comu a les CADs.
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CONCLUSIONS

1. Es van obtenir els espectres de difraccio a alta resolucié de deferents cristalls per
dues alcohol deshidrogenases dependents de NADP(H): ADH8 de R. Perezi i
ScAdh6p de S. Cerevesiae.

a) ADHBS ¢és I’tnica ADH dependent de NADP(H) de vertebrats caracteritzada
fins al moment. Amb les dades obtingudes es va aconseguir solucinar la fase
per reemplagament molecular.

b) ScAdh6p és membre dels enzims CAD (Larroy i col., 2002), amb només un
26% d’identitat de seqiiéncia respecte a d’altres ADHs d’estructura

coneguda, es va poder resoldre per reemplacament molecular.

2. La determinacio estructural a alta resolucié de totes dues proteines clarificara les
peculiaritats de les ADHs dependents de NADP(H), particularment la seva
preferéncia per cofactor. A més I’estructura de la ScAdh6p aportara la primera
aproximaci6 tridimensional per explicar les relacions entre estructura i funci6 a la

familia de les cinamil alcohol deshidrogenases.

3. Quan es va caracteritzar la ADHS es va classificar com a classe IV-like per la seva
especificitat de substrat i la localitzacio gastrica similar a la de classe IV de
mamifers. Posteriorment es va considerar classificar-la dintre d’una nova classe
(classe VIII o ADHS) donat la seva diferent especificitat per cofactor i la seva
estructura primaria. Diverses propietats estructurals, determinades arrel d’aquests,
semblen consistents amb que es consideri com una classe separada, en particular:

a) La grandaria del centre actiu.
b) El diferent patr6 de proton relay.
¢) Lareordenaciéo molt especifica en el lloc d’uni6 al fosfat del cofactor.
d) Les interaccions débils de la meitat de 1’adenina.
Tot i aixi, la nomenclatura de ADH8 ha de ser validada per investigacié addicional a

les linies d’ADHs d’altres vertebrats.
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4. Les dues estructures d’ADH8 que ara estan disponibles, a més d’explicar
I’especificitat de cofactor, permeten racionalitzar els diferents patrons cinctics de
I’enzim com ara I’elevada K, 1 Ki, per I’etanol i I’elevada eficiencia catalitica amb
retinals que resulta en una de les més eficients reductases de retinal conegudes fins

al moment.

5. Uns pocs canvis concertats, en una regié molt concreta de la seqiiéncia primaria de

ADHS, permetrien la versatilitat en el cofactor usat per les ADHs.

6. A partir dels experiments cinetics 1 1’analisi dels models dels mutants dissenyats per
estudiar I’especificitat per NAD(H) o NADP(H) hem pogut comprovar que el residu
223 no és I’tnic que discrimina la preferéncia de coenzim.

a) En ADHs amb “Rossmann fold” dependents de NAD 1’Asp223 esta
considerat determinant de la butxaca d’unié de NAD(H).

b) En canvi els enzims dependents de NADP tenen un residu petit i no carregat,
que redueix les relacions estériques i electrostatiques que es donarien en unir

el grup fosfat extra del NADP(H).

7. L’efecte de reversio en ’especificitat de NADP" a NAD" apareix en el triple mutant
G223D, T22411 H225N.

a) En el doble i triple mutant I’efecte cinétic de 1’isotop es perd quan utilitza
NADP" com a cofactor. Aquest fet esta relacionat amb un canvi en 1’etapa
limitant ja que deixa d’haver transferéncia hidrida.

b) La transferéncia hidrida és també l’etapa limitant a ’ADH3 (Lee 1 col.,
2003) i al mutant 1269S de la ADHI de cavall (Fan i Plapp, 1995) a
diferéncia d’altres ADHs com la de cavall i altres especifiques d’etanol i

alcohols alifatics en qué 1’etapa limitant és la dissociacio de NADH.

8. Es determina I’estructura cristal-lina de ScAdh6p. Es la primera de la familia de les
CADs. Aquests resultats completen la informacidé estructural disponible per al
menys un representant d’una de les quatre families dels enzims MDR que uneixen

Zn.
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9.

10.

11.

La ScAdh6p comparteix les mateixes caracteristiques amb les MDR dimériques que

contenen Zn perd amb importants peculiaritats:

a) La mida 1 la forma dels centre actiu sembla adaptar-se al volum i la
hidrofobicitat dels substrats de les CADs.

b) L’especificitat envers NADP(H) es porta a terme a través d’interaccions de tipus
“tripode” del fosfat terminal del cofactor amb les cadenes laterals de la Ser210,
Arg211 1 Lys215.

¢) La interconversi6 entre les conformacions apo i holo no requereixen canvis en la
disposicid relativa dels dominis, sind que dos loops Cys250-Asn260 i 1le277-

Lys292 experimenten amplis moviment.

Les molécules ScAdh6p semblen presentar-se majoritariament com a heterodimers
estructurals. Aquests fet estaria lligat amb 1’existéncia de dos tipus de llocs d’uni6, a

un dels quals les molécules de NADP' s’unirien amb molta més afinitat.

Sota les condicions experimentals en que es formen els cristalls que hem analitzat,
I’enzim hauria de funcionar d’acord amb el mecanisme de reactivitat en la meitat
dels llocs (“half-site reactivity”’) , mecanisme al-lostéric resultant de 1’asimetria
inherent a I’enzim prévia a la unid de cofactor. Aquest mecanisme hauria de
contribuir a I’eficiéncia catalitica facilitant la dissociacid6 de productes i , en
particular, del cofactor transformat, dissociacié que freqlientment és 1’etapa limitant
dels enzims dependents de NADP(H). Disposar de dades que ens poden aportar

diversos estudis cinétics ens ajudaria a analitzar la viabilitat d’aquesta hipotesis.
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