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CAPITOL 11

RESULTATS

1 EXPRESSIO I PURIFICACIO DE LES ADH8 MUTANTS

Mitjangant mutagénesi dirigida per PCR, s’obtingueren els mutants simples
G223D, T224I, H225N, els dobles mutants G223D/T2241 i T224I/H225N, 1 el triple
mutant G223D/T2241/H225N. Els nivells d’expressio de les diferents proteines mutants

fou d’aproximadament 30 mg per litre de cultiu (Taula 13). La seva purificacié6 mostra

uns rendiments propers al 10 % (Taula 13), obtenint-se una proteina amb un alt grau de

puresa en tots els casos (Fig. 21).

40 kDa —p

40 kDa —p»

Figura 21. Analisi de les fraccions
obtingudes durant la purificacio de les
ADHS8 mutants. Electroforesi en gel
poliacrilamida-SDS de les purificacions
dels diferents mutants. A: G223D; B:
T2241; C: H225N; D: T2241/H225N; E:
G223D/T2241; F: G223D/T2241/H225N.
Carril 1: marcador de pes molecular;
Carril 2: homogenat; Carril 3: fraccid
pura.
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Taula 13. Purificacid dels diferents enzims mutants recombinants
ENZIM Etapa ADH Activitat total Rendiment
(mg) ) (%)
G223D Homogenat 36 216 100
Glutatio-Sepharose 7 42 19,4
Cibacron Blue 4,3 26 12
T2241 Homogenat 30 318 100
Glutatio-Sepharose 6 64 20
Red Sepharose 3 32 10
H225N Homogenat 35 690 100
Glutatio-Sepharose 7 138 20
Cibacron Blue 3,5 69 10
T2241/H225N Homogenat 34 719 100
Glutati6-Sepharose 5 104 15
Cibacron Blue 33 69 9,7
G223D/T2241 Homogenat 32 440 100
Glutatio-Sepharose 5 68,2 15
Cibacron Blue 2.8 39,6 9
G223D/T2241/H225N Homogenat 30 810 100
Glutatio-Sepharose 4 108 13
Cibacron Blue 2,1 57 7

Les activitats foren determinades utilitzant etanol 1M, en tamp6é Gly/NaOH 0,1 M, pH 10. Les
concentracions de coenzim van ser: NADP" 1,2 mM per al mutant G223D; NADP" 2,4 mM per als mutants
T2241 i H225N; NAD" 0,4 mM per al mutant G223D/T2241/H225N i NAD" 2,4 mM per als mutants

G223D/T2241 i T2241/H225N.
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2 CARACTERITZACIO CINETICA DE L’ENZIM SILVESTRE I
DELS MUTANTS

Les constants cinétiques per al NAD" i NADP', a pH 10 i pH 7.5, de ’ADHS
silvestre recombinant i dels diferents mutants, determinades a concentracions saturants
de substrat, es presenten en les Taules 14 i 15, respectivament. Per altra banda, les
constants cinétiques per al NADH i NADPH, a pH 7,5, determinades també a
concentracions saturants de substrat, es mostren en la Taula 16. Amb 1’objectiu
d’il.lustrar les diferéncies entre les eficiéncies catalitiques (kcat/Km) dels diferents
mutants per a ambdods coenzims, i al mateix temps facilitar la seva comparacid, es varen

representar en diagrames de barres a la Figura 22.

2.1 CARACTERITZACIO CINETICA DE L’ADHS SILVESTRE
RECOMBINANT

La caracteritzacio de I’ADHS silvestre recombinant revela que les seves constants
cinétiques eren forca similars a les de 1’enzim natiu purificat a partir d’estoémac de
granota (Peralba 1 col., 1999a). L’ADHS8 recombinant, com ja havia estat observat en
I’enzim purificat a partir de teixit, presenta valors de kcat forga similars amb NADP(H) 1
NAD(H), a un mateix pH i amb el mateix substrat. Aquest resultat suggereix que les
reaccions d’oxidacio/reduccié catalitzades per 1’enzim presentarien un pas limitant
independent del coenzim utilitzat. En canvi, els valors de Km per al NADP(H) foren 10-
40 vegades més baixos que per al NAD(H). Aixi I’ADHS és un enzim molt més especific
per al NADP(H), especialment a pH 7,5.
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2.2 CARACTERITZACIO CINETICA DELS ENZIMS MUTANTS

Respecte a I’efecte de les substitucions en les cinetiques dels coenzims, la majoria
de les observacions fetes a pH 10 (Taula 14) podien ser confirmades a pH 7,5, tant per a
la reacci6 d’oxidaci6 (Taula 15) com per a la de reduccié (Taula 16). Aquest resultat
suggereix que una mateixa mutacié genera un efecte similar per a un mateix coenzim,
independentment del pH i1 de I’estat d’oxidaci6 del coenzim. En canvi, una mateixa
substitucid si que provocava efectes diferents en funcio del coenzim utilitzat, NADP(H)

o NAD(H).

2.2.1 Mutants G223D, T2241 i H225N

Les mutacions simples només produiren una petita disminucié (2-8 vegades) en
I’eficiéncia catalitica (kcat/Km) per al NADP(H). Generalment, aixo fou degut a un
increment en els valors de Km, mentre que els valors de kcat no variaven
significativament entre els mutants.

La substitucié G223D no impedi la unio6 del NADP' ni canvia la kcat
significativament, com hauria estat 1’esperat, sind6 que l’enzim encara preferia el
NADP(H) per sobre del NAD(H). Resultats similars s’obtingueren per al mutant T2241.
La substituci6 H225N va ¢ésser ben tolerada, i fou la que tingué menys efecte en les
cinetiques amb NADP(H). No s’observaren efectes dependents de pH associats amb
aquesta mutacid, potser degut a que aquesta His es trobaria desprotonada tant a pH 7,5
com a pH 10.

Les mutacions simples van produir efectes positius en les cinctiques amb
NAD(H), amb un moderat increment en els valors de kcat/Km. T224I mostra la millor
eficiéncia catalitica d’aquests mutants per a aquest coenzim, mentres que H225N exhibi
I’eficiéncia catalitica més baixa, degut principalment a I’elevat valor de Km per al
NAD(H). En tots els mutants simples, els valors de kcat per al NAD(H) romanen

practicament constants, el que suggereix un mateix pas limitant.
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A qualsevol dels pHs utilitzats, cap dels tres mutants mostra una reversid en la
seva especificitat de coenzim. Només el mutant T2241 presenta una eficiéncia catalitica

molt similar, a pH 10, amb ambdds coenzims.

2.2.2 Mutants T2241/H225N i G223D/T2241

Una doble mutacié fou el minim canvi necessari per observar un clar efecte en
I’especificitat de coenzim, tant a pH 7,5 com a pH 10. L’efecte fou molt més marcat en
les cinetiques per al NADP(H), especialment en el mutant G223D/T2241. Aquest mutant
no va poder ésser saturat amb NADP(H) i, per tant, els seus valors de Km i de kcat no
varen poder ésser determinats. Les constants cinctiques només poderen ésser
acuradament mesurades per al mutant T2241/H225N en la reaccié d’oxidacid: els valors
de Km per al NADP" s’incrementaren notablement (més de 200 vegades), i els valors de
kcat baixaren 30 vegades. L’eficiencia catalitica per al NADP(H) va decréixer de 1500 a
10000 vegades per a G223D/T2241 1 de 100 a 1400 vegades per a T224I/H225N.

Ambdos mutants varen mostrar un moderat increment en els valors de kcat/Km
per al NAD(H), principalment degut a una petita disminuci6 en els valors de Km (més
marcada en G223D/T224I). En general, els dobles mutants varen mostrar un canvi en

I’especificitat de coenzim, perd sense aconseguir-ne una reversio total.

2.2.3 Mutant G223D/T2241/H225N

La triple substituci6 G223D/T2241/H225N va produir una reversidé completa de
I’especificitat de coenzim, tant a pH 7,5 com a pH 10. En comparacié amb els dobles
mutants, 1’efecte fou més marcat en les cinétiques amb NAD(H). Aixi, 1’eficiéncia
catalitica del triple mutant per al NAD(H) s’incrementa de 30 a 50 vegades respecte
I’enzim silvestre recombinant, i fins i tot fou més gran que el valor de kcat/Km de
I’ADH8 per al NADP(H). Aquest resultat fou provocat fonamentalment per una
disminuci6 en els valors de Km per al NAD(H).
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Per altra banda, el triple mutant no va poder ésser saturat amb NADP(H),
presentant aquest enzim una disminucié de I’eficiéncia catalitica per a aquest coenzim
del mateix ordre de magnitud que els dobles mutants. Aixi, el triple mutant es comporta
com un enzim dependent de NAD(H), essent molt més especific per a aquest coenzim

que I’ADHS silvestre per al NADP(H).

Taula 14. Constants cinétiques d’ ADHS silvestre i dels enzims mutants amb NADP" i

NAD', a pH 10.
Enzim Coenzim Km kcat kcat/Km
(mM) (min™) (mM 'min™)
Silvestre NADP" 0,050+ 0,002 1600 + 80 32000 + 6600
NAD" 0,50 £ 0,05 1490 + 60 2980 + 295
G223D NADP" 0,08+0,01 600+ 50 7500 + 1100
NAD" 0,42 +0,06 1550+ 50 3690 + 530
T224I NADP"* 0,20+0,01 900+ 170 4500 + 890
NAD" 0,44 +0,03 2370+ 10 5390 + 320
H225N NADP" 0,16 +0,01 1690 + 76 10560 + 640
NAD" 1,7+04 1820+ 280 1050 + 270
G223D/T2241 NADP" N.S.4 N.S. 9.0+0.3"
NAD"  0,130+0,002 1227 +40 9440 + 360
NADP"® 1,37 + 0,30 50+ 3 36+9
T2241/H225N NAD®  020+004 1850+ 70 9250 + 1840
NADP" N.S. N.S. 15+2°
G223D/T224VH22SN  \AD* 002040003 2275+70 113750 + 10700

Les activitats foren mesurades amb etanol 1 M i tampo6 glicina/NaOH 0,1 M, pH 10.
“N.S.: no saturacio amb NADP" 4,8 mM i 9,6 mM, per al G223D/T2241 1 el
G223D/T2241/H225N, respectivament.

bkcat/Km fou calculada com el pendent de la representacio lineal de V versus [S].
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Taula 15. Constants cinétiques d’ADHS silvestre i dels enzims mutants amb NADP" i

NAD", apH 7,5.
Enzim Coenzim Km kcat kcat/Km
(mM) (min™) (mM'min™)
Silvestre NADP™  0,045+0,007 640 + 35 14220 + 2330
NAD" 2,0+02 640 + 15 320+ 33
G223D NADP® 0,090+ 0,008 160+9 1780 + 430
NAD" 0,64 + 0,02 420 + 50 655 + 80
2241 NADP" 0,07 + 0,01 330+ 11 4715 + 730
NAD" 0,36 + 0,06 560 + 38 1555+ 272
H225N NADP" 0,11+0,01 590 + 37 5360 + 640
NAD" 3,0+0,2 450 + 48 150 +21
G223D/T2241 NADP' N.S. N.S. 1,3+0,1°
NAD 0,25+ 0,03 330+ 17 1500 + 220
NADP" 9,0+ 0,7 95+5 10+1
T224/H225N NAD" 0,34 + 0,03 580 + 31 1700 + 160
NADP"' N.S. N.S. 6+1°
G223D/T224/H225N )\ ¢ 0,05 + 0,01 785 + 33 15700 + 2890

Les activitats foren mesurades amb octanol 1,5 mM i tamp¢6 fosfat/NaOH 0,1 M, pH 7.,5.
“N.S.: no saturacio amb NADP" 4,8 mM i 9,6 mM, per al G223D/T2241 1 el

G223D/T2241/H225N, respectivament.

? kcat/Km fou calculada com el pendent de la representacio lineal de V versus [S].
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Taula 16. Constants cinetiques d’ADHS silvestre i dels enzims mutants amb NADPH 1

NADH, a pH 7,5.
Enzim Coenzim Km kcat Kcat/Km
(mM) (min™) (mM 'min™)
Silvestre NADPH 0,030 £ 0,006 4000 + 10 133330 + 26670
NADH 0,44 +0,07 2455+ 190 5580 + 990
G223D NADPH 0,110 £ 0,008 1765+ 120 16050 + 1590
NADH 0,150+ 0,006 1610+ 50 10735 + 550
2241 NADPH 0,050 0,001 1920 + 80 38400 + 1720
NADH  0,110+0,008 1920+ 10 17455 + 1260
H225N NADPH 0,080 + 0,003 4605+ 110 57560 + 2535
NADH 0,660+ 0,016 2350+ 70 3560 + 140
G223D/T2241 NADPH N.S.“ N.S. 89 +7
NADH 0,040 + 0,002 1500 + 190 37550 + 5100
NADPH N.S. N.S. 1250 + 50°
T2241/H225N NADH 0,150+ 0,016 2805+ 100 18700 + 2100
NADPH N.S. N.S. 760 +21°
G223D/T224VH225N 1\ py 0,040 + 0,001 6200 + 150 155000 + 4100

Les activitats foren mesurades amb m-nitrobenzaldehid 0,2 mM i tamp¢6 fosfat/NaOH 0,1

M, pH 7,5.

“N.S.: no saturacié amb NADPH 1,2 mM.

? kcat/Km fou calculada com el pendent de la representacio lineal de V versus [S].
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Figura 22. Eficiéncies catalitiques (kcat/Km, mM ™ min™") de [’enzim silvestre i dels mutants per
a les reaccions de reduccio (A) i oxidacio a pH 10 (B) i pH 7,5 (C), utilitzant NADP(H) (blau) i
NAD(H) (grana) com a coenzims.
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3 CINETIQUES BISUBSTRAT

Els resultats obtinguts en les cinetiques bisubstrat foren compatibles amb un
mecanisme seqiiencial Bi-Bi (Taula 17). En els diferents enzims analitzats, els valors de
la Km per a I’etanol (Kb) es trobava entre 251 110 mM.

Les mutacions simples tingueren un efecte modest en els valors de kcat per al
NADP". Aquesta disminui, unes 20 vegades en el doble mutant T224I/H225N, i no va
poder ésser determinada en el triple mutant G223D/T2241/H225N en no poder-se arribar
a saturacio. Per al doble mutant, aquest dramatic canvi en el valor de kcat ana
acompanyat d’un increment en les constants de dissociaci6 (Kia) i de Michaelis (Ka) per
al NADP", de 60 i 30 vegades respectivament.

En canvi, el valor de kcat per al NAD" romangué relativament constant en totes
les formes substituides, suggerint un pas limitant comu. L’eficiéncia catalitica per al
NAD", mesurada com kcat/KiaKb (Plapp, 1995), augmenta 30 vegades en el triple

mutant, arribant al mateix nivell que la de I’enzim silvestre recombinant.

4 EFECTE ISOTOPIC

L’efecte isotopic fou estudiat utilitzant etanol deuterat com a substrat, en
preséncia de cadascun dels coenzims. Un efecte isotopic (kcaty/Kmy/kcatp/Kmp)
d’aproximadament 2 cops fou observat tant amb NADP' com en NAD" a I’ADHS
silvestre recombinant (Taula 18), suggerint que la transferéncia de 1’16 hidrur podria ser
el pas limitant durant la catalisi.

Respecte els enzims mutants, i quan utilitzem NADP" com a coenzim, el mateix
increment només és vist en els mutants simples. En canvi, els dobles i triple mutants no
mostren efecte isotopic, indicant que la transferéncia de 1’16 hidrur no en seria el pas
limitant. Per altra banda, amb NAD" com a coenzim, un efecte isotopic de 2 és observat

en totes les formes mutants.
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Taula 17. Cinétiques bisubstrat d’ ADHS silvestre i dels enzims mutants amb NADP" i

NAD", a pH 10.
Enzim Coenzim Kia Ka Kb kcat kecat/KiaKb
(mM) (mM) (mM) (min")  (mM? min™)
Silvestr NADP"* 0,02 0,042 25 1520 3040
rvestre NAD" 0,56 0,83 3] 1790 103
NADP" 0,037¢ 0,14 109 570 141
223D NAD" 0,22¢ 0,33 35 1100 143
2241 NADP"* 0,028 0,12 98 900 328
NAD" 0,12¢ 0,20 41 2250 457
NADP"* 0,16 0,10 40 1700 265
H225N NAD" 0,71 0,88 39 1795 65
NADP" 1,22 1,16 56 76 1
T2241/H225N NAD* 0.12 0.23 68 2090 256
NADP" N.S.? N.S. N.S. N.S. N.S.
G223D/T224VH225N )\ iy 0,017 0,04 45 2450 3200

Les activitats foren mesurades en tampo glicina/NaOH 0,1 M, pH 10, amb etanol com a substrat.

Els errors estandard dels ajustos foren menors del 20%, excepte en els valors indicats.

Kia i Ka sén les constants de dissociaci6 i de Michaelis per al NAD", respectivament.

Kb és la constant de Michaelis per a I’etanol.

“Els errors estandard dels ajustos foren del 20-30%.

' N.S.: no saturacié amb NADP" 9,6 mM.

107



CAPITOL 11 RESULTATS

Taula 18. Efecte isotopic en I’ADHS silvestre i en els enzims mutants amb NADP" i

NAD", a pH 10.
Enzim NADP" NAD"
kcatH/kcatD ((l;{ccz;ttll-l)//ll((nnllg))/ kcatH/kcatD ((l;(ccz:tlil)//lf(l::lg))/

Silvestre 1,99 1,99 1,85 2,02
G223D 2,04 1,95 1,72 1,86
T2241 1,94 2,04 1,88 2,04
H225N 2,11 2,04 1,87 1,81
G223D/T2241 1,31 1,15b 1,78 1,57
T2241/H225N 1,03 1,08 1,60 1,80
G223D/T2241/H225N 0,90 1,02b 2,08 1,66

Les activitats foren mesurades amb etanol-d6 o etanol 1M, com a substrat, 1 tampo
glicina/NaOH, pH 10.

“La relaci6 d’activitats fou calculada a una sola concentracié de coenzim (NADP" 4,8
mM), ja que no es podia aconseguir la saturacio.

?kcat/Km fou calculada com el pendent de la representacio lineal de V versus [S], ja que

no es podia aconseguir la saturacio.
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5 MODELATGE MOLECULAR

A partir de les coordenades de I’estructura tridimensional del complex ADHS-
NADP", es generaren els models moleculars dels complexos binaris dels mutants
G223D, T2241, H225N i T2241/H225N amb NADP" (Fig. 23), i de ’ADHS i del triple
mutant amb NAD" (Fig. 24).

En I’estructura resolta del complex ADHS8-NADP", els atoms d’oxigen del grup
fosfat addicional interaccionen a través de 5 ponts d’hidrogen amb les cadenes laterals de
Thr224, His225, Lys228, 1 amb els atoms de nitrogen de les cadenes principals de
Leu200 i Thr224 (Fig. 23A). En el complex G223D-NADP", impediments estérics i
electroestatics generats per la cadena lateral d’Asp223 forcen la reubicaci6 del fosfat del
coenzim en el seti d’unid, allunyant-se de Lys228 (comparar Figs. 23A 1 23B). Aixi, com
a resultat de la mutaci6 G223D, els ponts d’hidrogen amb Leu200 i Lys228, i amb 1’atom
de nitrogen de la cadena principal de Thr224, es perden. Perd aquestes perdues son
parcialment compensades per 1’existéncia de dos nous ponts d’hidrogen que realitza un
atom d’oxigen del fosfat teminal amb 1’oxigen del grup carbonil de Leu362, i amb
I’atom d’oxigen de Ser364. Aixi, un atom d’oxigen del grup fosfat addicional queda
sense interaccionar, encara que ho podria fer a través d’una molecula d’aigua.

En els complexos T224I-NADP" i H225N-NADP', s’observen petites
diferéncies envers el NADP" unit a I’enzim silvestre recombinant. En ambdds casos, es
perden dos ponts d’hidrogen dels realitzats pel fosfat terminal, pero es forma un nou pont
d’hidrogen, de manera que tots els atoms d’oxigen del grup fosfat addicional es troben
interaccionant amb algun residu (Fig. 23C 1 23D).

En comparar el NADP" unit al mutant T224I/H225N amb 1’unit a I’ADHS8
silvestre, s’observa que un atom d’oxigen del grup fosfat terminal no interaccionaria amb
cap residu (Fig. 23E), encara que és possible que ho fés amb alguna molécula d’aigua.

En la simulacié de la interacci6 del NADP" amb el triple mutant, també es
produeix una reubicacio del coenzim. En aquest cas perd, es perden algunes interaccions
proteina-coenzim (tres ponts d’hidrogen), que no sén compensades per la creaci6 de nous
ponts d’hidrogen. Com a resultat, un atom d’oxigen del grup fosfat addicional no
interacciona amb cap residu, essent possible la interaccié amb molecules d’aigua (Fig.

23F).
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Figura 23. Representacié de [’estructura cristalogafica del complex binari ADHS-NADP" (A) i
de les simulacions d’interaccié del NADP"™ amb els mutants G223D (B), T2241 (C), H225N (D),
H225N/T2241 (E) i G223D/T2241/H225N (F). En negreta, els residus mutats.
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En el complex binari del triple mutant amb NAD", Asp223 interacciona amb els
atoms d’oxigen 2’ 1 3” de la ribosa de 1’adenosina. Per altra banda, 1’oxigen 3’ es troba
tamb¢ unit per pont d’hidrogen a Lys228 (Fig. 24B). Aquests contactes son caracteristics
d’ADHs dependents de NAD(H) (Eklund i col., 1984; Hurley i col., 1991; Xie i col.,
1997; Svensson i col., 2000). A més, es produeix una interaccié hidrofobica entre I’anell
d’adenina i 11e224, que no s’observa en el complex del triple mutant amb NADP" (Fig.
23A). Aquesta interaccio hidrofobica és també tipica d’ADHs dependents de NAD(H),

aixi com d’altres enzims dependents d’aquest coenzim (Carugo i Argos, 1997).

Figura 24. Representacié estereoscopica del complex binari ADH8-NAD" (A) i del complex del
mutant G223D/T2241/H225N amb NAD" (B).
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En el complex ADH8-NAD', observem com aquest coenzim pot encaixar
facilment en el seti d’unid al coenzim. Aquest fet explicaria que ADHS sigui activa amb
el NAD" com a coenzim. Les interaccions que realitza el NAD" amb la proteina son
equivalents a les que realitza aquest coenzim amb un enzim dependent de NAD(H): 2
ponts d’hidrogen amb els atoms d’oxigen 2’ i 3° (en el model, realitzats per His225 i
Leu200, respectivament, Fig. 24A), i1 la interaccié de Lys228 amb 1’oxigen 3°. No es
conserva, perod, la interaccié hidrofobica amb I’anell d’adenina. Els ponts d’hidrogen
generats per His225 i Leu200 amb els oxigens 2’ i 3°, podrien diferir en les seves
propietats respecte als realitzats per Asp223, creant condicions no Optimes per a la unid
del NAD(H). Aixo queda reflectit en les baixes eficiencies catalitiques d’ADH8 amb
NAD(H).
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ADHS és 1'inic membre de la subfamilia de les ADHs d’animals que utilitza
preferentment NADP(H) com a coenzim (Peralba i col., 1999a). ADHS8 també uneix
NAD(H), perdo amb uns valors de Km 10-40 vegades més elevats que per al NADP(H).
La resolucié de ’estructura del complex ADH8-NADP" mostra que la butxaca d’uni al
fosfat estava configurada pels residus no conservats Gly223, Thr224 i His225, i dos
residus altament conservats, Leu200 i Lys228.

La contribucid individual dels tres primers residus en la discriminacié entre
NAD(H) i NADP(H) no era coneguda. Resoldre aquest interrogant, aixi com intentar
revertir I’especificitat de coenzim, foren els objectius d’aquest estudi de mutagenesi
dirigida. Aixi, els residus 223, 224 1 225 foren substituits separadament o en diferents
combinacions, i les proteines mutants recombinants caracteritzades envers ambdods

coenzims.

1 ESTUDI DEL PAS LIMITANT DE LES REACCIONS
CATALITZADES PER ADHS

En les ADHs, el pas limitant de la reaccié d’oxidacié de I’etanol i d’altres
alcohols alifatics és la dissociacié del coenzim reduit (Brandén i Eklund, 1980; Stone i
col., 1993b). Aixi, la constant de velocitat de dissociacié del coenzim (k;) sovint
determina la constant catalitica de la reaccid (kcat).

L’assaig d’efecte isotopic, pero, reveld que la transferéncia de 1’16 hidrur seria el
pas limitant de la reaccié d’oxidacié de I’etanol catalitzada per ADHS, tant amb NADP"
com amb NAD' com a coenzims. La transferéncia de 1’i6 hidrur també ha estat
proposada com a pas limitant en altres ADHs, utilitzant etanol com a substrat, com
I’ADH3 humana (Lee 1 col., 2003) i el mutant 1269S de ’ADHI1 de cavall (Fan 1 Plapp,
1995).
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1.1 EFECTE DE LES DIFERENTS MUTACIONS EN EL PAS LIMITANT

En els mutants simples, utilitzant NADP" com a coenzim s’observa un efecte
isotopic de la mateixa magnitud que en I’ADHS8 recombinant. Aixi, la transferéncia de
1’16 I’hidrur també seria el pas limitant per a aquests enzims utilitzant aquest coenzim.
Aquest resultat explicaria el descens dels valors de kcat per al NADP(H) d’aquests
mutants, malgrat que al mateix temps es produia un increment en els valors de la
constant de dissociacié (Kia) per el NADP".

En el mutant T2241/H225N, els valors de kcat sofriren una brusca disminucio,
que ana acompanyada d’un increment en el valor de Kia per el NADP'. En els mutants
G223D/T2241 1 G223D/T2241/H225N, D’eficiéncia catalitica disminui dramaticament,
probablement reflectint un increment del valor de la Km per al NADP(H). En aquests
tres mutants pero, I’assaig d’efecte isotopic mostra que la transferéncia de 1’16 I’hidrur no
seria el pas limitant. En aquests enzims, un pas limitant encara més lent, com el canvi
conformacional associat a la uni6 del coenzim, en podria ser el responsable. Actualment
perd, no tenim evidéncies de que es produeixi un canvi conformacional després de la
uni6 al coenzim, degut a que 1’estructura de 1’apoenzim mostra la mateixa conformacié
que el complex binari. La dissociaci6 del coenzim no seria el nou pas limitant en aquests
enzims, degut a que els increments en els valors de Kia no es traduiren en un augment en
els valors de kcat.

Quan en els assajos d’efecte isotopic el NAD' fou utilitzat com a coenzim,
s’observa un efecte de semblant magnidud en tots els mutants, suggerint que la
transferencia de 1’16 hidrur seria el pas limitant. Aquest resultat era consistent amb el fet
que els valors de kcat per al NAD(H) es mantenien relativament invariables per als
enzims mutants envers I’ADHS silvestre recombinant, indicant que el pas limitant era
probablement el mateix en totes les formes enzimatiques quan el NAD" era utilitzat com

a coenzim.
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2 IMPORTANCIA DE GLY223, THR224 I HIS225 EN
L’ESPECIFICITAT DE COENZIM DE L’ADHS

2.1 EL RESIDU 223 NO ES L’UNIC RESIDU DETERMINANT EN
L’ESPECIFICITAT DE COENZIM

Les deshidrogenases dependents de NAD(H) presenten un residu acidic en
I’extrem C-terminal de la segona fulla B del plegament de Rossmann (Bellamacina,
1996), que és Asp223 en ADHs dependents de NAD(H) (Sun i Plapp, 1992). En les
estructures resoltes de diferents complexos ADH-NAD", aquest residu es troba unit per
ponts d’hidrogen als grups hidroxil 2’ i 3’ de la ribosa de I’adenosina (Eklund 1 col.,
1984; Hurley i col., 1991; Xie i col., 1997; Svensson i col., 2000). La importancia
d’aquest residu acidic en I’especificitat de coenzim ha estat estudiada des de fa molt de
temps, essent considerada la seva preséncia un tret distintiu dels dominis d’uni6 al
NAD(H) (Rossmann i col., 1974; Ohlsson i col., 1974).

En les deshidrogenases/reductases de cadena mitjana (MDR), Asp223 ha estat
proposat com el residu que discriminaria en contra del NADP(H) (Fan i col., 1991). Les
MDR dependents de NADP(H) presenten en la posicid equivalent un residu menys
voluminoés i no carregat, normalment Gly, Ala o Ser (Lauvergeat i col., 1995, Lesk, 1995,
Edwards 1 col., 1996; Banfield i col., 2001), que reduiria els impediments estérics i
electroestatics durant la uni6 del NADP(H). Aixi, per revertir I’especificitat de coenzim
de diferents MDR, nombrosos estudis de mutagénesi dirigida han estat focalitzats envers
aquest residu. En un cas, I’Asp homoleg de I’ADH1 de llevat fou substituit per Gly. El
mutant resultant utilitza els dos coenzims amb similar perd molt baixa eficiéncia (Fan i
col.,, 1991). En la cinamil alcohol deshidrogenasa, enzim dependent de NADP(H), la
mutacié inversa equivalent, S212D, tampoc canvia 1’especificitat de coenzim
(Lauvergeat 1 col., 1995). De forma similar, la substitucio del corresponent Asp en altres
deshidrogenases dependents de NAD(H) no genera enzims dependents de NADP(H),
encara que la substitucio millora I’eficiéncia catalitica per al NADP" i I’empitjora per al

NAD" (Feeney i col., 1990; Chen i col., 1991).
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En el present treball, les mutacions simples G223D, T2241 i H225N nomes
proporcionen petits canvis en les cinétiques per als coenzims, que foren moderadament
menys eficients per al NADP(H) i lleugerament més eficients per al NAD(H). Per al
NADP(H), en general, existi una bona correlaci6 entre la pérdua de ponts d’hidrogen i
d’interaccions electroestatiques, i modestos increments en els valors de Km i de Kia.

La substitucié G223D, tot i generar un enzim amb una més baixa eficiéncia
catalitica per al NADP(H), no impedeix la uni6 d’aquest coenzim, preferint encara aquest
mutant el NADP(H) com a coenzim. El model del complex G223D-NADP", confirma la
generacio, per part de la cadena lateral acidica de I’Asp, de condicions estériques i
electroestatiques desfavorables durant la uni6 del NADP(H). Sorprenentment, pero, el
grup fosfat addicional del NADP™ pot encara encabir-se en la butxaca d’uni6 al coenzim,
tot 1 perdre ponts d’hidrogen i interaccions electrostatiques favorables. D’acord amb
aquests resultats, i confirmant resultats previs en altres MDR (Fan i col., 1991;
Lauvergeat i col., 1995 ; Metger i Hollenberg, 1995; Fan i Plapp, 1999), la preséncia o
abséncia d’un residu acidic en la posicid 223 no pot ésser considerat com I’unic factor
determinant en I’especificitat de coenzim d’ADHS i, per tant, podria ser important la

seva combinacié amb substitucions en altres posicions.

2.2 LA REVERSIO COMPLETA DE L’ESPECIFICITAT DE COENZIM NOMES
ES PRODUEIX EN EL TRIPLE MUTANT

En el triple mutant, els valors de Km, kcat i kcat/Km per al NAD(H), i de Kia per
al NAD" sén del mateix ordre de magnitud que els de I’ ADHS silvestre recombinant per
al NADP(H). Aixi, podem afirmar que hem aconseguit la reversid completa de
I’especificitat de coenzim en aquest mutant. Encara més, els valors de kcat/Km del triple
mutant son similars als d’altres ADHs dependents de NAD(H) (Taula 19).

En general, el triple mutant és molt més “especific de coenzim” que 1’enzim
silvestre, com ho illustra la representacidé del logaritme del quocient
kcat/Kmnapnykcat/Kmuappny (Fig. 25). Aquest comportament és tipic d’ADHs
dependents de NAD(H) de vertebrats, que freqiientment son altament especifiques per al

NAD(H), encara que tamb¢ presenten una activitat residual amb NADP(H).
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Taula 19. Constants cinétiques d’ADHs per al NAD" a pH 7,5.

Enzim Organisme Km (mM) Kkcat (min™") kcat/Km (mM 'min™)
Home
ADHI1A? 0,013 54 4154
ADH1B1? 0,0074 18 2432
ADH1B2" 0,18 800 4444
ADH1B3" 0,71 600 845
ADH1C1? 0,0079 170 21519
ADH1C2 0,0087 70 8046
ADH2¢ 0,014 40 2857
ADH4¢ 0,18 1510 8390
Rata
ADH1! 0,17 39 229
ADH2! 0,2 300 1500
ADH3! 0,04 4 100
ADH4¢ 0,3 300f 1000
Granota
ADH1?® 0,03 17 567
ADHS 2 640 320
™ 0,05 785 15700

Les constants foren determinades utilitzant etanol com a substrat, a excepci6 dels enzims ADH2, ADH3 i
ADH4 de rata, ADH8 i TM (Triple Mutant), on ho fou I’octanol. a Bosron i col., 1983; b Burnell i col.
1989; ¢ Bosron i col., 1979; d Farrés i col., 1994; f Boleda i col., 1991; g Peralba i col., 1999b.

3.
2.5
9
1.5
1
0.5
0-
-0.5 1
-1
1.5
-2

Log (keat/Kmy, . /kcat/Kmy , o..)

Figura 25. Grau d’especificitat de coenzim de I’ADHS silvestre i dels mutants. Diagrama de

barres on es representa el logaritme del quocient entre les eficiéncies catalitiques amb NADH i

NADPH a pH 7,5, utilitzant m-nitrobenzaldehid 0,2 mM com a substrat.
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En el model molecular del complex del triple mutant amb NADP", es pot apreciar
com el coenzim s’uneix de diferent manera a com ho feia en I’ADHS silvestre. Aixo és
degut, com en el mutant G223D, als impediments esterics 1 electroestatics que la cadena
lateral acidica d’Asp223 genera sobre el grup fosfat addicional del NADP". Per altra
banda, I’entorn d’aquest grup fosfat és menys hidrofilic degut als residus Ile224 i

Asn225.

2.3 EFECTES SINERGICS ENTRE RESIDUS ADJACENTS DETERMINEN
L’ESPECIFICITAT DE COENZIM

Els resultats d’aquest treball destaquen la importancia dels efectes sinérgics que
produeixen tres residus adjacents, en les posicions 223, 224 i1 225, en el conferiment de
I’especificitat de coenzim de ’ADH. Les substitucions simples tenen només efectes
limitats sobre 1’especificitat de coenzim d’ADHS. Els dobles mutants (T2241/H225N 1
G223D/T224I) ja presenten un canvi en la seva especificitat de coenzim, i el triple
mutant mostra una reversié completa de la mateixa.

La caracteritzacié cinética dels diferents mutants, aixi com els seus models
moleculars, indiquen que les diferents combinacions possibles de residus en aquestes
posicions generen llocs d’unid6 més especifics per a I’adenosina o per a 1’adenosina-
fosfat, del NAD(H) i NADP(H), respectivament.

El NAD(H) requereix la preséncia simultania d’Asp223, Ile224 i Asn225, si bé
aquest darrer residu no interacciona amb el NAD', com ha estat observat en altres
complexos ADH-NAD". Asp223 forma dos ponts d’hidrogen amb el diol de la ribosa de
I’adenosina, a la distancia precisa perque el NAD(H) pugui interaccionar amb Ile224 i
Lys228. La interaccié hidrofobica d’Ile224 amb I’anell d’adenina és fonamental per a la
seva estabilitzacio. Precisament el paper de Asn225, residu menys voluminds que
His225, seria el de facilitar I’espai perque es produeixi aquesta interacid. Per altra banda,
la preséncia d’Asp223 ajuda a discriminar contra el NADP(H)

El NADP(H), en canvi, necessita I’existéncia al mateix temps de Gly223, Thr224
1 His225, interaccionant només amb els dos darrers residus. La petita cadena lateral de
Gly223 proporciona 1’espai addicional al grup fosfat, permetent al mateix temps la

interaccio ionica i per pont d’hidrogen amb Lys228. Per altra banda, la preséncia de
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Thr224 i1 His225 genera un entorn hidrofilic, que es tradueix en les interaccions per pont
d’hidrogen que realitzen ambdos residus amb el grup fosfat, essencial per a la seva
I’estabilitzacio.

Per altra banda, Lys228, un residu versatil i altament conservat en les ADHs,
presenta una funci6 dual: la interacci6 electroestatica amb el grup fosfat addicional del
NADP(H), 1 la interaccié per pont d’hidrogen amb I’atom d’oxigen 3’ de la ribosa del
NAD(H).

Com era d’esperar, les interaccions id0niques jugarien un paper predominant en la
uni6 del NADP(H), mentre que els ponts d’hidrogen i les interaccions hidrofobiques
serien més prevalents en la uni6 del NAD(H). El fet que, només amb la substitucié de
tres residus ubicats en la zona d’unié de ’adenosina, un enzim dependent de NADP(H)
esdevingui dependent de NAD(H), és consistent amb que les conformacions que
presenten el NADP" i el NAD", quan es troben units a I’ADH, tnicament es diferencien
en I’adenosina.

Els canvis més efectius de I’especificitat de coenzim en diferents deshidrogenases
han estat provocats per multiples mutacions en diferents zones del domini d’uni6 del
coenzim (Scrutton i col., 1990; Mittl i col., 1993, 1994; Bocanegra i col., 1993). En
canvi, en ADHS, la reversié completa de 1’especificitat de coenzim ha estat obtinguda

amb la substitucid de només tres residus consecutius.

2.4 CONSIDERACIONS EVOLUTIVES

L’abseéncia d’un residu acidic, juntament amb la preséncia de residus polars al
voltant del grup fosfat addicional contribueix a 1’especificitat de ’ADHS8 per el
NADP(H). Diferents MDR dependents de NADP(H) presenten estratégies semblants.
Aixi, poliol deshidrogenases bacterianes (Burdette i col., 1996; Korkhin i col., 1998;
Kumar i col., 1992), cinamil alcohol deshidrogenases de fongs i de plantes (Lauvergeat i
col., 1995), quinones oxidoreductases bacterianes i d’animals (Edwards i col., 1996) o
sorbitol deshidrogenases d’insectes (Banfield 1 col., 2001), mostren una evolucio
convergent cap a la utilitzacio del NADP(H), i la seva arquitectura una flexibilitat

suficient per satisfer canvis en els requeriments de coenzim.
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Els nostres resultats indiquen que I’evoluci6 concertada de residus adjacents (223
a 225) d’un petit segment de la seqiiéncia, que requereix només tres mutacions puntuals
en la seqiiencia del gen, ha permes canviar I’especificitat de coenzim de I’ADH d’amfibi.
Aquest fet podria reflectir una enzimogenesi tardana d’ADHS, amb un origen evolutiu
relativament recent d’aquest enzim dependent de NADP(H), a partir d’una ADH
dependent de NAD(H). L’ADH dependent de NAD(H), amb una major identitat
seqiiencial amb ADHS, és I’ADHI1 de Rana perezi (70 % d’identitats; Peralba i col.,
1999b). El fet que unicament amb tres canvis, respecte als enzims dependents de
NAD(H), ADHS8 esdevingui dependent de NADP(H), implicaria també una rapida
adaptaci6é funcional a diferents necessitats metaboliques (reducciéo d’aldehids com el
retinal, en lloc de I’oxidaci6 d’alcohols, Peralba i col., 1999a). La simplicitat d’aquests
canvis evolutius ha facilitat el redisseny del seti d’uni6 al coenzim, i aconseguir aixi la

reversio completa de 1’especificitat de coenzim.
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. L’arquitectura general d’ADHS8 es troba forca conservada respecte a la que
presenten les estructures d’alcohol deshidrogenases de vertebrat resoltes fins el

moment.

. ADHS8 presenta una via alternativa de transmissio del protd, provinent del
substrat, al solvent. Ser51 podria tenir el mateix paper que His51 o His47, actuant
com a acceptor/donador de protons. Per altra banda, també hi participaria una
molécula d’aigua, que ocupa I’espai existent entre el grup hidroxil 2° de la ribosa

de la nicotinamida del coenzim i el grup hidroxil de Ser51.

. En ADHB&, la disposici6 del llag Asnl114-Gly121, juntament amb la preséncia de
Ser48 1 Leul40, generen un seti d’uni6 al substrat voluminods. Aquest fet
explicaria les baixes eficiéncies catalitiques de I’enzim amb alcohols alifatics de

cadena curta com |’etanol.

La simulacio de les interaccions amb diferents isomers de retinoides revela que el
tot-trans, el 9-cis 1 el 13-cis-retinol poden unir-se productivament a la butxaca

d’unio6 al substrat de I’ADHS.

La superposicié de la molécula de NADP™ unida a I’ADHS, amb la de NAD"
present en complexos d’ADHs dependents de NAD(H), revela que només
existeixen desviacions conformacionals significatives entre 1’adenosina-fosfat i

1’adenosina.

. La butxaca d’uni6 del grup fosfat addicional del NADP" es troba definida per dos
residus conservats en ADHs dependents de NAD(H), Leu200 i Lys228, i tres
residus propis d’ADHS, Gly223, Thr224 i His225. Tots ells interaccionen amb el
grup fosfat a excepci6 de Gly223.

. La preséncia en ADHS8 d’un seti d’uni6 adaptat a interaccionar amb el NADP(H)

confereix a aquest enzim una especificitat de coenzim tUnica entre les ADHs de

vertebrat. Aquest fet, juntament amb |’existéncia d’una via alternativa de
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10.

11.

12.

transmissio de protons, i d’una butxaca d’uni6 al substrat amb especial afinitat
pels retinoides, recolzen la proposta de considerar ADH8 com una nova classe

dins de les alcohol deshidrogenases de vertebrat.

La transferéncia de I’i6 hidrur és el pas limitant de la reaccido d’oxidaci6 de
’etanol catalitzada per ADHS, tant amb NADP' com amb NAD' com a
coenzims. Aquest pas limitant es manté en tots els mutants generats quan el
NAD" és utilitzat com a coenzim. Quan el coenzim utilitzat és el NADP", els
mutants T2241/H225N, G223D/T2241 i G223D/T2241/H225N no presenten la

transferéncia de 1’16 hidrur com a pas limitant.

L’especificitat d’ADHS per al NADP(H) no és conferida per un unic residu. Cap
de les tres mutacions simples, G223D, T2241 i H225N, va revertir I’especificitat

de coenzim.

La combinaci6 d’un residu apolar i poc voluminés a la posicié 223 (Gly), 1 d’un
residu polar a la posicié 224 (Thr), seria la principal responsable de I’especificitat
de coenzim d’ADHS. Aixi, la doble mutacié G223D/T2241 és la que provoca una
disminucié més acusada de 1’eficiéncia catalitica per al NADP(H) envers I’enzim

silvestre.

La conversio d’ADHS en un enzim dependent de NAD(H) requereix la triple
substitucio G223D/T224I/H225N. En aquest mutant, Asp223 i Ile224 realitzen
amb 1’adenosina les mateixes interaccions que les observades en enzims
dependents de NAD(H). Asn225, malgrat no interaccionar directament amb el

coenzim, facilitaria la interacci6 d’Asp223 i I1e224 amb el NAD".

La reversi6 completa de ’especificitat de coenzim d’ADHS s’ha realitzat amb
unicament tres substitucions, el que suggereix un origen evolutiu relativament

recent de I’ADHS a partir d’'una ADH dependent de NAD(H).
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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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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.
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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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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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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
mutants.



40580

1.

2.

D O

S O

11.
12.
13.

14.
15.
16.
17.
18.

19.

20.
21.

22.

REFERENCES

Backer, P. J., Britton, K. L., Rice, D. W., Rob, A., and Stillman, T. J. (1992) /.
Mol. Biol. 228, 662—671

Peralba, J. M., Cederlund, E., Crosas, B., Moreno, A., Julia, P., Martinez, S. E.,
Persson, B., Farrés, J., Parés, X., and Jornvall, H. (1999) J. Biol. Chem. 274,
26021-26026

. Rosell, A., Valencia, E., Parés, X., Fita, 1., Farrés, J., and Ochoa, W. F. (2003)

J. Mol. Biol. 330, 75-85

. Sun, H. W., and Plapp, B. V. (1992) J. Mol. Evol. 34, 522-535
. Burdette, D. S., Vieille, C., and Zeikus, J. G. (1996) Biochem. J. 316, 115-122
. Korkhin, Y., Kalb, A. J., Peretz, M., Bogin, O., Burstein, Y., and Frolow, F.

(1998) J. Mol. Biol. 278, 967-981

. Kumar, A., Shen, P. S., Descoteaux, S., Pohl, J., Bailey, G., and Samuelson, J.

(1992) Proc. Natl. Acad. Sci. U. S. A. 89, 10188-10192

. Rossmann, M. G., Moras, D., and Olsen, K. W. (1974) Nature 250, 194-199
. Fan, F., Lorenzen, J. A., and Plapp, B. V. (1991) Biochemistry 30, 6397-6401
. Lauvergeat, V., Kennedy, K., Feuillet, C., McKie, J. H., Gorrichon, L., Baltas,

M., Boudet, A. M., Grima-Pettenati J., and Douglas, K. T. (1995) Biochem-
istry 34, 12426-12434

Metzger, M. H., and Hollenberg, C. P. (1995) Eur. J. Biochem. 228, 50-54

Fan, F., and Plapp, B. V. (1999) Arch. Biochem. Biophys. 367, 240—249

Cederlund, E., Peralba, J. M., Parés, X., and Jornvall, H. (1991) Biochemistry
30, 2811-2816

Valencia, E., Rosell, A., Larroy, C., Farrés, J., Biosca, J. A,, Fita, 1., Parés, X.,
and Ochoa, W. F. (2003) Acta Crystallogr. Sect. D Biol. Crystallogr. 59,
334-337

Nelson, M., and McClelland, M. (1992) Methods Enzymol. 216, 279-303

Bradford, M. M. (1976) Anal. Biochem. 72, 248-254

Cleland, W. W. (1979) Methods Enzymol. 63, 103-138

Jones, T. A., Zou, J. Y., Cowan, S. W., and Kjeldgaard, M. (1991) Acta Crys-
tallogr. Sect. A 47, 110-119

Briinger, A. T., Adams, P. D., Clore, G. M., DeLano, W. L., Gros, P., Grosse-
Kunstleve, R. W., Jiang, J. S., Kuszewski, J., Nilges, M., Pannu, N. S., Read,
R. J., Rice, L. M., Simonson, T., and Warren, G. L. (1998) Acta Crystallogr.
Sect. D Biol. Crystallogr. 54, 905-921

Plapp, B. V. (1995) Methods Enzymol. 249, 91-119

Eklund, H., Samama, J. P., and Jones, T. A. (1984) Biochemistry 23,
5982-5996

Hurley, T. D., Bosron, W. F., Hamilton, J. A., and Amzel, L. M. (1991) Proc.
Natl. Acad. Sci. U. S. A. 88, 8149-8153

23

24.

25.
26.

27.
28.
29.
30.
31
32.
33.
34.
35.

36.
37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

Reversal of Coenzyme Specificity in Alcohol Dehydrogenase

. Xie, P., Parsons, S. H., Speckhard, D. C., Bosron, W. F., and Hurley, T. D.
(1997) J. Biol. Chem. 272, 1855818563

Svensson, S., Héog, J. O., Schneider, G., and Sandalova, T. (2000) J. Mol. Biol.
302, 441-453

Carugo, O., and Argos, P. (1997) Proteins 28, 10-28

Lee, S. L., Wang, M. F., Lee, A. L, and Yin, S. J. (2003) FEBS Lett. 544,
143-147

Fan, F., and Plapp, B. V. (1995) Biochemistry 34, 4709—-4713

Brindén, C. L., and Eklund, H. (1980) Experientia Suppl. (Basel) 36, 40—84

Stone, C. L., Bosron, W. F., and Dunn, M. F. (1993) J. Biol. Chem. 268,
892—-899

Bellamacina, C. R. (1996) FASEB J. 10, 1257-1269

Ohlsson, I., Nordstrom, B., and Bréandén, C. I. (1974) JJ. Mol. Biol. 89, 339-354

Lesk, A. M. (1995) Curr. Opin. Struct. Biol. 5, 775-783

Edwards, K. J., Barton, J. D., Rossjohn, J., Thorn, J. M., Taylor, G. L., and
Ollis, D. L. (1996) Arch. Biochem. Biophys. 328, 173—183

Banfield, M. J., Salvucci, M. E., Baker, E. N., and Smith, C. A. (2001) J. Mol.
Biol. 306, 239-250

Feeney, R., Clarke, A. R., and Holbrook, J. J. (1990) Biochim. Biophys. Res.
Commun. 166, 667—672

Chen, Z., Lee, W. R., and Chang, S. H. (1991) Eur. J. Biochem. 202, 263—267

Bosron, W. F., Li, T. K., Dafeldecker, W. P., and Vallee, B. L. (1979) Biochem-
istry 20, 1101-1105

Bosron, W. F., Magnes, L. J., and Li, T.-K. (1983) Biochemistry 22, 1852-1857

Burnell, J. C., and Bosron, W. F. (1989) in Human Metabolism of Alcohol
(Crow, K. E., and Batt, R. D., eds) Vol. II, pp. 65-75, CRC Press, Inc., Boca
Raton, FL

Farrés, J., Moreno, A., Crosas, B., Peralba, J. M., Allali-Hassani, A.,
Hjelmqvist, L., Jornvall, H., and Parés, X. (1994) Eur. J. Biochem. 224,
549-557

Peralba, J. M., Crosas, B., Martinez, S. E., Julia, P., Farrés, J., and Parés, X.
(1999) Adv. Exp. Med. Biol. 463, 343-350

Crosas, B., Allali-Hassani, A., Martinez, S. E., Martras, S., Persson, B., Joérn-
vall, H., Parés, X., and Farrés, J. (2000) J. Biol. Chem. 275, 25180-25187

Scrutton, N. S., Berry, A., and Perham, R. N. (1990) Nature 343, 38—43

Mittl, P. R. E., Berry, A., Scrutton, N. S., Perham, R. N., and Schulz, G. E.
(1993) JJ. Mol. Biol. 231, 191-201

Mittl, P. R. E., Berry, A., Scrutton, N. S., Perham, R. N., and Schulz, G. E.
(1994) Protein Sci. 3, 1504-1514

Bocanegra, J. A., Scrutton, N. S., and Perham, R. N. (1993) Biochemistry 32,
2737-2740






	Abreviatures.pdf
	Crystal Structure of the Vertebrate NADP(H)-dependent Alcohol Dehydrogenase (ADH8)
	Introduction
	Results and Discussion
	Overall structure
	The substrate-binding site
	The proton-relay system
	The NADP+ structure and binding interactions

	Conclusions
	Material and Methods
	Protein purification and crystallization
	Data collection and structure determination
	Enzyme activity assays

	References


	za0077.pdf
	mk1

	2.pdf
	Crystal Structure of the Vertebrate NADP(H)-dependent Alcohol Dehydrogenase (ADH8)
	Introduction
	Results and Discussion
	Overall structure
	The substrate-binding site
	The proton-relay system
	The NADP+ structure and binding interactions

	Conclusions
	Material and Methods
	Protein purification and crystallization
	Data collection and structure determination
	Enzyme activity assays

	References





